
1 
 

Layer-by-Layer Nanoparticles for Cytokine Delivery 
 
 

by 
 

Ivan S. Pires 
 

B.S. Chemical Engineering, The Ohio State University (2019) 
 

SUBMITTED TO THE DEPARTMENT OF CHEMICAL ENGINEERING IN PARTIAL 
FULFILLMENT OF THE REQUIREMENTS FOR THE DEGREE OF 

 
DOCTOR OF PHILOSOPHY IN CHEMICAL ENGINEERING 

 
AT THE 

 
MASSACHUSETTS INSTITUTE OF TECHNOLOGY 

 
SEPTEMBER 2024 

 
©2024 Ivan S. Pires. This work is licensed under a CC BY-SA 2.0 

The author hereby grants to MIT a nonexclusive, worldwide, irrevocable, royalty-free license to 
exercise any and all rights under copyright, including to reproduce, preserve, distribute and 

publicly display copies of the thesis, or release the thesis under an open-access license 
 
 

Signature of Author _____________________________________________________________ 
Ivan S. Pires 

Department of Chemical Engineering 
July 23, 2024 

 
Certified by ___________________________________________________________________ 

Paula T. Hammond 
Vice Provost for Faculty and Institute Professor in Chemical Engineering 

Thesis Supervisor 
 

Certified by ___________________________________________________________________ 
Darrell J. Irvine 

Professor of Biological Engineering and Materials Science and Engineering 
Thesis Supervisor 

 
Accepted by ___________________________________________________________________ 

Hadley D. Sikes 
Willard Henry Dow Professor of Chemical Engineering 

Graduate Officer 
 



2 
 

Layer-by-Layer Nanoparticles for Cytokine Delivery 
by 
 

Ivan S. Pires 
 

Submitted to the Department of Chemical Engineering 
on July 23, 2024, in Partial Fulfillment of the  

Requirements for the Degree of Doctor of Philosophy in  
Chemical Engineering 

ABSTRACT 
In the past decade, cancer immunotherapy has been a promising therapeutic strategy for cancer 
treatment. However, immunotherapy has failed to improve responses in certain cancers such as 
ovarian cancer (OC). The action of cytokines in the tumor microenvironment (TME) is key to 
regulating immune responses, but dose-limiting toxicities limit the application of cytokines in 
cancer therapy. One promising approach to improve treatment with cytokines are nanoparticles 
(NPs) which, when modulated via layer-by-layer (LbL) assembly, can provide many of the 
desirable characteristics of cytokine-delivery vehicles including tumor cell targeting, subcellular 
localization, and improved pharmacokinetics.  

In this thesis, we address some aspects of NPs that have limited their clinical utility 
including manufacturing, control over self-assembly, and mechanistic understanding of their 
interactions in biological environments The focus here was on using liposomal LbL-NPs coated 
with a bilayer of poly-L-arginine (PLR) and poly-L-glutamate (PLE). The coating of NPs with 
PLR/PLE enables targeting towards cancer cell surfaces which allows for extended extracellular 
presentation of cargos. This ability is used for targeted delivery of a potent immunostimulant – 
interleukin-12 (IL-12) to disseminated tumors in metastatic OC. Aspects on the manufacturing of 
other lipid-based nanocarriers such as discoidal assemblies and immune stimulating complexes 
(ISCOMs) are also explored. 

We show that employing a bottom-up approach to produce lipid-based NPs from mixed 
micelles allows for greater control over NP self-assembly. With this procedure, we generated 
immune stimulating complexes (ISCOMs) co-loaded with monophosphoryl-lipid-A (MPLA) via 
a scalable approach for clinical-scale manufacturing of the adjuvant termed Saponin MPLA 
NanoParticles (SMNP). Moreover, we discover that this approach allows for precise control over 
liposome size from 50 nm to 1 µm with minimal polydispersity. Lastly, by exploiting the lipid 
headgroup charge repulsion, we find that multivalent charged lipids yield discoidal lipid 
nanoparticles through this approach. Unlike previous attempts to generate lipid-based discs, this 
new class of NPs termed charge-stabilized nanodiscs (CND) do not require disc-stabilizing agents 
such as proteins or polymers. CNDs are shown to be promising drug delivery vehicles, especially 
when coated with PLR/PLE via the LbL technique where they have greater tumor accumulation 
than LbL-coated liposomes. 

On the use of LbL-NP for cytokine delivery via PLR/PLE coated NPs, we found that 
covalent conjugation of IL-12 to the liposomal core of LbL-NPs greatly improves targeting and 
retention of IL-12 in peritoneally-disseminated OC tumors, enabling immunological and 
therapeutic effects not observed with free cytokine treatment. Mechanistic investigations revealed 
that these LbL-NPs rapidly accumulated in tumor nodules upon intraperitoneal (i.p.) 
administration, wherein shedding of the LbL coating allowed for gradual release of IL-12-lipid 
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conjugates via lipid extraction by serum proteins present in interstitial fluid. Upon a single dose of 
IL-12 conjugated to LbL-NPs using an intraperitoneally disseminated OV2944 highly-metastatic 
(HM-1) mouse model, we observed a dramatic increase in T cell levels within the ascites and the 
tumor nodules dispersed within the i.p. space which was not observed with either free cytokine or 
unlayered IL-12-NPs. When evaluated for its effectiveness in this highly aggressive model, two 
doses could significantly enhance survival compared to even five times (5x) the amount of free 
cytokine. Remarkably, while the model was non-responsive to checkpoint inhibitor (CPI) therapy 
with anti-PD1 and anti-CTLA4, when combined with LbL-IL-12-NPs, we achieved complete 
responses with robust immune memory induction.  The mice were able to rapidly clear 
rechallenges with fresh cancer cells in the i.p. space.Towards the clinical translation of LbL-IL-
12-NPs, we demonstrate that LbL assembly is readily performed via microfluidic mixing 
technology amenable for clinical-scale manufacturing. We also find that we can titrate the polymer 
amount used to omit time-consuming purification steps. We also find that the LbL film 
conformation is key to maintaining therapeutic efficacy as thicker films hinder IL-12 delivery. 
Lastly, we uncover that the binding target of PLE on the surface of cancer cells is SLC1A5, a 
glutamine amino acid transporter.  
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Figure 1.1. Major targets of cytokines used in clinical trials directed at immune cells involved in 

adaptive and innate immunity. Blue arrows indicate recruitment and differentiation. Red arrows 

indicate activation and expansion. Gray arrows indicate inhibition. IL-22 has been excluded here 

as its clinical trials have targeted its growth-factor properties and not its immunostimulant 

properties. TNF-related apoptosis-inducing ligand (TRAIL) is also excluded as its non-apoptotic 

role in immune-cells is not clearly understood.39 The effects of IFN-λ are primarily on epithelial 

cells.40 

 
Figure 1.2. Illustration of major fusion proteins developed for cytokine delivery. The three-

dimensional protein illustrations were generated in Qutemol96 based on the Protein Data Bank 

structures of interleukin-2 (1M47), immunoglobin-G (1IGT), diabody scFv T84.66 (1MOE), scFv 

based on diabody structure (5GRV), human IgG1-Fc domain (5JII), diphtheria toxin (1F0L), 

prostatic acid phosphatase (1CVI), human serum albumin (1A06), and fibromodulin (5MX0). 

 
Figure 1.3. Selected formats of immunocytokines and their primary characteristics on vascular 

extravasation and tumor retention. 

 

Figure 1.4. Representation of Bempegaldesleukin and its biased IL2Rβγ receptor binding for 

enhanced IL-2-mediated immunotherapy of cancer. Reproduced under the terms of the CC BY 4.0 

license. 180 Copyright 2017, Charych et. al.  

 
Figure 1.5. Major design parameters of polymeric matrices used in cytokine theraapies and their 

applications. Polymeric matrices can have varied properties by altering (i) the polymer 

composition, (ii) the resulting water content, and (iii) the type of crosslinker and/or conjugation. 

These matrices have been primarly used as (a) depots, (b) to promote endogenous cell recruitment, 

and (c) as exogenous cell resevoirs. Red arrows indicate progression of polymeric matrix systems 

after administration. 
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Figure 1.6. Schematic of an alginate-based polymeric matrix designed for in situ gelation to enable 

prolonged and dual release of IL-2 and CpG as well as harbor and attract immune cells. 

Reproduced with permission. 205 Copyright 2009, Elsevier. 

 

Figure 1.7. Bioresponsive polymeric microparticles for anti-inflammatory cytokine delivery to 

osteoarthritis. Reproduced with permission.231 Copyright 2019, Wiley Periodicals, Inc. 

 
Figure 1.8. Synthesis and bioactivity of liposomes surface conjugated with anti-CD137 antibody 

or IL2-Fc fusion protein. (A) schematic for synthesis of liposomes. (B) Flow cytometry of CD4+ 

and CD8+ T cells incubated with fluorescently-labeled liposomes (solid), unconjugated liposomes 

(dashed), or no liposomes (grey area). (C) In vitro T cell proliferation normalized to unstimulated 

cells. (D) IFN-γ production by polyclonal T cells. Reproduced with permission.240 Copyright 2013, 

American Association for Cancer Research. 

 
Figure 1.9. Cancer-cell targeting liposomal layer-by-layer nanoparticle containing surface 

conjugated IL-12. (A) Diagram for assembly of nanoparticle. (B) Cancer cell association and 

subsequent targeted immune activation. Adapted with permission.241 Copyright 2020, American 

Chemical Society.  

 
Figure 1.10. Schematic for synthesis of liposomal nanogel encapsulating a TGF-β inhibitor and 

IL-2 and its effects when intratumorally administered to a subcutaneous mouse metastatic 

melanoma model. (a) Components and final liposomal nanogel assembly. (b) Plot of tumor area 

versus time (day 0 was day of tumor inoculation). Red arrows indicate treatment. (c) Tumor masses 

after 7 days of treatment. (d) Survival plot of animals in (b). Complete tumor regression and 

survival was obtained in 40% of the group after 60 days (data not shown). Adapted with 

permission.247 Copyright 2012, Nature Publishing Group. 

 
 
Table 1.1 Clinically approved recombinant cytokine therapies for in vivo immunomodulation. 

 

Table 1.2. Current cytokine therapy clinical trials (parenthesis indicates number of trials still 

ongoing) and indications of active clinical trials (excluding approved indications). 
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Table 1.3. Immunocytokines in clinical trials. 

 

Figure 2.1: Critical micelle concentration (CMC) of detergent controls self-assembly of 

ISCOMs. (A) Schematic illustrating strategy of micelle dilution for ISCOM assembly. (B) DLS 

volume-based size distribution of MEGA-10 detergent at various concentrations in the presence 

or absence of ISCOM components. (C) DLS intensity-weighted size measurements (Z-avg) and 

polydispersity index (PDI) of 5 mg/mL ISCOMs rapidly diluted from an initial 7.5% (w/v) MEGA-

10 to the indicated final concentrations of surfactant (arrows indicate change in size after 

incubation sample overnight at room temperature). 

 

Figure 2.2: Analytical modeling predicts that dilution of surfactants to CMC prior to TFF 

does not significantly affect filtration performance. (A) Schematic depicting the close-

association model of micelle-monomer equilibrium. (B) Simplified schematic TFF system used to 

derive mass balance equations. (C) Concentration over time from TFF model using a 10 kDa 

membrane to remove detergent monomers from a mixture with 7.5% MEGA-10 and 5 mg/mL 

saponin. (D) Concentration over time from TFF model using a 100 kDa membrane to first 

concentrate a mixture with 0.15% MEGA-10 and 0.1 mg/mL saponin to 5 mg/mL saponin then 

purify mixture from detergent monomers. 

 
Figure 2.3: Comparison of Quil-A ISCOMs and SMNP generated via dialysis or dTFF. (A) 

Schematic for process to generate ISCOMs via dialysis, standard dTFF or low detergent dTFF. (B) 

DLS intensity-based distribution of final particles. (C) DLS number-based distribution of final 

particles. (D) DLS Z-avg, number average (#-avg) and PDI of final particles. (E) Representative 

Zeta Potential distribution of SMNP particles generated via dialysis of dTFF with average and 

standard deviation provided of three measurements. (F) TEM micrograph of ISCOMs or SMNPs 

generated via dialysis, dTFF or LD-dTFF. White arrowheads indicate worm-like species.  

 
Figure 2.4: Quil-A SMNP generated via dialysis or dTFF have indistinguishable biological 

adjuvant activity in vivo. (A) Timeline of immunizations with SMNP and HIV Env trimer antigen 

N332-GT2. (B) ELISA analysis of serum IgG response at week 4 for mice immunized with 2 μg 
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of N332-GT2 trimer and 5 μg of SMNP from the different preparations. (C) Serum titers of IgG 

measured from curves in (B). 

 
Figure 2.5: Slow dilution of QS-21 SMNP components in surfactant enables well-defined 

ISCOM self-assembly. (A) DLS Z-avg size measurements and PDI of 5 mg/mL of QS-21 SMNPs 

in 7.5% MEGA-10 at various dilutions. (B) Diagram illustrating slow dilution at room temperature 

to generate SMNP. (C) DLS Z-avg, number-avg and PDI for QS-21 SMNP samples slowly diluted 

continuously then processed via TFF (dTFF) compared to QS-21 SMNP generated via dialysis. 

(D) Representative zeta potential distribution of QS-21 SMNP generated via dTFF or dialysis with 

average zeta potential of three measurements displayed. (E) TEM micrographs of samples QS-21 

SMNPs generated via dialysis (left) or via dTFF (right). Scale bars indicate 200 nm. 

 
Figure 2.6: QS-21 SMNP is bioactive and stable when stored at -20 °C without use of 

cryoprotectants. (A) Representative DLS intensity-based and number-based distribution of QS-

21 SMNP particles stored at 4 °C or frozen at -20 °C or -80 °C then thawed at room temperature. 

(B) DLS Z-avg, and number-avg for QS-21 SMNP samples stored at 4 °C or frozen at -20 °C or -

80 °C then thawed at room temperature. (C) ELISA analysis of serum IgG response at week 6 for 

mice immunized with 2 μg of N332-GT2 trimer and 5 μg of SMNP stored at 4 °C or frozen at -20 

°C or -80 °C then thawed at room temperature. (D) Serum titer from ELISA curves in (C). TEM 

micrographs of QS-21 SMNP stored at 4 °C (E) or frozen at -20 °C (F) or -80 °C (G) then thawed 

at room temperature. Scale bars indicate 200 nm. 

 
Figure 2.7: Room temperature QS-21 SMNPs synthesis is facilitated through staggered 

dilution.  (A) Diagram for staggered room temperature (RT) dilution where the sample is 

repeatedly partially diluted then let sit until fully equilibrated (equilibration times and dilution 

factors at for each step shown in Supplementary Table A2). (B) DLS Z-avg, PDI and number-

avg for room temperature QS-21 SMNP samples synthesized via staggered dilution compared to 

FPLC purified SMNPs from dialysis synthesis. (C) TEM micrographs of QS-21 SMNP generated 

at room temperature through the staggered dilution protocol. (D) Summary of serum IgG titers at 

week 2 and week 4 from mice immunized with 2 μg of N332-GT2 trimer and 5 μg of SMNP using 

the staggered dilution room temperature protocol (E) IFN-γ ELISpot of splenocytes harvested two 

weeks after immunization and stimulated with a pool of N332-GT2 trimer peptides. 
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Table 2.1: Mass ratio of QS-21 SMNPs components relative to saponin. Values indicate average 

of three independent batches and standard deviation. 

 

Figure 3.1. Detergent concentration during nanoparticle formation dictates equilibrium size of 

nanoparticles. (A) Schematic of liposome assembly from mixed micelle dilution. (B) Particle size 

determined by DLS of samples diluted with PBS to various final concentrations of MEGA-10 

starting from an initial mixture of 10 mg/mL of 6:3:1 molar mixture of DSPC:cholesterol:POPG 

in 10% MEGA-10. (C) Particle size evolution over time determined by DLS for mixed micelles 

diluted to 0.1% and 0.01% MEGA-10. (D) Polydispersity index (PDI) kinetics for mixed micelles 

diluted to 0.1% and 0.01% MEGA-10. 

 

Figure 3.2. Purified lipid nanoparticles maintain size and monodispersity. (A) DLS intensity and 

number distribution for liposomes generated by diluting a lipid mix (of 10 mg/mL of 6:3:1 molar 

mixture of DSPC:cholesterol:POPG in 10% MEGA-10) to 0.1%, 0.02% and 0.004% of detergent. 

(B) Size and PDI of samples from (A). (C) Zeta potential of samples from (A) - the variation in 

measured zeta potentials can be explained by the approximation of the Henry’s function as a 

constant in our instrument given that for a given zeta potential, increased particle size increases 

electrophoretic mobility.29 Representative cryoTEM images of samples from samples generated at 

(D) 0.004%, (E) 0.02%, (F) and 0.1% – internal shading on large liposomes are due to particle 

protrusion from ice.30 (G) Histograms of particles measured on cryoTEM micrographs from 

samples in (A) – parenthesis indicates the total number of particles quantified and PDI based on 

the measured particle sizes from cryoTEM. (H) Box and whiskers plot of size distribution from 

(G). 

 

Figure 3.3. Solution ionic strength and lipid composition regulates the self-assembly from 

lipid/detergent micelles into liposomes. (A) Particle size (Z-avg) and PDI after lipid/detergent 

micelle dilution (10 mg/mL of 6:3:1 molar mixture of DSPC:cholesterol:POPG in 10% MEGA-

10) with 10 mM HEPES and overnight incubation. (B) Z-avg and PDI of neutral lipid/detergent 

micelles (10 mg/mL of 7:3 molar mixture of DSPC:cholesterol in 10% MEGA-10) diluted with 

either PBS or 10 mM HEPES. (C) Z-avg and PDI of anionic lipid/detergent micelles charged with 
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DSPG either containing or lacking cholesterol (10 mg/mL of either 6:3:1 or 9:1 molar mixture of 

DSPC:cholesterol:DPSG or DSPC:DSPG in 10% MEGA-10) diluted with PBS. (D) Z-avg and 

PDI of cholesterol-free unsaturated (unsat) mixed micelles (9:1 DSPC:POPG) and saturated (sat) 

mixed micelles (9:1 DSPC:DSPG) diluted with PBS to various final MEGA-10 concentration and 

allowed to incubate overnight at room temperature. 

 

Figure 3.4. FRET of diluted mixed micelles reveals intermediates with high rates of lipid 

exchange. (A) Schematic for dilution of FRET micelles. (B) Schematic for separately diluting 

donor-only or acceptor-only micelles and then mixing the diluted samples (sepFRET). (C) 

Normalized FRET efficiency of FRET micelles and sepFRET micelles right after mixing donor 

and acceptor (0 hr). (D) Time course of normalized FRET efficiency since mixing donor and 

acceptor micelles at 0.0125% MEGA-10 for FRET micelles and sepFRET micelles. (E) Time 

course of normalized FRET efficiency since mixing donor and acceptor micelles at 0.1% MEGA-

10 for FRET micelles and sepFRET micelles. (F) Normalized FRET efficiency of FRET micelles 

and sepFRET micelles two days after mixing donor and acceptor (48 hrs). 

 

Figure 3.5. Cryo-TEM micrographs of particles incubated in 0.1% MEGA-10 reveal formation of 

large disc assemblies and coexistence of micelles with fully assembled bilayer vesicles. (A-D) 

Cryo-TEM micrograph of 10 mg/mL 6:3:1 DSPC:Chol:POPG sample in 10% MEGA-10 rapidly 

diluted to 0.1% MEGA-10 with 10 mM HEPES 150 mM NaCl and frozen 5 minutes, 2 hours, 5 

hours and 24 hours after dilution, respectively. (E) Schematic for the two proposed main driving 

mechanism of particle coalescence and growth upon mixed micelle dilution.  

 

Figure 3.6. Controlled assembly of liposomes reveals a linear size-dependence effect on NP 

uptake in macrophages in vitro. (A) Intensity weighted size (Z-avg) and PDI of liposomes 

generated for this experiment. (B) NP uptake on RAW264.7 macrophage cells after 4 or 24 hours 

of incubation with NPs. Dashed lines indicate 95% confidence interval of linear fit. 

 

Figure 4.1. Charge-stabilized nanodiscs (CND) with monovalent lipids are unstable in 

physiological ionic strength media. (A) Schematic process for dilution of mixed micelles to 

generate discoidal lipid assemblies or liposomes. (B) Lipid/detergent micelles (10 mg/mL of 6:3:1 
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molar mixture of DSPC:cholesterol:POPG in 10% MEGA-10) in 10 mM HEPES buffer with 

different concentration of NaCl were diluted to indicated final MEGA-10 concentrations and 

particle sizes (hydrodynamic Z-avg) were assessed by DLS. (C, D) CryoTEM micrographs of 

purified samples from dilution of lipid/detergent micelles using (C) 200 mM NaCl and (D) 0 mM 

NaCl. (E) Intensity-weighted diameter (Z-avg)  of PBS-diluted lipid/detergent micelles containing 

10 mg/mL of lipids in 10% MEGA-10 composed of either 5:3:2, 4:3:3, or 3:3:4 molar ratios of 

DSPC:cholesterol:POPG. (F) Representative cryoTEM micrograph of a 3:3:4 molar composition 

(DSPC:cholesterol:POPG) of mixed micelles allowed to equilibrate at 0.05% MEGA-10 overnight 

then purified via TFF to remove MEGA-10. 

 

Figure 4.2. Charge density of anionic lipid DOPE-glutaryl enables synthesis of CNDs stable 

at physiological ionic strength buffers. (A) Chemical structure of POPG and DOPE-glutaryl. (B) 

DLS size (Z-avg, and #-avg) and polydispersity index (PDI) of particles assembled from varying 

compositions of DPSC, cholesterol, and DOPE-glutaryl diluted in PBS to 0.1% MEGA-10 

concentrations (all samples contained 30 mol% cholesterol and the mol% indicated of DOPE-

glutaryl with the remainder being DSPC). (C) DLS count rate with or without polarized light 

filters. (D) Zeta potential of CNDs composed with 10 mol% DOPE-glutaryl compared to 

extrusion-based liposomes with 10 mol% POPG (both samples contained 30% cholesterol and 

60% DSPC). (E) Representative negative stain TEM (NS-TEM) micrograph of purified CNDs 

from (C). (F) Proposed structure of CNDs composed of DOPE-glutaryl, DSPC, and cholesterol. 

 

Figure 4.3. CNDs show greater tumor accumulation than liposomes in solid tumors. (A) DLS 

Z-avg, #-avg, and PDI of purified CNDs composed with 10 mol% DOPE-glutaryl compared to 

extrusion-based liposomes with 10 mol% POPG (both samples contained 30% cholesterol and 

60% DSPC). (B) In vivo study timeline in which mice were inoculated subcutaneously with 106 

MC38 cells and then dosed intravenously on day 7 with 1 nmol of cyanine-5 labeled NPs (1 mol%). 

(C) Tumor radiant efficiency measured in vivo via IVIS. (D) Area under the curve (AUC) or data 

from (H). (E) Serum fluorescence of CNDs and liposome dosed animals at 4 and 16 hours after 

dosing. (F) Recovered radiant efficiency from tumor, liver and spleen 24 hours after dosing mice 

with either CNDs or liposomes. Error bars represent SEM (n = 3 for C-D and n = 4 for E-F). 

Statistical comparisons in C, E and F were performed using two-way analysis of variance 
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(ANOVA), with Tukey’s multiple-comparisons test and an unpaired two-tailed t-test was 

performed for D. Asterisks denote p-values: ****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05. 

 

Figure 4.4. Deposition of polyelectrolyte layers composed of PLR and PLE onto CNDs 

enables improved association of CNDs with ovarian cancer cells in vitro. (A) Schematic of 

LbL technique to generate LbL-liposomes and LbL-CNDs. (B) Size and PDI of CND and 

liposomes before and after LbL modification. (C) In vitro measurement of total HM-1-associated 

NP fluorescence relative to liposomes using a plate reader after 4 or 24 hours of incubation. (D) 

Confocal images of HM-1 cells after 4 hrs of incubation with NPs. Error bars represent SEM. 

Statistical comparisons in C was performed using two-way analysis of variance (ANOVA), with 

Tukey’s multiple-comparisons. Asterisks denote p-values: ****p < 0.0001, ***p < 0.001, **p < 

0.01, *p < 0.05. 

 

Figure 4.5. LbL-CNDs NPs efficiently target metastatic ovarian cancer in vivo. (A) In vivo 

timeline for treatment of fluorescently-labeled NPs i.p. in ovarian cancer model. Mice were 

inoculated with 106 HM-1-luc cells i.p. and dosed with NPs 14 days later. (B) Total radiant 

efficiency of NP fluorescence from peritoneum. (C) AUC of peritoneal fluorescence readings from 

B. (D) Ex vivo weight normalized NP fluorescence in liver, spleen, UGT, and omentum. (E) 

Spearman’s correlation coefficient between weight-normalized NP fluorescence and weight-

normalized BLI readings. Error bars (s.e.m.) derived from parameter estimates for each group. (F) 

Slope of linear fit between weight-normalized NP fluorescence and weight-normalized BLI 

readings. Error bars (s.e.m.) represent variation between each animal in respective treatment 

groups (n = 4 mice/group). Statistical comparisons in B and D were performed using two-way 

analysis of variance (ANOVA) one-way ANOVA was used in C and F with Tukey’s multiple-

comparisons test. Spearman’s correlation significance for E was performed based on a t-test 

analysis with the null hypothesis of no (r=0) correlation. Asterisks denote p-values: ****p < 

0.0001, ***p < 0.001, **p < 0.01, *p < 0.05. 

 

Figure 5.1. LbL NPs undergo dynamic reorganization on contact with physiologic fluids. a, 

Schematic for assembly of LbL- NPs with either Mal or Ni linker chemistries for conjugation of 

IL-12 onto NPs. b, Quantification of total PLE and PLR retained with LbL-NPs upon incubation 
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in cell-free ascites fluid at 37 °C (* indicates fluorophore tagged polymer) (mean ± s.e.m.). c, 

Quantification of total IL-12 available for monoclonal antibody binding from Mal NPs either in 

diH2O or 10% FBS media (mean ± s.e.m.). d, Quantification of total IL-12 released from LbL-

NPs upon incubation in cell-free ascites fluid at 37 °C (mean ± s.e.m.). e, Representative flow 

cytometry fluorescence histogram of HM-1 cells incubated with unlayered (UL) or PLE-coated 

LbL-NPs for 4 hours in vitro. f, Quantification of median fluorescence intensity (MFI) of treated 

HM-1 cells from e (mean ± s.d.). g-h, Representative confocal images of HM-1 cells incubated 

with UL (g) or LbL NPs (h) for 4 hours – UL images adjusted relative to LbL to visualize 

internalized NPs (blue,  Hoechst 33342  nuclear stain; green , wheat germ agglutinin (WGA) cell 

surface stain; cyan, nanoparticles). Data are representative of at least two independent experiments. 

Statistical comparisons in c and f were performed using two and one-way analysis of variance 

(ANOVA), respectively, with Tukey’s multiple-comparisons test. 

 

Figure 5.2. LbL coating enables targeting of tumor tissue in vivo and enhanced i.p. retention 

of NPs and IL-12.  a-c, B6C3F1 mice (n=8/group for 0-24 hrs and n=3/group for 24-96 hrs) 

inoculated with 106 HM-1-luc tumor cells on day 0 were administered fluorescently-tagged NPs 

carrying 20 µg IL-12 (or an equivalent dose of free IL-12) on day 14. Shown are whole-animal 

imaging NP fluorescence (a) and IL-12 fluorescence (b, c) from the i.p. space collected over time 

post dosing (mean ± s.e.m.). d-e, B6C3F1 mice (n=4/group) inoculated with 106 HM-1-luc tumor 

cells on day 0 were administered 100 µg fluorescently-tagged LbL-NPs or UL-NPs (devoid of IL-

12) on day 14. UGT and omentum tissue were harvested at 1, 2, 4, 12 and 24 hrs after dosing and 

imaged ex-vivo via IVIS. Shown are weight-normalized tissue NP fluorescence in d UGT and e 

omentum (mean ± s.e.m.). f-h, B6C3F1 mice (n=4/group) were treated as a-c. Four hours after 

dosing, animals were sacrificed, and tissues were analyzed ex-vivo via IVIS. Shown are weight-

normalized tissue NP fluorescence (mean ± s.e.m., f), Pearson's correlation coefficient for groups 

with significant (p<0.05) correlation between weight-normalized tissue NP fluorescence and BLI 

4 hours after dosing (g), and representative omentum and UGT tissue IVIS BLI and NP 

fluorescence images for LbL NPs and UL NPs (h). Correlation significance performed based on a 

t-test analysis with the null hypothesis of no (r=0) correlation. Group statistical comparisons in f 

were performed using a two-way ANOVA with Tukey’s multiple-comparisons test.  
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Figure 5.3. Mal-LbL NPs efficiently target and deliver IL-12 to ovarian cancer tumor 

nodules. A-e, B6C3F1 mice (n=4-5/group) inoculated with 106 HM-1-luc tumor cells on day 0 

were administered fluorescently-tagged NPs carrying 20 µg IL-12 on day 14. Four hours or one 

day after dosing, animals were sacrificed, and tissues were analyzed ex-vivo via IVIS. Shown are 

Pearson’s correlation coefficient for groups with significant (p<0.05) correlation between weight-

normalized tissue NP fluorescence and IL-12 fluorescence 4 hours after dosing (a), weight-

normalized tissue IL-12 fluorescence one day after dosing in UGT and omentum (mean ± s.e.m., 

b), Pearson’s correlation coefficient for groups with significant (p<0.05) correlation between 

weight-normalized tissue IL-12 fluorescence and BLI one day after dosing (c), representative 

omentum and UGT tissue IVIS BLI and IL-12 fluorescence images for Mal-UL and Mal-LbL (d), 

and pixel-by-pixel Spearman’s correlation coefficient between IL-12 fluorescence and BLI one 

day after dosing from IVIS images. E-f, B6C3F1 mice were treated as in a. One day after dosing, 

Mal-LbL NP animals were sacrificed, and the omentum containing tumor nodules was frozen in 

optimal cutting temperature (OCT) compound then frozen sectioned and stained for confocal 

microscopy analysis. Shown are representative confocal microscopy images of tumor nodules in 

omental tissue at low (f) and high magnification (g). Green arrows indicate areas with high NP 

signal relative to IL-12 whereas yellow arrowheads indicate areas with high IL-12 relative to NP. 

Correlation significance was performed based on a t-test analysis with the null hypothesis of no 

(r=0) correlation. Group statistical comparisons were performed using two-way ANOVA for b and 

one-way ANOVA for e with Tukey’s multiple-comparisons test.  

 

Figure 5.4. IL-12 delivered by Mal-LbL NPs exhibits potent anti-tumor activity and 

enhances T cell infiltration of tumors. a-d, B6C3F1 mice (n = 10/group) inoculated with 106 

HM-1-luc tumor cells on day 0 were treated on days 7 and 14 with 20 µg of IL-12 as a free cytokine 

or conjugated to NPs. Shown are the experimental timeline (a), in vivo IVIS whole-animal i.p. 

BLI readings (mean ± s.e.m., b), and overall survival (c). On day 30, peripheral blood mononuclear 

cells (PBMCs) of surviving and naïve mice (n = 5) were analyzed via IFN-γ ELISpot restimulated 

with HM-1-luc tumor cells. Shown are quantitation of spots detected (mean ± s.e.m., d). e-k, 

B6C3F1 mice inoculated with 106 HM-1 tumor cells on day 0 were treated on days 10 with 20 µg 

of IL-12 as a free cytokine or conjugated to Mal NPs (UL and LbL). Two days after dosing ascites 

(n = 6/group) and i.p. tumor nodules (primarily omentum tissue, n = 4/group) were harvested and 
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processed for flow cytometry analysis. Show are timeline for experiment (e), representative flow 

plots of T cell (CD45+CD3+) in ascites fluid (f), quantitation of T cells in ascites fluid (g), 

quantitation of CD8+ to CD4+ T cell ratio in ascites fluid (h), representative flow plots of T cell 

(CD45+CD3+) in tumor nodules (i), quantitation of T cells in tumor nodules (j), quantitation of 

CD8+ to CD4+ T cell ratio in tumor nodules (k). P values were determined by the log-rank 

(Mantel–Cox) test (c) and one-way ANOVA followed by Tukey’s multiple comparison test (d, g, 

h, j, k). 

 

Figure 5.5. Efficacy of Mal-LbL NPs is dependent on lipid exchange properties which alter 

lipid distribution inside tumor nodules. a, Schematic of proposed mechanism of tumor targeted 

IL-12 lipid-conjugate dissemination from Mal-LbL NPs. b-c, B6C3F1 mice were inoculated with 

106 HM-1-luc tumor cells on day 0 were administered fluorescently-tagged Mal-LbL of SAT-LbL 

NPs carrying 20 µg IL-12 on day 14. One day after dosing, animals were sacrificed, and the 

omentum containing tumor nodules was frozen in optimal cutting temperature (OCT) compound 

then frozen sectioned and stained for confocal microscopy analysis. Shown are representative 

high-magnification confocal images of omental tumor nodules from Mal-LbL (b) and SAT-LbL 

(c). d-f, B6C3F1 mice (n = 7/group) inoculated with 106 HM-1-luc tumor cells on day 0 were 

treated on days 7 with NP vehicle control (unloaded-LbL), 20 µg of IL-12 as a free cytokine or 

conjugated to Mal-LbL or SAT-LbL. Shown are the experimental timeline (d), in vivo IVIS whole-

animal i.p. BLI readings (mean ± s.e.m., e), and overall survival (f). Statistical comparisons 

between survival curves were performed using a log-rank (Mantel–Cox) test. 

 

Figure 5.6. Combination of immune checkpoint inhibitors with two dose treatment of Mal-

LbL eradicates metastatic ovarian cancer. a-e, B6C3F1 mice (n = 10/group) inoculated with 

106 HM-1-luc tumor cells on day 0 were treated on days 7 and 14 with 20 µg of IL-12 as a free 

cytokine or conjugated to Mal-LbL or Ni-LbL. Mice were also treated with 250 µg of anti-PD1 

and 100 µg of anti-CTLA4 i.p. on days 8 and 15. Shown are the experimental timeline (a), in vivo 

IVIS whole-animal i.p. BLI readings (mean ± s.e.m., b), and overall survival (c). On day 150, 

surviving mice were rechallenged with either 3x105 (d) or 106  (e) HM-1-luc tumor cells i.p. Shown 

are in vivo IVIS whole-animal i.p. BLI readings post rechallenge (mean ± s.e.m) and the 
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percentage of mice per group that survived rechallenge. Statistical comparisons between survival 

curves were performed using a log-rank (Mantel–Cox) test. 

 

Figure 6.1. Characterization of nanoparticle surface charge conversion upon polyelectrolyte 

deposition. (a) Schematic for small-scale deposition of PLR onto IL-12 loaded NPs, intensity-

weighted particle size (Z-avg), number-averaged (#-avg) size, polydispersity index (PDI), and zeta 

potential of the resulting polymer-nanoparticle mixtures at increasing PLR weight equivalents to 

bare anionic IL-12-NP. (b) Schematic for small-scale deposition of PLE onto PLR-IL-12 loaded 

NPs, Z-avg, #-avg, PDI, and zeta potential of the resulting polymer-nanoparticle mixtures from 

increasing weight equivalent PLE to PLR-coated IL-12 NPs. (c) Schematic representing the 

different possible resulting assemblies upon increasing polymer weight equivalents. 

 

Figure 6.2. Excess polymers prevent NP aggregation during layering via optimized bath 

sonication protocol. (a) Z-avg size, PDI and zeta potential of IL-12 NPs during LbL assembly. 

(b) Polymer-to-NP wt. eq. retained with the NPs after TFF purification. (c) Z-avg size, PDI and 

zeta potential of the resulting PLR-IL-12-NPs generated via different layering strategies. (d) Z-

avg size, PDI and zeta potential of the resulting PLR/PLE-IL-12-NPs generated via different 

layering strategies on TFF purified PLR-IL-12-NPs. 

 

Figure 6.3. Microfluidic fluid mixing chips enable homogeneous LbL-NP assembly without 

the need of purification steps. (a) Schematic for polymer deposition onto NPs via microfluidics 

chip. (b) Z-avg size and PDI, of NPs layered with POP PLR using a microfluidics chip with 

increasing channel fluid flow rates (both polymer and NP channels had equal flow rates). Shaded 

regions indicate target NP measurements from optimal layering conditions for the current NP 

formulation. (c) Zeta potential measurements of particle mixtures from b. (d) Schematic for LbL-

NP assembly using titrated polymer-to-NP wt. eq. without the need of purification steps. (e) Z-avg 

size, PDI, and zeta potential of the resulting PLR-IL-12-NPs generated using titrated PLR-to-NP 

wt.eq. via MCF compared to target NP measurements. (f) Z-avg size, PDI, and zeta potential of 

the resulting PLE/PLR-IL-12-NPs generated using titrated PLR-to-NP wt.eq. then titrated PLE-

to-NP wt. eq. via MCF compared to target NP measurements. (g) Fraction of fluorescently labeled 

PLE polymer associated with NPs after optimized TFF-based layering before and after TFF 
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purification compared to titrated polymer layering using MCF. (h) Negative stain transmission 

electron microscopy (TEM) of unlayered (UL) IL-12 NPs or PLE/PLR-IL-12-NPs assembled via 

either the optimized TFF-based protocol or the titrated polymer-to-NP wt. eq. MCF protocol. 

 

Figure 6.4. MCF-LbL-NPs maintain the desired in vitro characteristics of PLE/PLR LbL-

NPs. (a) Fluorescence ratio of NPs associated with HM-1 cells relative to NPs remaining in the 

supernatant at 4 and 24 hours after dosing. (b) Representative confocal microscopy of HM-1 cells 

dosed with UL NPs for 24 hours. (c) Representative confocal microscopy of HM-1 cells dosed 

with TFF-based LbL-NPs for 24 hours. (d) Representative confocal microscopy of HM-1 cells 

dosed with MCF-based LbL-NPs for 24 hours. 

 

Figure 6.5. MCF-LbL-NPs maintain the bioactivity of IL-12 in vitro and its in vivo 

effectiveness in a metastatic mice model of ovarian cancer. (a) HEK-Blue IL-12 reporter cell 

line response curves for free IL-12 or IL-12 loaded onto LbL-NPs generated via either TFF-based 

or MCF-based LbL assembly. (b) Calculated EC50 of curves in (a). (c) In vivo treatment scheme 

of metastatic ovarian cancer. (d) Whole animal bioluminescence reading via IVIS of luciferase 

expressing tumors cells from mice treated as in (c). (e) Survival curves of mice treated as in (c). 

 

Figure 7.1. Assembly of LbL film under mild ionic strength generates thicker layers, but 

reduces IL-12 bioavailability and limits lipid release. (a) Schematic of LbL film conformation 

on IL-12 LbL-NPs due to assembly in higher ionic strength buffer. Negative stain TEM of IL-12 

LbL-NPs assembled either in DI (b) or hNa (c). Scale bars represent 100 nm. (d) Assessment of 

LbL-NP film stability through exposure of NPs to increasing concentrations of sodium chloride 

(NaCl). (e) Fluorescently labeled NPs were dosed to HM-1 cells in vitro. Four hours after dosing, 

cells were washed and the NP fluorescence associated with cells was measured on a fluorescence 

plate reader. Shown are the normalized fluorescence readings relative to an unlayered negatively 

charged liposome. (f-g) Fluorescently labeled NPs were dosed to HM-1 cells in vitro. Four hours 

after dosing, cells were washed, fixed, and then stained with wheat germ agglutinin (cell membrane 

stain) and Hoechst 33342 (nucleus stain), and then visualized via confocal microscopy. Shown are 

representative confocal microscopy images of HM-1 cells incubated for 4 hours with LbL-NP 

assembled in DI (f) or hNa (g). (h) Quantification of lipid release from LbL-hNa relative to LbL-
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DI after 24 hours incubation in serum-containing media. (i-k) B6C3F1 mice (n = 7/group) 

inoculated with 106 HM-1-luc tumor cells on day 0 were treated on days 7 with 20 µg of IL-12 

conjugated to LbL-NPs assembled in either DI or hNa. Shown are the experimental timeline (i), in 

vivo IVIS whole-animal i.p. BLI readings (mean ± s.e.m., j), and overall survival (k). Statistical 

comparisons between survival curves were performed using a log-rank (Mantel–Cox) test. 

 

Figure 7.2. High MW polyelectrolytes stabilize LbL-NP but maintain IL-12 bioactivity and 

lipid release properties (a) Schematic IL-12 LbL-NPs with films composed of low or high 

molecular weight (MW) polymers. (b) Dynamic light scattering size and polydispersity 

measurements of LbL-NPs composed of low or high molecular weight (MW) polymers. (c) 

Apparent surface zeta potential measurements of LbL-NPs composed of low or high molecular 

weight (MW) polymers. (d) Assessment of LbL film and NP stability via a salt stress test. (e) 

Release of PLE from LbL-NPs in 10% serum. (f) HEK-Blue IL-12 response. (g) Relative lipid 

release in 10% serum from LbL-NPs assembled in deionized water with low molecular weight 

polymers or high molecular weight. 

 

Figure 7.3. High MW polyelectrolytes increase cancer cell binding and increased PLE MW 

augments efficiency of the surface presentation of LbL-NPs. (a-d) Fluorescently labeled NPs 

were dosed to HM-1 cells in vitro. Four hours after dosing, cells were washed, and stained with 

anti-IL-12 monoclonal antibody. After IL-12 Ab binding, cells were again washed and the NP and 

IL-12 fluorescence associated with cells was measured on a fluorescence plate reader. Shown are 

the normalized fluorescence readings relative to an unlayered negatively charged liposome (a), 

schematic for staining extracellular presented IL-12 NPs (b), the ratio of IL-12 to NP fluorescence 

of UL and PLR50PLE100 NPs normalized to PLR50PLE100, and the ratio of IL-12 to NP fluorescence 

for the library of polyelectrolyte MWs normalized to PLR50PLE100. (e-f) Fluorescently labeled 

NPs were dosed to HM-1 cells in vitro. Four hours after dosing, cells were washed, suspended, 

stained with an anti-IL-12 monoclonal antibody, re-washed and fixed. Shown are representative 

flow plots of IL-12 fluorescence and NP fluorescence of HM-1 cells dosed with 15 µg/mL of 

PLR50PLE100 (LMW) or PLR700PLE800 (HMW) (e), and quantitation of extracellular IL-12 median 

fluorescence intensity (MFI) of HM-1 cells dosed with LMW and HMW LbL-NPs across various 

NP concentrations (f). 
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Figure 7.4. HMW polyelectrolyte LbL films increase the half-life of IL-12 on cancer cell 

membranes. (a-b) Fluorescently labeled NPs were dosed to HM-1 cells in vitro. Four hours after 

dosing, cells were washed, and fresh cell culture media was added. After 0, 24 or 48 hrs after 

removing unbound NPs, cells were stained with anti-IL-12 monoclonal antibody, washed, and total 

IL-12 fluorescence associated with cells was evaluated on a fluorescence plate reader to determine 

an IL-12 fluorescence half-life. Shown are the derived IL-12 half-life for the panel of PLR and 

PLE MW films (a) and the decay curves comparing the LWM (PLR50PLE100) to the HMW 

(PLR700PLE800) film. (c) Fluorescently labeled NPs were dosed to HM-1 cells in vitro. Two days 

(48 hrs) after dosing, cells were washed, fixed, and then stained with wheat germ agglutinin (cell 

membrane stain), Hoechst 33342 (nucleus stain), and anti-IL-12 antibody. Cells were then 

visualized via confocal microscopy. Shown are representative confocal microscopy images of 

HM-1 cells treated with LMW or HMW LbL-NPs. 

 

Figure 7.5. HMW polyelectrolyte LbL films increase cancerous tissue NP targeting and 

increase total IL-12 presentation. (a-h) B6C3F1 mice (n=4-5/group) inoculated with 106 HM-1-

mCherrry-luc tumor cells on day 0 were administered fluorescently-tagged NPs carrying 20 µg IL-

12 (or an equivalent dose of free IL-12) on day 14. Four hours after dosing, animals were 

sacrificed, ascites was collected and processed for flow cytometry whereas tissues were analyzed 

ex-vivo via IVIS. Shown are the median fluorescence intensity (MFI) of NP signal in cancer cells 

(CD45-mCherry+, mean ± s.d., a) and immune cells (CD45+, mean ± s.d., b), the percentage of 

immune cells and cancer cells that were NP-positive (mean ± s.d., c), representative flow 

cytometry plot of NP and extracellular IL-12 fluorescence of tumor cells (d), the percentage of 

immune cells and cancer cells that were IL-12-positive (mean ± s.d., e), the weight-normalized 

tissue NP fluorescence (mean ± s.e.m., f), Pearson's correlation coefficient between weight-

normalized tissue NP fluorescence and BLI 4 hours after dosing (g), and the significance of the 

correlation estimates (h).  

 

Figure 7.6. HMW polyelectrolytes increase LbL-NP treatment efficacy in a metastatic model 

of ovarian cancer B6C3F1 mice (n = 10/group) inoculated with 106 HM-1-luc tumor cells on day 

0 were treated on days 7 and 14 with 20 µg of IL-12 as a free cytokine or conjugated to LbL-NPs. 
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Shown are the experimental timeline (a), in vivo IVIS whole-animal i.p. BLI readings (mean ± 

s.e.m., b), and overall survival (c). 

 

Figure 8.1. Solution conditions during LbL assembly control film thickness. (a) Diagram of 

LbL assembly either in deionized water (DI) or in the presence of a mild ionic strength solution 

(salt). (b) Particle hydrodynamic size (Z-avg) and polydispersity index (PDI) during LbL 

assembly. (c) Zeta potential of particles during LbL assembly. (d) Negative stain transmission 

electron microscopy of unlayered (UL), DI-LbL, or salt-LbL NPs.  

 

Figure 8.2. Stable peptide loading onto DI-LbL and salt-LbL NPs depends on film 

conformation and peptide charge. (a) Schematic of peptides used in adsorption studies. (b) 

Diagram of peptide adsorption under DI conditions onto DI-LbL NPs. (c) Hydrodynamic size and 

zeta potential of DI-LbL NPs after peptide adsorption. (d) Diagram of peptide adsorption under 

salt conditions onto salt-LbL NPs. (e) Hydrodynamic size and zeta potential of salt-LbL NPs after 

peptide adsorption. 

 

Figure 8.3. The generation of chemical crosslinks on LbL-NPs yields greater film stability. 

(a) Diagram of salt stress test. (b) Z-avg size of DI-LbL and salt-LbL at various concentrations of 

NaCl during the salt stress test. (c) Salt stress test of DI-LbL with various peptide loadings. (d) 

Diagram of crosslinking polymers on the surface of LbL-NPs. (e) Salt stress curves from various 

scLbL-NPs assembled in either DI or salt conditions with varying amounts of peptides adsorbed 

on the surface. 

 

Figure 8.4. Increased film stability of scLbL-NP inhibit IL-12 recognition from the NP 

surface. (a) Schematic for IL-12-NPs, LbL-NPs, and IL-12-scLbL-NPs. Salt stability stress test in 

DI assembled (b) and salt-assembled (c) IL-12 scLbL-NPs. HEK-Blue IL-12 response curves from 

DI-assembled (d) and salt-assembled (e) IL-12 scLbL-NPs. (f) Calculated IL-12 EC50 form UL 

NPs compared to DI and salt-assembled LbL-NPs. (g) Calculated IL-12 EC50 from all scLbL-NPs 

tested. 
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Figure 8.5. Exposure of IL-12 scLbL-NPs to MMP-9 recovers IL-12 bioactivity. (a) Diagram 

of MMP-9 effect on IL-12 scLbL-NPs. (b) HEK-Blue IL-12 curves of DI-scLbL-NP incubated 

with or without MMP-9 enzyme. (e) HEK-Blue IL-12 curves of salt-scLbL-NP incubated with or 

without MMP-9 enzyme. (d) The change in EC50 of DI-assembled IL-12 scLbL-NPs incubated 

with or without MMP-9. (f) The change in EC50 of salt-assembled IL-12 scLbL-NPs incubated 

with or without MMP-9. 

 

Figure 9.1. LbL film enables high-affinity binding to cancer cells. (a) Diagram of different 

surface modifications with PLE. (b) Fluorescently labeled NPs were dosed to HM-1 cells in vitro. 

Four hours after dosing, cells were washed and NP fluorescence associated with cells was 

measured on a fluorescence plate reader. Shown are the normalized fluorescence readings relative 

to an unlayered negatively charged liposome. (c) PLE labeled with a fluorescence tag was dosed 

to HM-1 cells either in the LbL-film on an NP (PLE100 was used to assemble film on NP) or as 

free polymers at a degree of polymerization of 100 or 800. Cells were washed and suspended to 

read via flow cytometry for the percentage of PLE+ cells. Shown are the results of the experiment 

with varying PLE concentrations. Curve represents dose-response fit. PLE-NP concentration 

indicates the number of PLE-coated NPs. (d) Relationship between estimated number of glutamate 

(E) residues per particle and the derived EC50 from the experiment in (c) and EC50 of NP+ cells 

dosed with PLE-coated carboxylate-modified polystyrene (PS) NPs of varying diameters (40 nm, 

100 nm, and 200 nm). (e-f) Data from NanoPrism was used to rank cell lines based on their uptake 

of NPs, the median gene expression of the top 100 cell lines was compared to the median 

expression of the bottom 100 cell lines to derive the fold chance in gene expression for each 

formulation that was then used to perform gene-set enrichment analysis (GSEA) against the 

hallmark gene sets. Shown are the volcano plot for liposomal PLE-NP and UL-NP with the top 20 

Hallmark gene sets hits (e), GSEA enrichment plot of liposomal PLE-NP against the epithelial-to-

mesenchymal transition (EMT) Hallmark gene set. (g-h) The fold change in gene expression for 

PLE, HA, and PAA LbL coated NPs made with either liposomal or polylactic-co-glycolic acid 

(PLGA) cores were normalized to their unlayered cores to derive gene expression signatures that 

corresponded to high LbL-film binding, but low binding towards the unlayered cores. Upregulated 

genes were compared to find genes specific towards PLE-coated NPs of either liposomal or PLGA 

cores. Shown are venn diagram of genes upregulated on cells high for LbL-NP binding relative to 
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UL-NPs for the indicated NP formulations (g) and calculated Z-score of extracellular cell 

membrane genes shared between PLE_LIPO and PLE_PLGA NPs (h). 

 

Figure 9.2. Association of PLE-coated NPs is blocked with glutamine transport inhibitors. 

(a-c) HM-1 cells were plated in 96 wells at a density of 50k cells/well and left to adhere overnight. 

Cells were then treated with varying concentrations of amino acid transport inhibitors for 15 

minutes before NP dosing at 50 µg/mL (a) or 25 µg/mL (b-c) per well. Four (a) or two (b-c) hours 

after NP dosing, wells were washed twice with PBS and total NP fluorescence associated with 

cells and remaining in supernatant was measured in a fluorescence plate reader to determine total 

NP uptake. Shown are the normalized NP uptake of PLE-coated NPs relative to UL at different 

inhibitor concentrations of GPNA, TFB-TBOA and V9302 (a), the normalized NP uptake of 

various outer layer LbL-coated NPs relative to UL at different inhibitor concentrations of GPNA 

(b), and the normalized NP utpake of various outer layer LbL-coated NPs relative to UL at different 

inhibitor concentrations of V9302 (c). Arrows indicate IC50 for inhibitors derived from literature. 

(d-i) HM-1 cells were plated in 96 well plates at 50 k cells/well and left to adhere overnight. Cells 

were then treated with 100 µM of V9302 for 15 minutes prior to NP dosing at varying 

concentrations. Two hours after NP treatment, cells were washed with PBS, and suspended for 

flow cytometry analysis of NP uptake. Shown are representative NP fluorescence histograms of 

HM-1 cells dosed with 30 µg/mL of PLE-NPs (d), UL-NPs (e), or HA-NPs (f) with or without 100 

µM of V9302 compared to untreated cells, and the percentage of NP-positive cells in PLE-NP 

treated (g), UL-treated (h), or HA-NP treated (i) HM-1s with or without 100 µM of V9302 across 

a range of NP concentrations. 

 

Figure 9.3. Modulation of SLC1A5 availability regulates PLE-NP binding. (a-d) HM-1 cells 

were plated in 96 well plates at 50 k cells/well and left to adhere overnight. Cells were then treated 

with antibodies (Abs) against either CD44 or two extracellular epitopes of SLC1A5 for 1 hr. After 

Ab treatment, cells were dosed with 10 µg/mL of NPs for 15 minutes, washed with PBS, and 

suspended for flow cytometry analysis of NP uptake. Shown are representative histogram plots of 

NP fluorescence for cells treated with PLE-NPs (a), UL-NPs (b), and HA-NPs (c) in the presence 

of anti-SLC1A5 antibody or control treatments, and the percentage of NP+ cells with or without 

Abs for PLE, UL and HA NPs. (e-i) HM-1 cells were plated in 96 well plates at 5 k cells/well and 
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left to adhere overnight. The next day, cells were treated with either anti-SLC1A5 siRNA or 

scramble siRNA at 200 nM for 96 hrs. Cells were then washed with fresh complete media and 

dosed with 10 µg/mL of NPs for 30 min. After NP incubation, cells were washed with PBS, and 

suspended for flow cytometry analysis of NP uptake. Shown are representative flow cytometry of 

total anti-SLC1A5 Ab staining in cells treated with either scramble of anti-SLC1A5 siRNA (e), 

quantitation of median fluorescence intensity (MFI) of total anti-SLC1A5 staining (f), 

representative flow cytometry histograms of NP fluorescence of HM-1 cells with partial SLC1A5 

knockdown for PLE-NP (g) and HA-NP (h) treatments, and the percentage of NP positive cells 

with partial SLC1A5 RNA knockdown treated with PLE-NP or HA-NP (i). 

 

Figure 9.4. PLE-NPs colocalize with SLC1A5 transporters on the cell surface. (a-c) HM-1 

cells were plated in 8-well glass chamber slides at 10 k cells/well and left to adhere overnight. 

Cells were dosed with 1.5 µg/mL of NPs for 2 hrs. After NP treatment, cells were washed with 

PBS, fixed with PFA, and then rapidly permeabilized with saponin. Cells were then treated with 

primary antibodies for 3 hours followed by secondary antibody for 30 minutes. Shown are high 

magnification images of HM-1 cells treated with UL-NPs stained against SLC1A5 and HM-1 cells 

treated with PLE-NPs stained against either SLC1A5 or GLUT-1 transporters (a), correlation 

analysis between NP signal and cell membrane transporter stain (b), and correlation analysis 

between varied NP formulations and SLC1A5 staining (c). (d) HM-1 cells were plated in 96-well 

plates at 50 k cells/well and allowed to adhere overnight. Cells were then dosed with varying 

concentration of PLE-IL12 NPs. Four hours after dosing, cells were processed for flow cytometry. 

Shown are the percentage of NP-positive cells for each concentration of NP dosed. (e) The same 

process as (a-c) was followed but various concentrations of LbL-NPs were tested. Shown are the 

correlation between NP signal and SLC1A5 stain.  (f) The same protocol of (d) was followed but 

prior to cell fixing, cells were incubated with anti-IL-12 antibody for 1 hr at 4 °C and washed. 

Shown is the extracellular IL-12 presentation efficiency (ratio between extracellular IL-12 stain to 

total NP uptake at 24 hrs compared to the same ratio at 4 hrs after dosing). (g-h) HM-1 cells were 

plated in 8-well glass chamber slides at 10 k cells/well and left to adhere overnight. Cells were 

dosed with 1 µg/mL of NPs for 4 hrs. After NP treatment, cells were washed with PBS, fixed with 

PFA, and then stained with Hoechst 33342 and wheat germ agglutinin (WGA) and visualized on 
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a confocal microscope. Shown are representative HM-1 cells dosed with 20 nm PLE-PS particles 

(g) and the quantification of the fraction of NP pixels colocalized with cell membrane pixels (h). 

 

Figure 9.5. AlphaFold artificial intelligence model predicts PLE binding to SLC1A5 and its 

expression correlated with PLE-NP association. (a) Representative AlphaFold 3 model 

structure of SLC1A5 and PLE and the calculated chain-pair ipTM scores between SLC1A5 with 

PLQ, PLE and PLF. (b) Representative AlphaFold 3 model structure of SLC38A2 and PLE and 

the calculated chain-pair ipTM scores between SLC38A2 with PLQ and PLE. (c) SLC1A5 

expression from human samples from normal, tumor, or metastatic tissue (data from TMNplot) 

showing increased SLC1A5 expression in cancerous and metastatic tissues. (d) Analysis of PLE-

NP Z-scores from NP screen against various human ovarian cancer cell lines and primary healthy 

tissues as a function of SLC1A5 RNA expression (RNA expression of human cell lines derived 

from Protein Atlas). R2 from linear fit and p-value from non-zero slope test. Dashed lines represent 

95% confidence interval of curve fit. (e) Fold increase in SLC1A5 RNA expression between tumor 

and healthy samples across various cancer types and highlighting high fold-changes in brain-

derived cancers (data from GEPIA). (f) Fold increase in PLE-NP association relative to UL NPs 

in a library of glioblastoma cells lines against SLC1A5 gene expression. R2 from linear fit and p-

value from non-zero slope test. Dashed lines represent 95% confidence interval of curve fit. 

 

Figure 9.6. PLD-coated NPs associate both glutamine transporters and anionic amino acid 

transporters. (a) Log-log plots of fold increase in PLE and PLD coated LbL-NPs relative to UL 

NPs in a library of ovarian cancer cells lines and primary healthy cells. R2 from linear fit and p-

value from non-zero slope test. Dashed lines represent 95% confidence interval of the curve fit. 

(b) same as (a) but on the library of glioblastoma cell lines. (c-e) HM-1 cells were plated in 96 

well plates at 50 k cells/well and left to adhere overnight. Cells were then treated with either V9302 

or TFB-TBOA for 15 minutes before NP dosing at varying concentrations. Two hours after NP 

treatment, cells were washed with PBS, and suspended for flow cytometry analysis of NP uptake. 

Shown are the percentage of NP-positive cells in PLD-treated HM-1s with 10 µM of V9302, 100 

µM of V9302 or without V9302 (c), and the percentage of NP-positive cells in PLE-NP treated 

(d), or PLD-NP treated (e) HM-1s with or without 1 mM of TFB-TBOA. (f) Representative 

AlphaFold 3 model structure of SLC1A3 and PLE and SLC1A3 with PLD focused on the binding 



38 
 

pocket indicated by the dark shading. (g) AlphaFold 3 calculated chain-pair ipTM scores between 

SLC1A5 with PLD, SLC1A3 with PLD, and SLC1A3 with PLE. (h-i) The NP median fluorescence 

intensity (MFI) of PLD-NP treated cells was normalized to the MFI of PLE-treated cells and 

plotted against SLC1A3 expression of the cel line. Shown are the plots of the NP screen against 

ovarian cancer cells and primary healthy tissue (h) and on glioblastoma cells lines (i). R2 from 

linear fit and p-value from non-zero slope test. Dashed lines represent 95% confidence interval of 

the curve fit. 

 

Table A1: RP-HPLC conditions and gradient. 

 

Table A2: Staggered dilution steps for QS-21 SMNP assembly. 

 

Table A3: Critical Quality Attributes (CQAs) of SMNPs. 

 

Figure A1: Protocols for generation of Quil-A based SMNPs fail to form ISCOMs when 

saponin is substituted for QS-21. (A) Chemical structure of the major isomer of QS-21. (B, C) 

DLS Z-avg, vol-avg, number-avg and PDI for attempts using dTFF (B) and low detergent dTFF 

(C) – error bars omitted for clarity. (D) DLS intensity-based and number-based distribution for 

standard dTFF and low detergent dTFF. (E) TEM micrographs of samples for standard dTFF 

before (top) and after (bottom) TFF process. (F) TEM micrographs of final product from low 

detergent dTFF. 

 

Figure A2: Rapid dilution of lipid/QS-21/MEGA-10 mixture enables formation of large 

aggregates. TEM micrograph of sample rapidly diluted to below CMC. 

 

Figure A3: Reverse-phase (RP) high-pressure liquid chromatography (HPLC) coupled with 

a evaporative light scattering detector enables quantification of each component in QS-21 

SMNPs. (A) Representative chromatogram of QS-21 SMNP particles separated on a Jupiter C4 

column with acetonitrile gradient ranging from 30 to 95%. (B) Representative chromatogram of 

QS-21 SMNP particles separated on a Accucore C8 column with ispopropanol gradient ranging 

from 5 to 95%. 
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Figure A4: TFF with 100 kDa membranes is an effective method for removal of MEGA-10 

from QS-21 SMNPs. (A) Standard curve generated based on MEGA-10 absorbance at 205 nm. 

(B) Concentration of MEGA-10 in permeate from three independent batches of QS-21 SMNPs. 

Dashed lines indicate 95% confidence interval from fitted curves. 

 

Figure A5: Room temperature (RT) QS-21 SMNPs can lead inhomogeneous preparations. 

(A) Diagram for QS-21 SMNP synthesis at room temperature (RT) through continuous dilution. 

(B) DLS Z-avg, and PDI for RT QS-21 SMNP samples from two independent batches. Serum IgG 

titer curves at week two (C) and week four (D) for particles generated via dialysis, dTFF with 

heating of QS-21 and two independent batches of dTFF SMNPs with QS-21 at room temperature 

for mice immunized with 2 μg of N332-GT2 trimer and 5 μg of SMNP. (E) Summary of serum 

IgG titers at week 2 and 4 from (C) and (D). (F) TEM micrograph showing SMNPs generated at 

RT with presence of lipidic vesicles. White arrows indicate lipid nanoparticles. 

 

Figure A6: Staggered dilution enables proper assembly of QS-21 ISCOMs devoid of MPLA. 

A sample with 7.5% MEGA-10 and 5 mg/mL of QS-21-ISCOM components (QS-21, cholesterol 

and DPPC at a 5:1:1 mass ratio) was either rapidly diluted to final MEGA-10 concentrations or 

diluted via the staggered protocol of Table S2. DLS intensity-weighted size (Z-avg) and PDI were 

measured after overnight incubation for the fast diluted samples or after the appropriate incubation 

time for the staggered dilution protocol. 

 

Figure B1. The chemical structure of components used to generate liposomes from dilution. 

Figure B2. Representative cryo-TEM micrographs of 200 nm liposomes formed in region iii. 

Figure B3. Detergent concentration after dilution controls the equilibrium size of liposomes. (A) 

DLS intensity-weighted size (Z-avg) and PDI after overnight incubation of a 10 mg/mL of 6:3:1 

molar mixture of DSPC:cholesterol:POPG in 10% MEGA-10 diluted to various final detergent 

concentrations. (B) DLS intensity-weighted size (Z-avg) and PDI after overnight incubation of a 

20 mg/mL of 6:3:1 molar mixture of DSPC:cholesterol:POPG in 10% octylglucoside diluted to 

various final detergent concentrations. (C) Effect of dilution samples equilibrated at 0.1% or 



40 
 

0.04% MEGA-10 overnight to 0.01% MEGA-10 on particle size (Z-avg) and PDI; samples were 

allowed to equilibrate at 0.01% overnight.  

Figure B4. TFF of assembled lipid vesicles enables efficient removal of MEGA-10. (A) ELSD 

chromatogram of MEGA-10 at increasing concentrations. (B) ELSD of final purified particles 

incubated at either 0.1%, 0.02%, or 0.004% MEGA-10. Shaded regions indicate MEGA-10 elution 

times. 

Figure B5. Characteristics of liposomes generated from lipid film hydration followed by extrusion 

with a 50 nm pore sized membrane. (A) DLS intensity-based and number-based size distribution. 

(B) Z-avg, number-average, and PDI. (C) Representative cryoTEM micrograph from liposomes 

generated via thin film hydration followed by extrusion on a 50 nm pore-sized membrane. (D) 

CryoTEM micrograph of extruded liposomes showing large (>50 nm) vesicles. (E) CryoTEM 

micrograph analysis of particle size from the extruded sample. Parenthesis indicates the total 

number of particles quantified and PDI based on the measured particle sizes from cryoTEM. (F) 

Normalized histograms of samples generated from detergent dilution into 0.1%, 0.02%, and 

0.004% MEGA-10 then purified via TFF compared to liposomes generated via thin-film hydration 

followed by extrusion through 50 nm pore membrane. 

 

Figure B6. Analysis of lipid exchange via FRET reveals that assembled liposomes in region iv are 

stable whereas particles in region iii have high rates of lipid exchange even after no change in 

particle size. Normalized FRET efficiency from samples containing 1mol% of dye diluted with 

PBS to various concentrations of MEGA-10 and mixed after set incubation periods. 

Figure B7. Assessment of liposome assembly via cryo-TEM. (A-D) Cryo-TEM micrographs of 

10 mg/mL 6:3:1 DSPC:Chol:POPG sample in 10% MEGA-10 rapidly diluted to 0.1% MEGA-10 

with 10 mM HEPES 150 mM NaCl and frozen 5 minutes, 2 hours, 5 hours and 24 hours after 

dilution, respectively. 

Figure B8. Diagram of the experimental protocol to determine the percentage of liposome 

fluorescence associated with macrophages. 

 

Figure C1. Chemical structure of components used for particle self-assembly. 
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Figure C2. Characterization of lisCNDs and high POPG composition diluted with PBS. (A) 

Representative chromatograms from high-pressure liquid chromatography (HPLC) coupled with 

an evaporative light scattering detector (ELSD) for PBS only, 0.025 mg/mL sample in PBS, and 

samples allowed to be assembled at 0.1% MEGA-10 in 0 mM NaCl or 200 mM NaCl buffers then 

purified via TFF. (B) Z-avg, #-avg and PDI of purified samples allowed to assemble at 0.1% 

MEGA-10 in 200 mM NaCl, 0 mM NaCl, or 0 mM NaCl then exposed to 1X PBS after 

purification. (C) CryoTEM micrographs of purified samples from dilution of lipid/detergent 

micelles using 0 mM NaCl, but then added 1X PBS. (D) Size and PDI of lipid/detergent micelles 

with 3:3:4 molar ratios of DSPC:cholesterol:POPG diluted to 0.05% MEGA-10 then purified via 

TFF. Error bars represent SEM. 

Figure C3. Characteristics of LbL-CNDs and LbL-lisCNDs. (A) Zeta potential of liposomes 

and CNDs upon layering with PLR and PLE. (B) Size and zeta potential of lisCNDs upon layering 

with PLR and PLE. (C) In vitro HM-1 association of NPs relative to liposomes 24 hrs after dosing 

cells. Error bars represent SEM. Statistical comparisons in C was performed using one-way 

analysis of variance (ANOVA) with Tukey’s multiple-comparisons test. Asterisks denote p-

values: ****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05. 

Table D1: Lipid composition of nanoparticles and summary characteristics. 

Table D2: Lipid composition of SAT NPs 

Figure D1. Headgroup-modified lipids for IL-12 conjugation. a, Chemical structure of 

headgroup-modified lipids with either chelated nickel or N-aryl maleimide. N-aryl maleimide was 

employed to prevent potential thiosuccinimide retro-Michael addition and subsequent thiol-

exchange, as this headgroup favors thiosuccinimide hydrolysis into sTable Duccinamic acid 

thioethers. b, IL-12 crystal structure derived from PDB 1F45 showing C-terminus used to 

engineered terminal poly-histidine (polyHis) tag and terminal cysteine. c, Reaction pathway for 

irreversible maleimide-based conjugation with thiols. 
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Figure D2. Synthesis of LbL-NPs conjugated with IL-12 via either maleimide-cysteine 

reaction or nickel-histidine interaction yield similar particle biophysical properties. a, 

Intensity-weighted hydrodynamic size (Z-avg), number average size (#-avg), and polydispersity 

index (PDI) of NPs during synthesis as measured via dynamic light scattering (mean ± s.d.). b, 

Zeta potential of NPs during synthesis as measured via electrophoretic mobility in deionized water 

(mean ± s.d.). c, Yield and weight loading of IL-12 for unlayered and layered particles with nickel-

histidine linker (Ni-UL and Ni-LbL) and unlayered and layered particles with a maleimide-

cysteine bond (Mal-UL and Mal-LbL) (mean ± s.e.m.). d-e, Negative-stain (NS) transmission 

electron microscopy (TEM) with phosphotungstic acid of particles during synthesis with nickel-

containing lipids (d) and maleimide-containing lipids (e)  - scale bars represent 200 nm. Unlayered 

(UL) NPs without IL-12 presented the typical low-contrast micrographs of liposomes. When 

conjugated with IL-12, however, a dark rim around the liposomes could be observed which became 

diffuse after LbL deposition, suggesting successful IL-12 conjugation and LbL coating. Data are 

presented as mean values ± error with n = 3 independent batches of NPs. Statistical comparisons 

in c were performed using two-way analysis of variance (ANOVA) with Tukey’s multiple-

comparisons test. 

 

Figure D3. Polyelectrolyte film is partially released in buffers with physiological ionic 

strength and does not block IL-12 availability in LbL-NPs. A, Measurement of PLE or PLR 

release from LbL film on NPs incubated at 37 °C in 15 mM HEPES 150 mM NaCl (HEPES), 10%, 

or 100% FBS (mean ± s.e.m). b, Schematic for monoclonal antibody capture of NP-bound IL-12 

and detection in varying buffer conditions. c, HEK-Blue IL-12 reporter cell line response to IL-12 

in various formats (n>100 points per curve from 7 independent particle batches). (d) Calculated 

IL-12 EC50 from HEK-Blue IL12 response curves (mean ± s.e.m). 

 

Figure D4. Characterization of metastatic ovarian cancer model - OV2944-HM1.  a-b, 

B6C3F1 mice were inoculated with 106 HM-1-luc tumor cells i.p. on day 0 (n = 40) or left as naïve 

healthy animals (n = 10). Shown are representative, intestine, lung, omentum and UGT ex-vivo 

IVIS BLI images (a) and quantitation of BLI signal in healthy organs compared to organs two 

weeks after tumor inoculation (mean ± s.e.m, b). Statistical comparisons in b were performed 
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using the nonparametric Mean-Whitney test with correction for multiple comparisons based on a 

false discovery rate of 1% (q=0.0136). 

 

Figure D5. Mice with complete remission of metastatic ovarian cancer demonstrate strong 

immune memory induction upon i.p. luc-HM-1 rechallenge. a-b, B6C3F1 mice (n = 10/group) 

inoculated with 106 HM-1-luc tumor cells on day 0 were treated on days 7 and 14 with 20 µg of 

IL-12 as a free cytokine or conjugated to NPs. On day 100, surviving Mal-LbL mine (n = 3) or 

naïve (n = 2) were injected with 3x105 luc-HM-1 cells i.p. Shown are in vivo IVIS whole-animal 

i.p. BLI readings (mean ± s.e.m., b), and overall survival (c). 

 

Figure D6. Intraperitoneal dosing of 20 µg of Mal-LbL NPs does not cause systemic toxicity. 

a-e, B6C3F1 mice inoculated with 106 HM-1 tumor cells on day 0 were treated on days 10 with 

20 µg of IL-12 as a free cytokine or conjugated to Mal NPs (UL and LbL). Two days after dosing 

blood (n = 6/group) and spleens (n = 4/group) were harvested and sent for a complete blood panel 

or processed for flow cytometry analysis, respectively. Shown are serum levels of liver damage 

markers (alanine transaminase – ALT - and aspartate aminotransferase - AST) compared to healthy 

mice controls (n = 4, a), complete blood count panel (b), quantitation of live leukocyte (CD45+) 

counts in spleen (c), and percentage of macrophage (d) and NK (e) cell in splenocytes. Statistical 

comparisons performed using two-way (a,b) or one-way (c,d,e) analysis of variance (ANOVA) 

with Tukey’s multiple-comparisons (liver enzyme measurement was compared to healthy 

controls). 

 

Figure D7. Immune phenotyping of cells in ascites fluid and tumor tissues. a-j, B6C3F1 mice 

inoculated with 106 HM-1 tumor cells on day 0 were treated on days 10 with 20 µg of IL-12 as a 

free cytokine or conjugated to Mal NPs (UL and LbL). Two days after dosing ascites (n = 6/group) 

and i.p. tumor nodules (primarly omentum tissue, n = 4/group) were harvested and processed for 

flow cytometry analysis. Shown are total counts of M1-like and M2-like macrophages (a), 

logarithmic of M1-like to M2-like macrophages ratio (b), and total counts of PMN-MDSC (c), M-

MDSC (d), and NK cells (e) in ascites fluid. Also shown are total counts of PMN-MDSC (f) and 

M-MDSC (g), logarithmic of M1-like to M2-like macrophages ratio (h), and total counts of M1-

like and M2-like macrophages (i), and NK cells (j) in tumor nodules. Statistical comparisons were 
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performed using two-way (a,i) or one-way (b,c,d,e,h,j) analysis of variance (ANOVA) with 

Tukey’s multiple comparisons (liver enzyme measurement was compared to healthy controls). 

 

Figure D8. Characterization of Mal IL-12 NPs composed of saturated (SAT) lipids. a, 

Illustration of liposome bilayer composition effect on lipid exchange rate with serum proteins. b, 

Intensity-weighted hydrodynamic size (Z-avg), number average size (#-avg), and PDI of NPs 

during synthesis as measured via DLS (mean ± s.d.). c, Zeta potential of NPs during synthesis as 

measured via electrophoretic mobility in deionized water (mean ± s.d.). d, Association of NP 

fluorescence with HM1 cells in vitro relative to unlayered NPs after 4 and 24 hours of incubation 

(mean ± s.d.). e, Representative confocal microscopy images of HM-1 cells dosed with SAT-LbL 

for 4 hours. f, Calculated IL-12 EC50 of IL-12 compared to SAT-LbL NPs from HEK-Blue IL-12 

assay (mean ± s.e.m.). g, Assessment of de-quenching from fluorophore detachment from unsat 

and SAT NPs when incubated with 100% FBS at 37 °C – curves represent the best fit of a two-

phase decay model. h, Quantification of IL-12 retention with Mal-LbL or SAT-LbL upon 

incubation with 100% FBS (mean ± s.e.m.) – curves represent the best fit of a two-phase decay 

model. Statistical comparisons performed in d using two-way analysis of variance (ANOVA) with 

Tukey’s multiple-comparisons. Data are representative of at least two independent experiments. 

 

Figure D9. Confocal microscopy analysis of histological cryosections of omentum tumor 

nodules demonstrates both Mal-LbL and SAT-LbL penetrate tumor tissue. a-b, B6C3F1 

mice were inoculated with 106 HM-1-luc tumor cells on day 0 were administered fluorescently-

tagged Mal-LbL of SAT-LbL NPs carrying 20 µg IL-12 on day 14. One day after dosing, animals 

were sacrificed, and the omentum containing tumor nodules was frozen in optimal cutting 

temperature (OCT) compound then frozen sectioned and stained for confocal microscopy analysis. 

Shown are representative confocal images of omental tumor nodules from Mal-LbL (a) and SAT-

LbL (b) treated animals. 

 

Figure D10. Flow cytometry cell gating strategy. 
 

Figure E1. Microfluidic fluid mixing chips enable homogeneous LbL-NP assembly in 

optimized buffer solutions. (a) Z-avg size and PDI of NPs layered with increasing PLR-to-NP 
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wt. eq. in 25 mM HEPES and 20 mM NaCl. (b) Zeta potential of NPs layered with increasing 

PLR-to-NP wt. eq. in 25 mM HEPES and 20 mM NaCl. (c) Z-avg size, PDI, and zeta potential of 

NPs layered with PLR and PLE using small-scale bath sonication mixing of polymers and NPs. 

(d) Schematic, Z-avg size, PDI, and zeta potential of NPs layered with PLR and PLE using large-

scale bath sonication mixing of polymers and NPs. (e) Schematic, Z-avg size, PDI, and zeta 

potential of NPs layered with PLR and PLE using MCF mixing of polymers and NPs. 

 

Figure F1. Biophysical characterization of LbL-NP library assembled in DI or hNa. (a) 

Dynamic light scattering size and polydispersity index (PDI) measurements of LbL-NPs 

assembled either in deionized water (D) or in the presence of mild ionic strength (hNa). (b) 

Apparent surface zeta potential measurements of LbL-NPs assembled either in DI or hNa. (c) 

Diagram of salt stability assay. (d) HEK-Blue IL-12 derived EC50 of IL-12 in NP preparations. (e) 

Representative confocal microscopy image of HM-1 cells incubated with UL-NPs for 4 hrs. 

 

Figure F2. Biophysical characterization of LbL-NP library composed of various polymer 

MWs. (a) Dynamic light scattering size and polydispersity measurements of LbL-NPs composed 

of various molecular weight (MW) polymers. (b) Apparent surface zeta potential measurements 

of LbL-NPs composed of low or high molecular weight (MW) polymers. (c) HEK-Blue IL-12 of 

panel of MWs. 

 

Figure F3. Biodistribution study. (a) Treatment timeline of mice bearing HM-1-mCherry-luc 

tumors for biodistribution study. (b) Assessment of cellular fraction immune cells and tumor cells 

of ascites in HM-1 mice. 

 

Figure G1. GSEA analysis of LbL-NP uptake. (a-d) Data from NanoPrism was used to rank cell 

lines based on their uptake of NPs, the median gene expression of the top 100 cell lines was 

compared to the median expression of the bottom 100 cell lines to derive the fold chance in gene 

expression for each formulation that was then used to perform gene-set enrichment analysis 

(GSEA) against the hallmark gene sets. Shown are the volcano plot for liposomal HA-NP (a), 

liposomal PAA-NP (b), PLE-coated PLGA NPs (c), and unlayered PLGA NPs (d) with the top 20 

Hallmark gene sets hist. (e) The fold change in gene expression for PLE-coated PLGA NPs were 
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normalized to UL PLGA NPs derive gene expression signatures that corresponded to high LbL-

film binding, but low binding towards the unlayered cores. Shown are the volcano plot of PLE 

coated PLGA-NPs after normalization to UL PLGA NPs. 

 

Figure G2. System A amino acid transport inhibitor MeAIB does not impair PLE-NP 

binding. HM-1 cells were plated in 96 well plates at 50 k cells/well and left to adhere overnight. 

Cells were then treated with 10 or 100 mM of MeAIB for 15 minutes prior to NP dosing at varying 

concentrations. Two hours after NP treatment, cells were washed with PBS, and suspended for 

flow cytometry analysis of NP uptake. Shown are the percentage of NP+ cells at each 

concentration of NP dosed. 

 

Figure G3. PLE coating is required for high colocalization of SLC1A5 with LbL-NPs. (a-b) 

HM-1 cells were plated in 8-well glass chamber slides at 10 k cells/well and left to adhere 

overnight. Cells were dosed with 1.5 µg/mL of NPs for 2 hrs. After NP treatment, cells were 

washed with PBS, fixed with PFA, and then rapidly permeabilized with saponin. Cells were then 

treated with primary antibodies for 2 hours followed by secondary antibodies for 30 minutes. 

Shown are HM-1 cells treated with PLE-NPs and stained with an anti-CD44 Ab or isotype control 

(a), and HM-1 cells treated with various outer layer LbL-NPs and stained with anti-SLC1A5 Abs 

(b). (c) The same protocol was followed as (a-b) but cells were treated with 13.5 µg/mL of PLE-

NPs. 

 

Figure G4. PLE-NPs associate primarily on the cell membrane. (a-b) HM-1 cells were plated 

in 8-well glass chamber slides at 10 k cells/well and left to adhere overnight. Cells were dosed 

with varying concentrations of NPs for 4 hrs. After NP treatment, cells were washed with PBS, 

fixed with PFA, and then stained with Hoechst 33342 and wheat germ agglutinin (WGA) and 

visualized on a confocal microscope. Shown are representative confocal images of HM-1 cells 

treated with various concentrations of PLE-NPs (a) and quantification of the fraction of NP pixel 

colocalized with cell membrane pixels (b). 

 

Figure G5. 100 nm polystyrene PLE-NPs are retained at the cell membrane. HM-1 cells were 

plated in 8-well glass chamber slides at 10 k cells/well and left to adhere overnight. Cells were 
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dosed with 1 µg/mL of NPs for 4 hrs. After NP treatment, cells were washed with PBS, fixed with 

PFA, and then stained with Hoechst 33342 and wheat germ agglutinin (WGA) and visualized on 

a confocal microscope. Shown is a representative HM-1 cell dosed with 100 nm PLE-PS particles. 

 

Figure G6. Modeling predictions. (a) Representative AlphaFold 3 model structure of SLC1A5 

and PLQ bound to the outward or inward orientation of SLC1A5. (b) Representative AlphaFold 3 

model structure of SLC1A5 and PLF binding to a transmembrane region. (c) patcHwork prediction 

of change in ionization states of amino acids in SLC1A5 from pH of 7.4 to pH of 6.0. (d) 

Representative AlphaFold 3 model structure of SLC38A2 and PLQ. 

 

Figure G7. Analysis of hypoxia-related gene expression in ovarian cancer cell lines. (a) Heat 

map of Z-score for each gene across the cell lines and the “overall” hypoxia metric determined by 

the product of gene expression for each gene. (b) Z-score of the overall hypoxia expression levels. 

Expression levels extracted from the ProteinAtlas. 
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CHAPTER 1 
 

Background: Engineering Strategies for Immunomodulatory Cytokine 

Therapies – Challenges and Clinical Progress 

 
The work presented in this chapter has been adapted with permission from Pires, I. S., Hammond, 
P. T. & Irvine, D. J. Engineering Strategies for Immunomodulatory Cytokine Therapies: 
Challenges and Clinical Progress. Adv Ther (Weinh) 4, 2100035 (2021).  
 

1.1 Introduction 

The term cytokine originates from the combination of the Greek words “cyto” and “kine” 

which translates to “cellular movement”. Coined by Stanley Cohen in 1974, it was used to describe 

cellular substances that induced immune cell-directed migration (chemotaxis) and activation.1 

Since that time, there have been many new insights into these molecules and cytokines are now 

defined as  regulatory proteins that modulate the immune system and inflammation.2 As immune 

regulators, cytokines have a major role as signaling molecules in response to danger, tissue 

damage, or injury.3 Importantly, the vital role of the immune system in many pathologies make 

cytokines promising therapeutics for many disease states.  

However, clinical use of cytokines has been restricted. This clinical translational challenge 

comes from two major characteristics of cytokines: 1) they are highly pleiotropic and 2) in normal 

physiology, they are generally produced and act very locally in tissues. Accordingly, systemic 

administration can lead to severe side effects. Given this challenge, cytokines present a promising 

opportunity for molecular and formulation engineering to improve their safety and therapeutic 

efficacy. Many of the drug delivery platforms presented here have been reviewed for general 

immunotherapy applications—focusing on the delivery of checkpoint inhibitors, engineered T 

cells, co-stimulatory receptor agonists, and cancer vaccines.4–11 Here, we focus on the specific 

challenges presented by cytokine therapeutics, discuss the basic biology and clinical applications 

of key immunomodulatory cytokines, and review engineering strategies developed to increase 

their utility in therapeutic applications. To limit the scope of this review we focus on recombinant 

cytokine delivery; strategies involving cytokine-secreting cells (cellular vehicles) and gene therapy 

are only briefly introduced and cytokine inhibitor therapies are not covered here (we refer the 

interested reader to a number of recent reviews on these approaches12–19). 
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1.2 Cytokine Classification and Characteristics 

Cytokines are cell-signaling proteins that perform their biological function via extracellular 

cell-membrane receptors.20,21  This biological function may act on the cell that produces them 

(autocrine signaling) or on a different cell (paracrine signaling).22 Accordingly, cytokines have 

similar characteristics to other soluble factors such as hormones, but some key differentiating 

factors of cytokines include local production and expression in response to specific stimuli.21,22 

Importantly, cytokines act primarily on the immune system while hormones primarily modulate 

the endocrine system.23 Lastly, unlike hormones, baseline levels of cytokines in the circulation are 

typically low at steady state.21 However, exceptions exist as some cytokines can act at distant sites 

(endocrine signaling) and some hormone-like substances—such as growth hormone, 

erythropoietin, thrombopoietin, and leptin can be categorized as cytokines.22  

Albeit imperfect, there are various classifications of cytokines which aim to functionally 

distinguish these pleiotropic proteins. Some of the early functional classifications led to the naming 

of interleukins, which were thought to originate from and act on leukocytes22. Other functional 

groupings include colony-stimulating factors (GM-CSF, G-CSF) and interferons (IFN-α, IFN-β, 

IFN-γ).24,25 However, these early historical classifications have become outdated as these factors 

are now known to be produced by many cell populations and have pleiotropic effects on various 

cell types22,23. For example, some cytokines (e.g., TNF-α, IL-1β, TGF-β, IL-6) are produced by or 

act on non-immune cells (e.g., fibroblasts, epithelial cells, and cancer cells). 26–28 

Cytokines may also be functionally classified as either pro-inflammatory or anti-

inflammatory. Pro-inflammatory cytokines (e.g., IL-1α/β, TNF-α/β, IL-6, IL-11, IL-18, IFN-γ) up-

regulate inflammatory reactions (i.e. tissue’s catabolic reactions against pathogens including 

immune cell recruitment, infiltration, and stimulation), while anti-inflammatory cytokines (e.g., 

IL-10, IL-6, TGF-β, IL-27, IL-35) down-regulate inflammatory responses and promote tissue 

healing.23,29 However, the cytokine-induced inflammatory response is highly context-dependent 

with the same cytokine inducing either pro- or anti-inflammatory reactions depending on factors 

such as the target cell, concentration, and presence of other cytokines.30 A common example for 

the varying inflammatory response of cytokines is IL-6 which, in addition to its major role in 

initializing inflammatory responses (along with TNF-α and IL-1), is a potent stimulant of acute-
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phase proteins in hepatocytes (an anti-inflammatory effect) and can inhibit TNF-α and IL-1 

expression.30. 

More recent classifications have originated from the relation of cytokines to T cell 

responses. T cells can be biased into different functional states characterized by the production of 

certain groups of cytokines, e.g., Th1 cytokines (type 1 cytokines) such as IL-2, IL-12, and IFN-

γ; Th2 cytokines (type 2 cytokines) such as IL-4, IL-5, IL-6, IL-10 and IL-13; or regulatory 

cytokines such as IL-10 and TGF-β31. Although other Th subsets exist, these three major classes 

provide a basic framework to understand diseases and potential therapeutic opportunities within 

them. In general, type 1 cytokines mediate the development of a strong cellular immune response 

while type 2 cytokines favor a strong humoral immune response.32 Conversely, regulatory 

cytokines promote immune homeostasis, prevent autoimmunity, and moderate inflammation.33 

Importantly, cytokine groups exhibit cross-regulatory properties in which they not only favor a 

functional state but also suppresses the alternative states. Accordingly, high levels of one class of 

cytokines is indicative of a type of immune environment which could be reprogramed with 

cytokine therapies from other subsets. For example, in cancer, tumors are typically associated with 

tolerogenic and immunosuppressive microenvironments in which cytokine-mediated therapies 

primarily have aimed to deliver type 1 cytokines to stimulate an anti-cancer cellular immune 

response. On the other hand, some vaccine-based therapies may prefer type 2 cytokines as 

adjuvants base on their role in B cell maturation, while autoimmune conditions could benefit from 

regulatory cytokines.  In many instances, however, these distinctions are insufficient to classify 

cytokines since their effects are highly context dependent. For example, IL-18 in isolation can 

promote Th2-biased cytokine production from T cells, but in the presence of IL-15 or IL-12, IL-

18 leads to potent Th1-biased cytokine production.34 Moreover, type 1 cytokines are not restricted 

to cellular immune responses as they aid in the development of certain antibody classes and 

functional differentiation of B cells. 35,36  

Lastly, more objective classifications exist such as those based on structural or receptor 

homology. This grouping includes type I cytokines (consisted of four α-helical bundle structures 

with an ‘up-up-down-down’ configuration) signaling through class I cytokine receptors (IL-6, IL-

2, IL-4, IL-12, GM-CSF), type II cytokines signaling through class II cytokine receptors (IFNs, 

IL-10 family, IL-19 family), cytokines signaling through immunoglobulin superfamily cytokine 

receptors (MCSF, IL-1, IL-16) and the TNF family signaling through TNF receptors family (TNF-
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α/β).22,23 However, the wide-range of functions of cytokines within the same group make this 

classification less practical;  therefore,  it is less commonly used. 

In addition to immunomodulatory substances, cytokines are sometimes defined to include 

growth factors (PDGF, EGF, FGF, NGF, IGFs, TGF (α/β), BMPs, and CNTF) and chemokines 

(IL-8, MIP, MRO, IP-10)24. Growth factors are primarily molecules regulating embryogenesis, 

tissue repair, and wound healing, while chemokines are primarily molecules directing cell 

migration23. Yet, these substances can also modulate immune cells and immune responses, leading 

to an overlap in classifications. For example, the growth factor TGF-β is commonly classified as 

an anti-inflammatory cytokine or T regulatory cytokine. IL-8, in addition to serving as a 

chemokine, has inflammatory effects on immune cells.37  

With more than 300 known cytokines, chemokines, and growth factors, here we restrict 

our discussions to immunomodulatory cytokines with a focus on cytokines tested in clinical 

studies.25 A diagram depicting the major immune cell targets of cytokines that have or are being 

evaluated in clinical trials is shown in Figure 1.1. Other cytokines, their targets, and functions can 

be found in the literature31,38.  
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Figure 1.1. Major targets of cytokines used in clinical trials directed at immune cells involved in adaptive 

and innate immunity. Blue arrows indicate recruitment and differentiation. Red arrows indicate activation 

and expansion. Gray arrows indicate inhibition. IL-22 has been excluded here as its clinical trials have 

targeted its growth-factor properties and not its immunostimulant properties. TNF-related apoptosis-

inducing ligand (TRAIL) is also excluded as its non-apoptotic role in immune-cells is not clearly 

understood.39 The effects of IFN-λ are primarily on epithelial cells.40 

 

Although not a comprehensive description of the effect of cytokines on immune cells, 

Figure 1.1 clearly illustrates their pleiotropic nature. Other features of cytokines contributing to 

their complex activity include context dependency, cascading, antagonism, and feedback control. 

As previously mentioned, context-dependency implies that the settings of cytokine stimulus can 

regulate its responses such as the presence of cytokine combinations. Moreover, the cytokine 

concentration can alter their effects as shown by IL-2 where low doses preferentially stimulate 

regulatory T cells, while high doses activate CD8+ T cells and NK cells.41 The class of target cells, 

its environment, and time of cytokine activation are also contextual factors that can lead to altered 

responses of the same cytokine.30 In addition to context-dependency, cytokines can have multiple 

effects based on the cascade of downstream cytokines produced in response to their stimulus. One 

such example is IFN-γ-mediated stimulation of activated macrophages leading to the release of 

IL-12 and TNF-α, both of which induce their own cascades.35 As will be discussed in the Clinical 

Perspective section, this cytokine cascade effect is a crucial characteristic that hinders clinical 

translation as it expands the potential side effects of cytokine treatment. Conversely, antagonism 

refers to the property that a cytokine can restrict the effect or production of another such as IL-10-

mediated inhibition proinflammatory cytokine production by macrophages or dendritic cells.42 

Finally, cytokine stimulation can be further enhanced (or downregulated) through feedback control 

mechanisms which can occur directly (e.g., macrophage auto-stimulation through TNF-α 

production) or indirectly (e.g., IFN-γ-mediated macrophage production of IL-12 leading to IFN-γ 

production via Th1 differentiated CD4+ T cells).  

 

1.3 History of Cytokines as Therapeutics 

The first steps of cytokine discovery were taken in the 1920s,  when it was shown that the 

mechanism underlying ‘bacterial allergies’ differed from protein anaphylaxis and that the 

supernatants of tissue sensitized to tuberculin amplified the reaction to old tuberculin43,44. 
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Approximately thirty years later, the fundamental class of proteins leading to these phenomena 

started to be unraveled when the first individual cytokines were discovered as the ‘endogenous 

pyrogen’ (later classified as IL-1) and ‘interferon’ (later termed IFN-α) were isolated43,45. The 

potential clinical use of these substances was clear as ‘interferon’ interfered with viral infection. 

Furthermore, the ‘endogenous pyrogen’ was directly related to pathology as its effect was to induce 

fever in animals (pyrogen comes from the Greek word pyro meaning heat and gen meaning 

generating).45 

By the 1970s and ‘80s, interest in therapeutic applications in cytokines increased as more 

cytokines were identified and the generation of recombinant proteins became possible.34 During 

this time, interferon was found to have many other effects beyond preventing viral infection such 

as enhancement of cell function, immune system modulation, and inhibition of cell division with 

antitumor activity in vivo.46 Based on these and other findings, the primary applications of 

cytokines began as immunostimulatory molecules (such as IL-1, IL-2 TNF-α) for 

immunodeficiencies (mainly AIDS), infections, and cancer treatment.34 Since the initial burst of 

research, although many other cytokines and their mechanism have been identified and explored 

for therapeutic applications, only a select few have received regulatory approval as therapeutics. 

The cytokines currently approved as recombinant protein therapeutics, their indications, and 

administration routes are summarized in Table 1. 

 

Table 1.1 Clinically approved recombinant cytokine therapies for in vivo immunomodulation. 

Cytokine Approval Indication 
(Year) Other Indications Adm. 

Route* Ref 

IFN-α 
IFN-α2a; IFN-α2b; 
peginterferon α2a; 
peginterferon α2b 
IFN-αn1; IFN-αn3 

Hairy cell leukemia (1986) 

Karposi’s sarcoma, chronic myelogenous 
leukemia, metastatic malignant melanoma, 
follicular lymphoma hepatitis B and C, 
condyloma acuminate, labial and genital 
herpes, rhinoviruses 

s.c.  
>TIM  
(Q1W 
PEG) 

47,48 

IFN-β 
IFN-β1a; IFN-β1b; 
peginterferon β1a; 
IFN-β (Soluferon) 

Relapsing–remitting multiple 
sclerosis (1993) - 

s.c./i.m. 
QOD/Q1W 

(Q2W 
PEG) 

49,50 

IFN-γ 
IFN-γ1b 

Chronic granulomatous 
disease (1990) Malignant osteopetrosis s.c.  

TIW 
45,51 

TNF-α 
tasonermin 

Sarcoma (Europe, 1998) – 
application via isolated limb 
perfusion 

Non-melanoma skin cancer– application via 
isolated limb perfusion i.v. 52,53 

IL-2 
adesleukin 

Metastatic renal cell 
carcinoma (1992) Metastatic melanoma i.v.  

Q8H 
45,54 

IL-11 
oprelvekin 

Chemotherapy-induced 
thrombocytopenia (1997) - s.c. 

QD 
55 
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G-CSF 
filgrastim; 
lenograstim; 
pegfilgrastim 

Prophylaxis of febrile 
neutropenia in patients 
receiving myelosuppressive 
chemotherapy (1991) 

Accelerating neutrophil recovery after bone 
marrow transplantation, mobilizing 
peripheral-blood progenitor cells, and 
shortening the duration of neutropenia in 
patients receiving induction chemotherapy for 
acute myelogenous leukemia / reduce the 
incidence and sequelae of neutropenia in 
symptomatic patients with congenital, cyclic, 
or idiopathic neutropenia 

i.v./s.c. 
QD 

(PEG s.c. 
>Q1W) 

56 

GM-CSF 
sargramostim; 
molgramostim 

Accelerate myeloid recovery 
after autologous bone marrow 
transplantation and delayed or 
failed engraftment after 
allogeneic or autologous bone 
marrow transplantation 
(1991) 

Accelerating neutrophil recovery after bone 
marrow transplantation, mobilizing 
peripheral-blood progenitor cells, and 
shortening the duration of neutropenia in 
patients receiving induction chemotherapy for 
acute myelogenous leukemia 

i.v./s.c. 
QD 

 
56 

EPO 
epoetin alfa 

Anemia associated with 
chronic renal failure (1989) 

Anemia from Zidovudine used in HIV-
infection, from myelosuppressive 
chemotherapy / reduction of allogenic red-
blood cell transfusion in patients undergoing 
elective, noncardiac, nonvascular surgery 

s.c./i.v. 
TIW or 

Q1W (PEG 
Q2W) 

57,58 

*Primary administration (Adm.) routes, some indications may differ. PEG – polyethylene glycol ; Parenthesis indicates any changes on the PEG-
conjugated form of the cytokine 
Abbreviations: s.c. - subcutaneous; i.m. – intramuscular; i.v. – intravenous; QD – every day; Q1W – every week; TIM – three times a week; Q8H 
– every eight hours; Q2W – every two weeks  
 

 

As shown in Table 1.1, the approved indications for cytokine therapies have been cancer, 

viral infections (IFN-α), and immunodeficiencies (IFN-γ). Moreover, IFN-β is indicated as an anti-

inflammatory agent for autoimmunity. The successful development of these treatments belies 

challenges even for these approved drugs. For example, IL-2 approval came even when >90% of 

patients had doses withheld during treatment due to toxicity.59 Further, even though high-dose IL-

2 therapy is still the first-line therapy for metastatic renal cell carcinoma, it is only applicable in 

selected patients (good organ function and performance status) and requires proper monitoring and 

management of the side-effects to reduce risks associated with the treatment.60 As a second 

example, the approved TNF-α treatment in Europe for skin cancer is dosed via isolated limb 

perfusion to reduce systemic exposure to the drug.61 

No regulatory approval for new cytokines has been made since the initial burst in the early 

1990s. The chief advance since that time has been the approval of new forms of IFN-α, IFN-β, and 

G-CSF surface conjugated with polyethylene glycol (PEG) to extend their circulation half-life.45,62   

Despite these modifications, toxicity limitations have continued to restrict the expansion of already 

approved cytokines to new indications. For example, Type I IFN (α/β) could be clinically used in 

many other infections, but strategies to minimize systemic toxicity are needed.50 Many more 
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preclinically promising therapeutic cytokines have not yet been clinically translated for similar 

reasons.63 Nonetheless, great interest in expanding the use of cytokines as therapeutics remains, as 

indicated by the number of ongoing clinical trials (Table 2.1, compiled from clinicaltrials.gov).  

 
Table 1.2. Current cytokine therapy clinical trials (parenthesis indicates number of trials still 
ongoing) and indications of active clinical trials (excluding approved indications). 

Cytokine Clinical Trial Phase Total 
no record 1 2 3 

EPO 

51 (6) 36 (3) 179 (18) 214 (18) 

480 
Indic 

Phase 1: healthy subjects, autoimmune hepatitis || Phase 2: bipolar disorder/unipolar depression/cognitive impairment, 
mantle cell lymphoma, premature infant, asthma, amyotrophic lateral sclerosis, eosinophilia/angioedema || Phase 3: 
anemia, chronic kidney disease, erythroblastosis fetalis, hypoxic-ischemic encephalopathy, intraventricular hemorrhage 
of prematurity, traumatic optic neuropathy, myelodysplastic syndromes  

G-CSF 
24 (3) 28 (3) 97 (19) 51 (14) 

200 
Indic. 

Phase 1: solid tumor/ NSCLC/SCLC, advanced pancreatic cancer, postmenopausal symptoms || Phase 2: neurological 
diseases, multiple myeloma, lymphoma/leukemia, Fanconi anemia, early stage BC, Crohn’s disease, heart failure || 
Phase 3: prostate cancer, liver cirrhosis/malnutrition, decompensated liver cirrhosis 

GM-CSF 
18 (3) 43 (7) 130 (13) 18 (1) 

209 
Indic. 

Phase 1: prostate cancer, metastatic breast cancer || Phase 2: squamous cell carcinoma of the oral cavity, 
neuroblastoma, glioblastoma/gliosarcoma, recurrent neuroblastoma, colon cancer || Phase 3: pulmonary alveolar 
proteinosis 

IFNa) 
15 (4) 9 (1) 59 (7) 29 (1) 

112 
Indic. Phase 1: various tumor malignancies || Phase 2: renal cell carcinoma/melanoma, lymphomatoid granulomatosis, 

chronic myeloid leukemia, breast cancer || Phase 3: malignant pleural mesothelioma 

IFN-α 
45 (9) 82 (6) 360 (20) 259 (11) 

746 
Indic. 

Phase 1: Triple-negative BC || Phase 2: adverse effects of immunotherapy, squamous cell carcinoma, prostate cancer, 
recurrent ovarian cancer, myeloproliferative disorders, metastatic liver carcinoma, lymphoma, leukemia || Phase 3: 
polycythemia vera, melanoma, chronic myeloid leukemia, hepatitis, COVID-19 

IFN-β 
4 30 (5) 40 (3) 49 (12) 

123 Indic. 
 

Phase 1: solid tumor/NSCLC/SCLC, malignant solid tumors, endometrial clear cell adenocarcinoma, stage III 
melanoma, hepatocellular carcinoma || Phase 3: relapsing/remitting multiple sclerosis, COVID-19, MERS-CoV 

IFN-γ 8 (1) 16 (1) 40 (1) 15 79 
Indic. Phase 1: ovarian cancer || Phase 2: breast cancer 

IFN-λ  1 7 (2) 7 15 
Indic.  Phase 2: hepatitis D, COVID-19 

IL-1 4 1 2  7 
IL-10 2 1 1 1 5 
IL-11 

 1 8 3 (1) 12 
Indic. Phase 3: nasopharyngeal carcinoma 

IL-12 4 51 (5) 24 (1)  
79 

Indic. Phase 1: HIV, malignant epithelial tumors, solid tumors, acute myeloid leukemia || Phase 2: TNBC  

IL-13  1   1 
IL-15 

 11 (4) 2  
13 

Indic. Phase 1: Relapsed T cell lymphoma, peripheral T cell lymphoma, metastatic solid tumors, leukemia 
IL-18  1 1  2 

IL-2 

16 (1) 95 (25) 233 (62) 27 (4) 

371 
Indic. 

Phase 1: ulcerative colitis, allotransplantation, solid tumors, recurrent or platinum resistant OC, metastatic colorectal 
carcinoma || Phase 2: type 1 diabetes, systemic lupus erythematosus, stage IV gastric carcinoma/stage IV 
nasopharyngeal carcinoma/lymphomas, autoimmune diseases, relapsing polychondritis, recurrent miscarriage, 
recurrent melanoma, recurrent acute myeloid leukemia, polymyalgia rheumatica, pleural mesothelioma, pemphigus 
vulgaris, NSCLC, metastatic OC, liver transplant, HIV, inflammatory myopathy, head and neck tumors, Crohn’s 
disease, chronic graft versus host disease, bone sarcoma, Behcet’s disease, amyotrophic lateral sclerosis , advanced 
plural mesothelioma, acute coronary syndromes || Phase 3: neuroblastoma 

IL-21  3 7  10 
IL-22   1  1 
IL-3  3   3 
IL-4 1 3 3  7 
IL-6  2   2 
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IL-7  6 (1) 19 (5)  25 
Indic. Phase 1: acute myeloid leukemia || Phase 2: mycobacterium infections, metastatic bladder/renal urothelial carcinomas  

TNF-α 10 7 17 6 40 
TRAIL  2 (2) 1  3 

Indic. Phase 1: malignant pleural effusion, peritoneal carcinomatosis  
Total 202 (27) 433 (63) 1231 (151) 679 (62) 2545 

Data obtained from searching interferon, interleukin, tumor necrosis factor and colony-stimulating factor in clinicaltrials.gov. Only 
interventional studies were included. Studies including the terms anti, antagonist, inhibitor or cell were excluded. 
a) IFN type not specified in the intervention category for the clinical trial registry 
Classification of early phase 1 as phase 1, phase1|phase2 as phase 2 and phase2|phase3 as phase 3 
A total of 145 clinical trials used a combination of cytokines 
Acronyms: BC – breast cancer; OC – ovarian cancer; TNBC – triple-negative breast cancer; NSCLC – non-small-cell lung 
carcinoma; SCLC – small cell lung cancer; HIV – human immunodeficiency virus; MERS-CoV – middle east respiratory syndrome 
coronavirus; COVID-19 – coronavirus disease 19 
 
 

From Table 1.2, the major targeted indications for cytokine-based therapies continue to be 

cancer (~35%) and infections (~20%) with autoimmune conditions as the third most common class 

(~8%). Importantly, the use of cytokines in cancer has received renewed interest due to the success 

of checkpoint inhibitors (CPIs)63. The success of CPI treatment is highly dependent on immune 

infiltration of the tumor, which could be modulated via cytokine administration prior to or in 

combination with CPIs.64 Combination treatments of highly immunostimulatory cytokines and 

CPIs are one of the main drivers for the recent increase in IL-2 clinical trials (indicated by the high 

fraction of active trials in Table 1.1). Furthermore, as will be noted in examples provided in this 

review, cytokine-based combination therapies also have therapeutic potential with radiotherapy, 

chemotherapy, cancer vaccines, and cellular therapies. 63,64 

In addition to the three major indication classes mentioned, there are many other potential 

applications for cytokine therapies. This is demonstrated by the various non-cancer indications in 

active clinical trials shown in Table 1.2 such as neurological diseases, inflammatory diseases, 

fibrotic disease, and wound healing.65 

 

1.4 Clinical Perspective 

The basis for using cytokine therapies in the clinic is understanding their mechanism of 

action and toxicities. Many of the side effects from cytokine administration originate from the 

downstream cytokines released (i.e., the cytokine cascade). In the case of interferons or 

interleukins, the cytokine cascade is the cause of the most common adverse reactions of flu-like 

symptoms (fever, chills, myalgia, headache, and nausea). 66 These occur from the downstream 

expression of IL-1, IL-6, and TNF-α which can stimulate the hypothalamus leading to the various 

observed autonomic and behavioral effects.67 The cytokine cascade can also stimulate autoimmune 
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conditions, affecting thyroid function and in some cases leading to psychiatric disorders such as 

depression. 67 Accordingly, combined with fatigue, even the more common systemic cytokine 

treatment toxicities can severely affect patient quality of life such that the therapeutic benefit is 

unsubstantiated. Further, under uncontrolled conditions, this cascade of cytokines released—

termed ‘cytokine storm’—is one of the leading causes of the more severe toxicities seen in 

cytokine-based therapies. 

Unfortunately, it is difficult to prevent immune activation without subsequent expression 

of downstream cytokines. For example, i.v. administration of IL-2 will directly activate peripheral 

blood mononuclear cells (PBMC) expressing the IL-2R of which natural killer (NK) cells (~10% 

of PBMC) are the main elements.68 Upon IL-2 stimulation, NK cells secrete IFN-γ, GM-CSF, and 

TNF-α, which in turn have downstream effects on a broad range of cell types. Moreover, although 

the downstream cytokines may lead to toxicities, they may also participate in the therapeutic effect. 

For example, IL-12-mediated toxicities are correlated with induction of high systemic IFN-γ 

levels.69 Although these toxicities may be reduced via co-treatment with anti-IFN-γ antibodies, a 

reduction in therapeutic effect may also be seen as IFN-γ is a major driver of cellular immunity 

and macrophage activation.70  

In addition to cytokine storms, another main concern with cytokine therapies is increased 

microvascular permeability, leading to vascular leak syndrome (VLS).71 Typically associated with 

sepsis, VLS is characterized by the retention of extravascular fluid, hypotension, and multi-organ 

dysfunction. Although the mechanisms triggering VLS are not fully understood, it is likely 

mediated by multiple factors including increased vascular adhesion of activated immune cells, 

alterations in the endothelium due to inflammatory cytokines such as IFN-γ or TNF-α, and 

increased nitric oxide production in response to cytokine stimuli.72 Although most deeply studied 

in the context of IL-2 administration where VLS is a chief toxicity, VLS is also associated with 

the administration of many other cytokines.73 71 

Given the issues with systemic administration of cytokines, one key goal for clinical 

development of cytokine therapies has been to minimize plasma exposure while maintaining 

efficacy, as high blood levels correlate with higher toxicities.74  Indeed, preclinical studies that led 

to approval of aldesleukin demonstrated this effect when optimizing the IL-2 formulation and dose 

regimen.75 Formulation of aldesleukin with albumin or bolus administration compared to short (5 

to 15 minute) infusion led to increased total plasma exposure. In the case of albumin formulation, 
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there was a subsequent increase in toxicities and mortality in animals without improved therapeutic 

benefit. However, timing as well as peak plasma concentrations matter, as continuous dose 

regimens of IL-2 have a 10 fold lower maximum tolerated dose compared to a bolus i.v. 

administration.68,76 Intriguingly,  preclinical studies using bolus extended half-life IL-2 have 

indicated lower toxicities and improved efficacy compared to the native protein. 77,78 

Clinical development of cytokines is further hindered by limitations in preclinical animal 

models. For example, preclinical studies of cancer immunotherapies often require use of 

immunocompetent mouse models, but transplanted tumor models are characterized by very rapid 

tumor growth and the development of histopathology that often does not well replicate human 

cancer. These characteristics lead to different vascularization and immune infiltration which can 

have significant effects on the delivery or efficacy of cytokine treatment. Furthermore, the immune 

system of mice and humans has important differences in cellular makeup, receptor expression, and 

cytokine responses.79 For example, human blood is neutrophil-rich (50-70% compared to 10-25% 

in mice). This difference can lead to an altered immune response from systemic cytokine 

administration since, for example, neutrophils play a major role in IL-2-induced capillary leak 

syndrome and IL-12 stimulation on human neutrophils leads to IFN-γ production.80–82 Mice may 

lack a functioning intermediate IL-2Rβγ,82 and this altered IL-2R biology could be a contributing 

reason for the increased toxicity noted when IL-2 immunocytokines were tested in humans 

compared to mouse models83. Importantly, these immunological differences are not restricted to 

mouse models as shown by the failed TGN1412 (a CD28 superagonist monoclonal antibody) 

Phase 1 trial in which differences in CD28 expression patterns between non-human primates and 

humans led to safe tests in cynomolgus and rhesus monkeys, but significant cytokine storms in 

humans.84 

Some cytokine clinical trials have also failed to demonstrate clear relationships between 

administered dose and therapeutic effect.85 This is likely due to marked patient-to-patient immune 

system heterogeneity. For example, in an IL-12 clinical trial, IL-12 failed to show a dose-response 

in IFN-γ induction.85 Accordingly, understanding a patient’s individual immune profile and 

monitoring the changes associated with the cytokine therapy are likely necessities for successful 

clinical cytokine therapies. 

 Given the pleiotropic characteristic of cytokines and their resulting clinical effects, the 

major challenges with the use of bolus or continuously-administered recombinant cytokines are 
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their high toxicity when administered systemically and poor pharmacokinetic profile. As signaling 

molecules for damage or danger, cytokines can cause serious side effects when present 

systemically by over-activating the immune system. Further, cytokine therapy suffers from poor 

pharmacokinetics as the small size of the proteins facilitates rapid vascular extravasation and 

kidney excretion. Thus, for conventional intravenous administration, large and frequent dose 

regimens are often required to reach therapeutic efficacy. However, these dosing regimens come 

at the expense of high toxicity risks which can outweigh the therapeutic benefit. Together, these 

challenges motivate the application of drug delivery technologies to enable the safe and effective 

use of these proteins therapeutically. Accordingly, many approaches have been developed to 

address the above challenges including protein engineering, polyethylene glycol (PEG) 

conjugation, fusion proteins, polymeric matrices, and particle-mediated delivery (micro- and 

nanoparticles). These engineering strategies and their clinical utility are described in this review. 

Other approaches for cytokine delivery such as cytokine-secreting cells and gene therapy are 

briefly introduced, but these approaches present distinct challenges beyond the scope of this 

review. 

 

1.5 Protein Engineering Strategies for Cytokine Delivery 

Sequence Modifications 

One of the first engineering strategies that enabled the clinical translation of cytokines was 

mutations or modifications to the protein sequences for improved biologic manufacturability. 

More recently, mutated cytokine versions are being developed to reduce the pleiotropic nature of 

cytokines. Accordingly, these mutations are used to either enhance or diminish binding to cellular 

receptors, allowing for a more selective effect of the desired cytokine.  

Enhanced protein folding and stability 

Many of the cytokines discussed here are complex eukaryotic glycoproteins. Thus, to 

improve manufacturing, point mutations have been introduced to the sequence of approved 

products. For example, aldesleukin (IL-2) has a mutation replacing the 125-cysteine with serine to 

facilitate the folding to the proper conformation without affecting its bioactivity (aldesleukin also 

does not contain the N-terminal alanine of IL-2).86 Similarly, the approved IFN-β expressed in E. 

coli (IFN-β-1b) has a cysteine substituted for serine in position 17.87 Further, substitution of 
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hydrophobic residues for hydrophilic ones can improve bioavailability of non-glycosylated forms 

of these glycoproteins.88  

Selective receptor binding 

One of the first examples of sequence engineering to modulate cytokine receptor binding 

was the interferon alfacon-1. This synthetic protein contains the most common amino acids from 

the 14 IFN-α subtypes, yielding a non-natural protein with higher activity over IFN-α-2b (major 

subtype used in the clinic).89 However, with the convenience of PEGylated IFN-α, this drug is 

currently restricted for treatment-failure patients dosed with peginterferon-α formulations.90  

More recently, cytokine engineering has aimed to become more selective in modulating 

the receptor-binding properties of the cytokine. One of the most researched examples has been IL-

2, which binds to two major forms of the IL-2 receptor (IL2R) in humans. One is an intermediate 

affinity receptor composed of IL2Rβ (CD122) and IL2Rγ (CD132) while the other a is high-

affinity receptor containing IL2Rβ, IL2Rγ, and IL2Rα (CD25). Importantly, CD25 is upregulated 

on Tregs and activated T cells, while IL2Rβ and IL2Rγ are constitutively expressed in NK cells, 

macrophages, and T cells91,92 Accordingly, there have been various engineered IL-2 muteins 

designed to preferentially bind to the  IL2Rβγ complex and reduce Treg activation via IL-2Rα 

binding. For example, the IL-2v design employs three mutations in the CD25 binding interface, 

F42A, Y45A, and L72G, to restrict IL-2 binding to CD25.93  

Interestingly, the opposite has also been attempted: a D20T mutation in IL-2 reduces 

intermediate affinity receptor binding but maintains high-affinity receptor (CD25) binding. This 

cytokine was designed to reduce systemic IL-2 toxicity by mutating a toxin-like motif involved in 

endothelial cell binding.91 Reducing the affinity to the intermediate affinity receptor could also 

reduce systemic NK cell activation and its subsequent toxicities.91 Although it could stimulate 

Tregs, it would serve to maintain activated T cells and was theorized to provide a potent anti-

cancer response in combination with Treg depletion therapies.91  However, this construct was 

discontinued for use in cancer treatment, potentially due to the low levels of CD25 expression in 

pulmonary endothelial cells, leading to toxicity or simply low potency in immune stimulation.93 

Importantly, although, selective CD25 binding IL-2 muteins have not to date had great success in 

cancer therapy, many of them remain under clinical investigation for immunodeficiencies (see 

Fusion Protein section for examples). 
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Modulation of cytokine-receptor interactions may also improve adoptive cell therapies. For 

example, an orthogonal pair of mutated IL-2 (orthoIL-2) and IL2Rβ (orthoIL2Rβ) were designed 

to have specific interactions without binding to the wild-type proteins.94 When orthoIL2Rβ was 

expressed in engineered T cells, administration orthoIL-2 could selectively activate the transferred 

T cells without systemic immune activation and subsequent toxicity.94 

Fusion Proteins 

Fusion proteins consist of two or more proteins genetically linked to functionally enhance 

the resulting protein complex. The enhancement often originates from altered pharmacokinetics or 

targeted cytokine bioactivity. For pharmacokinetic alterations, cytokines fused to a partner protein 

have increased size, reducing kidney excretion and typically increasing the circulatory half-life of 

the protein. Moreover, the increased size can lower the interstitial transport rate, prolonging 

exposure once delivered to a site.95 Cytokines can also be fused with targeting or functional 

proteins, to change their localization or introduce new functionalities to the protein. A variety of 

cytokine fusion protein constructs have reached clinical trials, including immunotoxins, tumor 

antigen cytokine fusion proteins, immunocytokines, non-antibody targeting motif fusion proteins, 

Fc-fusions, and albumin-fusions (Figure 1.2), These fusion proteins are discussed in this section. 
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Figure 1.2. Illustration of major fusion proteins developed for cytokine delivery. The three-

dimensional protein illustrations were generated in Qutemol96 based on the Protein Data Bank 

structures of interleukin-2 (1M47), immunoglobin-G (1IGT), diabody scFv T84.66 (1MOE), scFv 

based on diabody structure (5GRV), human IgG1-Fc domain (5JII), diphtheria toxin (1F0L), 

prostatic acid phosphatase (1CVI), human serum albumin (1A06), and fibromodulin (5MX0). 

 

Immunotoxins 

Immunotoxins are fusions of cytokines with bacterial toxins designed to allow the specific 

killing of malignant cells that express a certain cytokine receptor. The first clinically approved 

immunotoxin consisted of IL-2 fused with the diphtheria toxin (DT) protein. This construct 

replaced the receptor-binding domain of diphtheria with IL-2, creating an IL-2 toxin directed at 
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cells expressing the IL-2R (primarily T cells).97 This IL-2 toxin (denileukin diftitox, Ontak) 

received regulatory approval from the FDA in 1999 for persistent or recurrent cutaneous T cell 

lymphoma.98 However, the treatment had severe side effects and complicated manufacturing 

which led to its discontinuation from clinical use.98 Notably, other cytokines such as GM-CSF and 

IL-3 were also fused with DT for hematological malignancies.99 Although GM-CSF-DT failed in 

Phase 1 trials due to liver toxicity, the IL-3 receptor-targeted version (Elzonris) received FDA 

approval in 2018 for blastic plasmacytoid dendritic cell neoplasm and is currently being tested in 

other myeloma malignancies.99 Lastly, an IL-13 immunotoxin has also re-entered clinical trials for 

gliomas after it reached Phase 3 clinical trials for recurrent glioblastoma, but did not show survival 

benefit over standard-of-care carmustine wafers.100  

Importantly, although these constructs were not designed as immunomodulators the 

potential to deplete certain immune cells can be used to alter the immune profile of a disease. 

Accordingly, more recent clinical trials have used denileukin diftitox to deplete Treg cells in 

tumors as these cells have high expression of the high affinity IL-2 receptor.101 A better 

understanding of the full effects of the therapy are still needed as conflicting and unexpected results 

have been reported.101 With the discontinuation of Ontak, safer and more reliable formulations of 

the drug are needed for further studies.98 However, although new constructs can be developed, a 

major limitation in these class of fusion proteins is the high immunogenicity of the toxin moiety, 

which can greatly affect the pharmacokinetics and efficacy of the therapeutics.102 

Antigen-cytokine fusion proteins 

Another cytokine fusion protein strategy is the linkage of cytokines to antigens to provide 

enhanced antigen immunogenicity. This class of fusion protein has been clinically developed for 

prostate cancer treatment (tradename Sipuleucel-T) and was approved in 2011 as the first cancer 

vaccine treatment.103  In this therapy, the patient’s peripheral blood mononuclear cells (PBMCs) 

are treated ex-vivo with a fusion protein composed of prostatic acid phosphate (prostate cancer 

antigen) linked to GM-CSF. 103 Treatment with the fusion protein aims to enrich the autologous 

PBMC (mixture of lymphocytes, monocytes, and dendritic cells) with activated antigen-presenting 

cells (APCs) such as dendritic cells and monocytes. These fusion-protein-activated APCs are then 

reinjected into the patient to provide an immune response that prolonged survival by approximately 

4 months in patients with asymptomatic or minimally symptomatic metastatic castrate resistant 

(hormone refractory) prostate cancer.103 Importantly, the APC activation was enhanced with the 
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fusion protein over its separated constituents, enabling the development of the therapy. However, 

Sipuleucel-T has been under-applied in the clinic as it has a high cost, and traditional biomarkers 

of disease progression such as serum levels of prostate-specific antigen do not track well with 

activity of the therapy.104,105  

Although Sipuleucel-T delivers the cytokine fusion protein ex-vivo, preclinical studies 

have used the same concept for in vivo cytokine delivery. For example, cytokine-neuroantigen 

fusion proteins have been used to induce a tolerogenic response to the antigen in models of multiple 

sclerosis. Several cytokines including IL-2, GM-CSF, M-CSF, IL-16, and IFN-β have been tested 

in these constructs.106 Notably, GM-CSF showed the greatest tolerogenic effect due to its role in 

active induction of myeloid APCs and the targeting of the antigen to GM-CSFR expressed by  

APCs. Importantly, this fusion protein further illustrates the pleiotropic activity of cytokines as 

GM-CSF alone is known to exacerbate experimental autoimmune encephalomyelitis (EAE) but 

showed a tolerogenic (anti-inflammatory) effect in the fusion protein for EAE treatment. This anti-

inflammatory response is also seen when GM-CSF is used in other animal models of autoimmunity 

such as type 1 diabetes, thyroiditis, and graft versus host disease.107 This function is thought to 

occur through support of regulatory myeloid DCs and enhanced antigen presentation to Tregs.107 

Immunocytokines 

Another class of cytokine fusion proteins developed in the early stages of cytokine 

therapies are cytokine-antibody conjugates. These fusion proteins, termed immunocytokines, 

combine the targeting specificity of antibodies with the potency of cytokines aiming to elicit a 

local immune response while also modulating the pharmacokinetics and pharmacodynamics of the 

drug molecule (Figure 1.2).  Interestingly, tumor-cell targeting immunocytokines may also bridge 

tumor cells and leukocytes, acting similarly to bispecific antibodies.108  Given their potential for a 

localized immune response and enhanced pharmacokinetics, these constructs have been heavily 

researched for cytokine delivery in oncology and non-oncological diseases such as autoimmune or 

inflammatory conditions.109 Immunocytokine candidates are in clinical trials for delivery of a 

variety of cytokines including IL-2, IL-10, IL-12, and TNF-α110. These fusion proteins and their 

current clinical stage are summarized in Table 3. Other immunocytokines have been developed in 

preclinical studies that have been reviewed previously.111 

 

Table 1.3. Immunocytokines in clinical trials. 
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Immuno-
cytokine Cytokine  Route Target  / Ab Combination Clinical Trial Phase 

(indication) Ref. 

NHS-IL12 IL-12  s.c. 
Q4W 

necrosis 
(histones)/IgG 

avelumab (anti-
PD-L1) -  

Phase 1 (solid tumors) 
Phase 2 (Kaposi Sarcoma) 

112 

Hu14.18-IL2 IL-2 i.v. 
3xQ1D 

cell surface 
(GD2) / IgG - Phase 2 (neuroblastoma/ 

melanoma) 
113 

FAP-IL2v 
(RG7461) 

IL-2 
(↓CD25) 

i.v. 
Q1W 

Cell surface 
(FAP) / IgG 
(↓FcγR ↓C1q) 

tecetriq, avastin, 
pembrolizumab 
(anti-PD1) 

Phase 1 (melanoma/ RCN) 114 

IL12-F8-F8 
(Dodekin) IL-12 - vasculature / 

diabody - Phase 1 115 

L19-IL2 
(Darleukin) IL-2 i.v. 

Q1W 

vasculature 
(EDB) / 
diabody 

SBRT Phase 2 (NSCLC) 
115 rituximab (anti-

CD20) Phase 1 (B cell lymphoma) 

L19-TNF 
(Fibromun) TNF-α i.v  

Q2D 
vasculature 
(EDB) / scFv 

doxorubicin / 
dacarbazine 

Phase 3 EU / Phase 2 US 
(soft tissue sarcoma) 115 

- Phase 2 US (glioma) 
L19-IL2 + L19-
TNF (Daromum) 

IL-2 + 
TNF-α 

i.t. 
Q1W 

vasculature 
(EDB) - Phase 3 (Stage IIIB/C 

melanoma) 
115 

F16-IL2 
(Teleukin) IL-2 i.v. 

Q1W 

vasculature 
(tenascin-C)/ 
diabody 

anti-CD33 
antibody Phase 1 (AML) 115 

F8-IL10 
(Dekavil) IL-10 s.c. 

Q1W 
vasculature 
(EDA) / scFv methotrexate Phase 2 (RA and 

ulcerative colitis) 
115 

DI-Leu16-IL2 IL2 s.c. 
3xQ1D 

cell surface 
(CD20) / IgG 

after rituximab 
(anti-CD20) Phase 2 (Lymphoma) 116 

CD20-IFNα 
(IGN002) IFNα i.v 

Q1W 
cell surface 
(CD20) / IgG - Phase 1 (NHL) 117 

Discontinueda) 
NHS-IL2T 
(Selectkine) 

IL-2 
(↑CD25) 

i.v. 
Q3W 

necrosis 
(histones)/IgG 

SBRT/ipilimumab 
(anti-CTLA-4) Phase 2 (melanoma) 118 

CEA-IL2v IL-2 
(↓CD25) 

i.v.   
Q1-3W 

cell surface 
(CEA) / IgG 
(↓FcγR ↓C1q) 

atezolizumab 
(anti-PDL1) 

Phase 1 (advanced and/or 
metastatic tumors) 

93 

huKS-IL2 IL-2 i.v. 
3xQ1D EpCAM / IgG cyclophosphamide Phase 2 (SCLC) 119 

BC1-IL12 
(AS1409) IL-12 i.v. 

Q1W 
vasculature (B-
FN) / IgG - Phase 1 (melanoma, RCN) 120 

a)no active trials and/or removed from companies’ pipeline 
EDB: extra domain B of fibronectin; EDA: extra domain A of fibronectin; B-FN: isoform of fibronectin; FAP: 
Fibroblast activation protein alpha; CEA: Carcinoembryonic antigen; GD2: Disialoganglioside; RCN: renal cell 
carcinoma; SBRT: stereotactic body radiation therapy 
 

 

As shown in Table 1.3, the antibody portion of the immunocytokine can be in various 

formats ranging from the full immunoglobulin G (IgG) to antibody fragments (Figure 1.2 depicts 

some of these constructs).109 These structural configurations as well as glycosylation patterns can 

modulate the circulatory half-life and residence time at the disease site.108 For example, full IgG 

constructs have higher circulatory half-life over fragments, but a smaller immunocytokine with 
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fast extravasation may lead to a higher relative tumor to blood concentration (Figure 1.3), 

potentially minimizing systemic exposure while leading to similar tumor accumulation.121 

 

 
Figure 1.3. Selected formats of immunocytokines and their primary characteristics on vascular 

extravasation and tumor retention. 

 

Although smaller immunocytokines can reduce systemic exposure, these fusion proteins 

need not be small to improve their therapeutic effect as size is only one of the factors that can alter 

its efficacy. For example, in addition to its structure, the site of linkage and type of linker can be 

used to modify pharmacokinetics and cytokine receptor binding properties.122,123 Further, the use 

of an unmodified Fc region in immunocytokines mediates various effects such as antibody-

dependent cell-mediated cytotoxicity, complement-dependent cytotoxicity, and extended half-life 

through the neonatal Fc receptor (FcRn) recycling.121 Lastly, both the antibody and the cytokine 

may be mutated for altered receptor binding such as the FAP-IL2v which has a mutated IL-2 for 

lower CD25 binding and mutated IgG to restrict C1q and FcγR binding while maintaining FcRn 

recycling.114 With these mutations, the therapy aims to prevent immunosuppression from IL-2-
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mediated stimulation of CD25hi Tregs, and prevents induction of myeloid phagocytosis via FcγR 

or complement binding via C1q of the drug and its target. In a number of the clinical trials noted 

in Table 1.3 the immunocytokine is given in combination with chemotherapy or CPIs. Promising 

results of combination therapies with CPIs have propelled research into immunocytokines 

targeting check-point markers such as fusion proteins of IL-15 and anti-PDL1 mAb (KD033)124. 

Although studied since the 1990s, most trials of immunocytokines are still in either Phase 

1 or Phase 2. The greatest limitation with immunocytokines is the requirement of a tumor antigen 

to target. This requirement hinders the wide application of the therapy as bona fide tumor-specific 

antigens shared across patients are rare. Moreover, antigen loss by cancer cells can lead to tumor 

escape.125 An alternative strategy has been to target tumor blood vessels or the tumor extracellular 

matrix, which is another major strategy currently used in clinical trials108. However, targeting of 

pro-inflammatory agents to blood vessels may lead to hypotension as a dose-limiting toxicity.110 

Moreover, for any of these antigen-targeted strategies, the therapy risks on-target toxicity. This 

occurs when these antigens are expressed at low levels in healthy tissues, promoting off-site 

targeting of the immune response. Further complicating their development is the observation that 

the cytokine payload of the fusion protein can compete with the variable region of the antibody by 

binding to cytokine receptors: rapid binding of the immunocytokine to cytokine receptor+ immune 

cells in the blood can dominate the biodistribution of the fusion protein, limiting tumor 

accumulation.121  

One strategy to minimize unspecific binding and systemic toxicity is intratumoral 

administration (also called intralesional).121 Intralesional treatments aim to exert their effect 

locally, reducing systemic toxicity. Indeed this approach has shown encouraging clinical success 

when delivering IL-2 with high response rates and low toxicity, but the laborious administration 

schedule tempered its utility.126 Immunocytokines are thus promising candidates due to their high 

retention, which enables more practical dose scheduling. In this area, the most clinically advanced 

immunocytokine treatment is a combination of IL-2 and TNF-α immunocytokines (Daromum) 

which uses L-19 diabodies (L19IL-2 and L19TNF) to target the tumor vasculature.  These fusion 

proteins are in Phase 3 clinical trials as a neoadjuvant treatment for stage IIIB/C melanoma via 

intralesional delivery.126 In animal studies, they were shown to have longer residence time within 

the treated lesion over free cytokine. Further, Phase 2 clinical studies showed an overall response 

rate of 55%, with reduction of untreated lesions (“abscopal effect”) and minimal treatment-related 
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toxicity. Notably, the low toxicity of Daromum makes it a promising candidate for neoadjuvant 

immunotherapy as previous clinical trials with CPIs have shown high response rates but with 

significant toxicities .126 

Albumin-Cytokine Fusion Proteins 

Many proteins may be used to modulate the pharmacokinetics of fusion proteins. Another 

major class of fusion protein for this effect are albumin fusions, which prolong the circulatory half-

life of fusion partners. The fusion increases molecular size and, similar to IgG fusion proteins, 

albumin is recycled through the FcRn which further enhances the half-life of albumin fusion 

proteins.77 However, unlike other strategies for half-life extension such as PEGylation of other 

materials-based approaches, albumin fusion proteins are more readily synthesized at large-scales, 

providing more cost-effective methods for improving cytokine pharmacokinetics.127 Accordingly, 

IL-2 was fused with albumin (Albuleukin) for a prolonged serum half-life and targeted 

biodistribution to spleen, liver, and lymph nodes which prompted its testing in Phase 1 clinical 

trials.128 However, after an acquisition of the developing company, the project ended. 128  

Notably, promising candidates from this class were albinterferon alfa-2b (tradename 

Albuferon) and albumin-G-CSF fusion which had prolonged half-life and reached Phase 3 clinical 

trials.129 However, although both Albuferon (albumin-IFN-α) and albumin-G-GCF were 

noninferior to the approved PEGylated versions of the cytokines, they did not reach clinical 

approval. Albuferon have higher toxicities compared to PEG-IFN-α while albumin-G-CSF was 

discontinued by the developing company.90,130,131  

Importantly, although albumin-fusion proteins failed to reach clinical approval, preclinical 

studies are still looking to use albumin fusion cytokines. For example, canine IFN-γ-albumin 

fusion protein is being developed for veterinary medicine.127 Moreover, recently, an albumin fused 

to GM-CSF (albGM-CSF) was shown in mice to control tuberculosis by prolonging GM-CSF half-

life, increasing its bioactivity, and targeting the cytokine to the draining lymph nodes and lungs.132 

The albGM-CSF treatment increased DC count in the draining lymph nodes and elicited an 

antitubercular effect ex vivo and in mouse lungs. Notably, these effects may enhance first-line 

regimens for tuberculosis treatment or serve as a new adjuvant in cancer prevention or therapeutic 

vaccines. Lastly, there have been promising results using IL-2 fused to albumin in mouse models 

in combination with anti-tumor antibodies.77,78  
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Fc Fusion Proteins 

Fusion of cytokines with the Fc domain of antibodies can be used to both enhance the 

circulation lifetime of cytokines and introduce antibody effector functions. For example, in 

addition to prolonged half-life, IL-2-Fc fusion proteins have been shown to deplete Tregs via the 

FcγR133. This mechanism may even have higher antitumor effect over the immune activation of 

IL-2 as a standard IL-2-Fc overperformed a mutated IL-2 with limited binding to Tregs.133 

However, combining mutations that limited IL-2 interaction with Tregs and enhanced T cell and 

NK activation have been shown to have enhanced antitumor immune effects over native Fc-IL2.134 

Clinically, a few cytokine-Fc fusion proteins are under investigation. These include a Phase 1 trial 

using Fc-IL-2 (CC 92252135 and AMG592136) designed to have preferential binding to Tregs for 

autoimmune diseases and Phase 2 trials using Fc-IL-22 fusion proteins (UTTR1147A137 and F-

652138) for inflammatory diseases. Further, a non-specific IgG-IL2 construct which has increased 

Treg activation is also being developed114. Like some immunocytokines in Table 3, the IgG-IL2 

fusion protein is also mutated to remove FcγR and C1q binding while retaining FcRn binding.  

Fc fusions are also being developed for treatment of cancer. Fc-scTRAIL (ABBV-621) is 

in Phase 1 trials for solid tumors or hematologic malignancies.139 Also for cancer therapy, an IL-

12-Fc construct (DF6002) has recently started Phase 1/2 clinical trials delivered subcutaneously 

with CPI (anti-PD1) in advanced solid tumors (NCT04423029). Another promising Fc fusion 

protein is an IL-15 superagonist, N-803 (previously known as ALT-803). This drug molecule 

consists of a mutated IL-15 for increased IL15Rβ binding complexed with IL15Rα-Fc protein.140 

The IL15:IL15Rα (hetIL-15) complex in itself also has increased bioavailability and half-life and 

is in Phase 1 clinical trials (NIZ985) administered subcutaneously for metastatic and advanced 

solid tumors in combination with anti-PD-1 CPI141. Based on promising Phase 1 clinical results, 

N-803 is currently in Phase 2 clinical trials for various indications as a monotherapy or in 

combination immunotherapies administered subcutaneously. 141 A related construct, an IL-15-IL-

15Rα fusion protein (SO-C101) is also in Phase 1 clinical trials for metastatic and advanced solid 

tumors as monotherapy or combination with CPI (NCT04234113).  The concept of fusing the 

cytokine with its receptor is also being tested with an IL2-IL-2Rα construct (ALKS 4230) which 

is designed to prevent IL-2 from interacting with the endogenous IL2Rα and also increase its half-

life.142 Currently, ALKS 4230 is under investigation in Phase 1/2 clinical trials in advanced cancers 

as monotherapy or in combination with CPIs.142  The IL-15 superagonist N-803  has also been 
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made into an immunocytokine by further fusion of anti-PDL1 scFv domains to the construct, 

yielding better results in animal models compared to N-803 in combination with anti-PDL1 mAb, 

which is currently being tested in the clinic.143  

 

Non-antibody targeted fusion proteins 

With the extensive experience and successes of monoclonal antibodies, immunocytokines 

have been the most studied class of targeted cytokine fusion proteins. However, in addition to 

antibodies, alternative mechanisms to enable targeted cytokine delivery have been developed 

including targeting peptides or targeting proteins. The most advanced and tested example of these 

constructs is the NGR-hTNF fusion proteins. This system uses the tumor vasculature targeting 

peptide Asn-Gly-Arg (NGR) to deliver TNF-α to tumor blood vessels.144 The fusion with the 

targeting motif enabled a wider therapeutic window compared to the free cytokine.144 Interestingly, 

it was observed that intermediate dose levels had diminished therapeutic efficacy compared to low 

or high dose treatments .145 Mechanistic studies determined that the intermediate or high doses 

lead to the shedding of soluble TNFR which inhibited TNF-α activity. Thus, therapeutic efficacy 

was only seen when either low doses were administered to prevent soluble TNFR release or when 

high doses were used to overwhelm this counter-regulatory mechanism.144 However, only low 

doses were likely to have selective interaction with tumor blood vessels as high doses lead to 

significant systemic toxicity. Importantly, TNF-α is not the only cytokine which can have its 

activity attenuated from the release of soluble receptors as it has been shown that IL-12 

administration leads to an increase in soluble IFN-γ receptors.85 

Currently, NGR-hTNF has completed various Phase 2 clinical trials with promising results 

in malignant mesothelioma and liver carcinoma. However, a Phase 3 clinical trial using NGR-

hTNF as second line therapy for malignant plural mesothelioma did not reach its primary 

endpoint.146 Interestingly, the results showed an overall survival and progression-free survival 

benefit for patients with short treatment-free intervals. Given that this patient subgroup had rapidly 

progressing tumors, this observation may be due to the high dependency of the proliferating cells 

on newly formed blood vessels which are the target of NRG-hTNF. 146 However, the data were 

not sufficient for EMA approval and NGR-hTNF needs to be further tested in clinical trials for 

mesothelioma.147 Notably, NGR-hTNF has the potential to selectively increase vascular 

permeability as was demonstrated in a Phase 2 clinical trial in combination with an immune-
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chemotherapy treatment of primary central nervous system lymphoma.148 In this trial, pre-

treatment with NGR-hTNF was safe and enhanced vascular permeability of the blood-brain barrier 

with a targeted effect in the tumor and peritumoral areas. Importantly, there are other targeting 

peptide sequences such as RGD, isoDGR, or RGR which can also be fused to cytokines for 

targeting.144 

Other promising tumor-targeting cytokine fusion protein constructs are under investigation 

in pre-clinical studies targeting the tumor extracellular matrix. For example, the fusion of IL-2 or 

anti-PDL1 CPI with the A3 collagen-binding domain (CBD) of von Willebrand factor can reduce 

toxicity and improve antitumor immunity compared to the unmodified forms.149 Further, when IL-

12 was fused with CBD, the construct showed a potent effect in immunologically cold tumors and 

synergized with CPIs even in CPI-unresponsive mouse models.150 Interestingly, this construct has 

an even lower plasma half-life compared to IL-12, but its tumor localization properties allowed 

for an effective immune response while the low plasma retention prevented systemic exposure to 

the cytokine (similar to the antibody fragment fusion proteins of Figure 1.3). Moreover, the CBD 

fusion protein was shown to be more effective when administered i.v. versus peritumorally. On 

the other hand, fusion of cytokines with lumican, a collagen-binding protein, was shown to provide 

enhanced tumor retention from i.t. administration.151 Importantly, the retention of lumican fusion 

protein was further increased by generating a three-protein fusion protein construct composed of 

the cytokine, lumican, and albumin. This design was used to generate IL-2 and IL-12 fusion 

proteins which, when co-administered, enhanced various immunotherapies such as chimeric 

antigen receptor T cells, vaccines, tumor-targeting antibodies, and CPI. 

   

Other Fusion Proteins 

In addition to the designs discussed above, there are many other potential fusion protein 

constructs for cytokine delivery.152 Notably, there have been cytokine-cytokine fusion proteins 

such as Pixykine that also showed some clinical success. Pixykine, a fusion protein of IL-3 with 

GM-CSF was capable of eliciting a 10-20 fold higher potency than GM-CSF or IL-3 alone in vitro, 

reaching Phase 3 clinical trials for treating neutropenia and thrombocytopenia.153 However, its use 

was discontinued when it was not found to have superior effects compared to GM-CSF therapy 

alone in its Phase 3 clinical trial.154 Similarly, GM-CSF has been linked to various other 

interleukins (IL-2, IL-15, IL-21) in preclinical studies to simultaneously stimulate the myeloid and 
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lymphoid immune system on an anticancer immune response.153 Notably, GM-CSF-IL2 fusion 

proteins (GIFT-2) showed superior efficacy compared to the combination of individual cytokines 

while GIFT-15 showed an immune suppressive effect. Lastly, GIFT-21 had strong pro-

inflammatory effects on monocytes, enabling DC differentiation ex-vivo which suppressed tumor 

growth in vivo when administered without antigen priming. 153 

Other interesting fusion protein concepts are cytokines linked to inhibitory molecules such 

as an scFv that prevents receptor binding of the cytokine.155 In this construct, the linker between 

the cytokine to the inhibitory molecule is designed to be cleavable by enzymes overexpressed in 

some tumors such as matrix-metalloprotease 9. Accordingly, the cytokine is expected to remain 

inactive until it reaches the tumor microenvironment where the enzyme cleaves the linker, enabling 

the cytokine to elicit its effects. However, this technology has been primarily been tested in vitro, 

and future in vivo studies are needed to access its clinical potential. 

Protein Engineering - Conclusion 

Since its origins with sequence modifications for improved manufacturing, protein 

engineering has been continuously applied to improve cytokine-based therapies. As indicated by 

a late stage clinical trials and a number of on-going clinical trials, the field of cytokine fusion 

protein has many promising candidates. Further, many large biopharmaceutical companies are 

invested in immunocytokines or other types of fusion proteins.156 As such, its real potential will 

be tested in the upcoming years and may lead to improved or new cytokine-based therapies. 

 

1.6 Bioconjugation and Material-based Strategies for Cytokine Delivery 

Polyethylene glycol (PEG) conjugation 

Polyethylene glycol conjugation (PEGylation) is the most established technology to alter 

protein pharmacokinetics and pharmacodynamics.157 Polyethylene glycol (PEG) is an amphiphilic 

non-ionic synthetic polymer that can be readily conjugated to cytokines. The hydrophilic nature of 

PEG facilitates the formation of an associated water layer around the polymer, which along with 

the entropic penalties of molecular adsorption to the PEG brush layer, reduces non-specific 

interactions of the conjugated protein with its surroundings.158 Accordingly, PEGylation can shield 

the protein core from proteolytic enzymes, lower immunogenicity, increase stability and solubility, 

and prevent interactions with cell-surface proteins. 157  Moreover, the bound polymer and its water 

shell increase the hydrodynamic volume (i.e. size) of the resulting complex, preventing 
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extravasation and kidney filtration, increasing the conjugated protein’s circulatory half-life.157 

Although there has been recent detection of anti-PEG antibodies in humans, PEG has no known 

biological receptors, allowing for modulation of the therapeutic properties with limited 

introduction of new side effects. 

PEGylation may also lead to drug accumulation in tumors and at sites of inflammation due 

to the enhanced blood vessel permeability and tissue retention at these disease sites.157 In cancer, 

this is termed the enhanced permeation and retention (EPR) effect, and is thought to occur due to 

alterations in tumor vasculature and tumor lymphatic drainage, leading to higher permeability and 

retention of macromolecules.159 This is an important phenomenon that is commonly exploited for 

the delivery of nanosized molecules of particles in cancer, yet the actual mechanisms for 

accumulation and magnitude of enhancement are still debated.160 

These collective properties have made PEGylation a common and viable method to 

enhance therapeutic efficacy and/or improve pharmacokinetics of cytokines. Notably, even 

without improvements in therapeutic efficacy, enhanced pharmacokinetics improves patient 

compliance and lowers administration costs as the patient needs to be dosed less frequently with 

therapy.161 The first PEGylated protein was approved by the FDA in 1990, and research on its use 

with cytokines was not far behind, with the first approval of a PEGylated cytokine in 2000 (IFN-

α2β , PegIntron). Notably, PegIntron and other PEGylated cytokines such as Pegasys (IFN-α2α), 

Mircera (erythropoietin), and Neulasta (G-CSF) have become blockbuster drugs.162 These proteins 

showed great success due to their enhanced pharmacokinetic profiles. For example, PEGylation of 

IFN-α increased serum half-life (from 3-8 to 65 hrs) and lowered the clearance rate over 100-fold, 

eliciting the same response when administered once a week compared to thrice a week with 

unconjugated IFN-α in chronic hepatitis C163,164 (other general changes in administration schedule 

on the PEGylated form of approved cytokines can be seen in Table 1).  

Unfortunately, even on the approved PEGylated cytokines, there has not been a substantial 

reduction in toxicity. For example, the use of PEGylated IFN-α was approved due to its higher 

relapse-free survival (without significant improvement on overall survival), but treatment still 

leads to significantly decreased health-related quality of life due to its toxicity.165,166 Further, 

although PEGylation provides a beneficial systemic administration pharmacokinetic profile, in 

general, PEGylation reduces protein activity by hindering binding to its receptor(s). However, the 

extent of activity loss has often been observed not to be significant enough to reduce the therapeutic 
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value of PEGylation. For example, peginterferon α-2a (Pegasys) retains less than 10% of the 

original in vitro cytokine activity, but its in vivo efficacy and improved administration schedule 

justified replacement over the unconjugated cytokine.162,167 

In addition to the approved PEGylated cytokines in Table 1, IL-2 PEGylation has been 

widely explored in the literature, making it an excellent case to highlight the pros and cons of 

PEGylated cytokines. Preclinical studies showed that PEGylation enhanced the stability and 

solubility of recombinant IL-2 and lowered its immunogenicity.168 However, even though human 

clinical trials with PEG-IL-2 showed enhanced plasma retention (10-20 fold increase in half-life), 

decreased clearance, and similar biological activity,169 efficacy did not show significant 

differences over treatment with unconjugated IL-2 when administered after a single high dose in 

metastatic renal cell carcinoma and melanoma.170 Furthermore, a Phase 2 trial with PEG-IL-2 

treatment as monotherapy in renal-cell carcinoma showed high toxicities with lower response rates 

than unconjugated IL-2.171 PEG-IL-2 was also used at low doses in clinical trials for HIV-infected 

patients in combination with antiretroviral therapy, leading to enhanced CD4+ T cell counts, albeit 

not immediately restoring immune function.172 However, this treatment also did not reach FDA 

approval likely due to the failure of the IL-2-mediated CD4+ T cell increases to show a clinical 

benefit in HIV-positive patients.173  

Importantly, various other cytokines have been PEGylated aiming to improve the 

therapeutic efficacy.174 Yet, even though these typically had increased half-life, the results did not 

lead to clinical translation. Like PEG-IL-2, this may be attributed to the high levels of toxicity of 

treatment or lack of improved efficacy compared to unconjugated cytokine or standard-of-care 

treatments. Of note were the recent clinical trials using Pegilodecakin (PEG-IL-10) for cancer 

immunotherapy, which aimed to enhance anticancer CD8+ T cell activity in immunologically 

“cold” cancers.175 Although demonstrating promising preclinical and Phase 1 clinical results, PEG-

IL-10 treatment for metastatic pancreatic cancer in combination with chemotherapy (FOLFOX) 

failed to promote overall survival in a Phase 3 clinical trial176. Moreover, the remaining two Phase 

2 clinical trials that used PEG-IL-10 in combination with CPIs (pembrolizumab or nivolumab) for 

metastatic non-small cell lung cancer also did not reach their primary endpoints, ending a more 

than $1.5 billion dollar investment in the therapy.177 While the full clinical data is still to be 

presented and more research is likely necessary to understand the failure of PEG-IL-10 despite its 

strong scientific rationale; the dose, activity or trafficking into the tumors may have hindered the 
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efficacy of the treatment in these immunosuppressive cancers.178 These challenges may have been 

noted had there been more careful clinical data prior to hastening the therapy into Phase 3 for 

metastatic pancreatic cancer and the two Phase 2 studies after early efficacy results based on results 

from less than thirty patients on Phase 1.178,179 

Despite the disappointing results discussed above, studies of PEGylated cytokines have 

continued to generate interest in clinical trials.  An example are ongoing trials using an engineered 

PEG-IL-2 cytokine (Bempegaldesleukin, NKTR-214).92 This drug has approximately six PEG 

chains attached to IL2Rα binding region of the protein, creating an inactive prodrug of IL-2 

(Figure 1.4). The cytokine becomes active as the PEG linkers are gradually cleaved by hydrolysis 

revealing active forms of IL-2. Importantly, the active forms of Bempegaldesleukin (containing 

one to two PEG-chains attached to the protein) bias IL-2 binding to the IL2Rβγ receptor which 

should favor CD8+ T cells and NK cell stimulation over Tregs.180 Accordingly, preclinical results 

have shown that this drug can preferentially activate CD8+ T cells over Tregs in tumors of mouse 

models and synergize with CIP therapy.92,181 Phase 1 clinical studies have suggested similar effects 

in humans182 with encouraging objective response rates when combined with CPIs that were 

independent of baseline tumor PD-L1 expression183. Based on these results, various Phase 2 and 

Phase 3 clinical trials are ongoing using Bempegaldesleukin in combination with CPIs184. The 

PEGylation strategy is also being used in another PEG-IL-2  construct (NKTR-358) to maintain 

higher relative binding to the high-affinity receptor (IL2Rαβγ), preferentially activating Treg 

cells.185 This engineered protein should serve as a treatment for immune-inflammatory disorders 

and is currently under Phase 1 clinical trials. 
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Figure 1.4. Representation of Bempegaldesleukin and its biased IL2Rβγ receptor binding for 

enhanced IL-2-mediated immunotherapy of cancer. Reproduced under the terms of the CC BY 4.0 

license. 180 Copyright 2017, Charych et. al.  

 

Other more recent strategies for PEGylation have included the use of non-natural amino 

acids, enabling site-specific chemical modification such as a recent PEG-IFN-β1b tested in a Phase 

1 clinical trial. 186 This concept is also being used for site-specific PEG conjugation in IL-2 for 

preferential IL-2Rβγ binding (THOR-707) which is currently in a Phase 1/2 clinical study or 

lowered IL-2Rβγ (THOR-809).187 Site-specific PEG-conjugated IL-15 and IL-10 are also in 

preclinical studies.187  

Although the clinical history of PEG makes it one of the most widely used polymers for 

surface conjugation, there have been increasing concerns in its use. One issue is the recent findings 
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of anti-PEG antibodies present in the population or  induced by the therapeutic 

administration.158,186 When initially developed for bioconjugation, PEG was considered 

immunologically inert with 0.2% of the population possessing anti-PEG antibodies. However, 

recently, anti-PEG antibodies have been found in patients who became non-responsive to  

PEGylated forms of asparaginase and uricase.186 Moreover, reassessment of the presence of anti-

PEG antibodies in non-treated patients has shown a dramatic increase to more than 70% of the 

current population.186 This rise in anti-PEG antibodies in treatment-naïve individuals has been 

attributed to the widespread use of PEG in household and hygiene products (shampoo, soap, 

toothpaste, lotion, etc.) and improved assay sensitivities.158,186 As of yet, no direct negative 

relationship between the presence of anti-PEG antibodies and therapeutic efficacy with PEGylated 

cytokine therapies.188 However, until recently, clinical trials with PEGylated therapeutics did not 

assay for the presence of anti-PEG antibodies, which may have obscured potential issues. A phase 

1 study using PEG-IFN-β1b demonstrated a strong correlation between anti-PEG antibodies and 

accelerated blood clearance of the cytokine.186 However, the approved formulation of PEG-IFN-

β1a showed the development of neutralizing antibodies against the protein in only 1% of treated 

patients compared with 2.5% in the unconjugated protein.188 Moreover, although total 

immunogenicity increased based on the development of anti-PEG antibodies in 7% of the patients, 

they were found to have no discernable impact on safety or clinical efficacy.189  

Further hindering the use of PEG conjugates is their non-biodegradability which restricts 

elimination of the polymer to clearance via the kidneys.190 This may lead to intracellular 

accumulation in the liver and tissue lysosomes, especially in chronically-administered PEGylated 

therapeutics. Accordingly, there have been various alternatives proposed. Of note have been the 

development in zwitterionic materials and use of polyaminoacids (polypeptides) as the conjugated 

polymer.190 Notably, use of disordered biosynthetic polypeptides such as repeated proline, alanine, 

and/or serine (PAS) sequences may provide the benefits of PEG without the associated 

immunogenicity and non-degradability.191  

Overall, after more than 20 years with PEGylation of cytokines, the results have shown some cases 

of enhanced pharmacokinetics with similar therapeutic efficacy and toxicity to that of 

unconjugated cytokines. However, PEGylation has not enabled clinical translation of new 

cytokines. While the reasons are not clear it may be that prolonged systemic exposure to the highly 

potent cytokines increases toxicity concurrently with the therapeutic efficacy, providing a similar 
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therapeutic window range compared to bolus administration. Moreover, in a clinical setting, the 

prolonged serum half-life can become a liability since it precludes the rapid reversal of toxicity 

which is commonly required for IL-2 treatment.170 Lastly, PEGylation can also have significant 

effects on biodistribution, which need to be carefully considered for the desired cytokine effect.192 

Thus, new and rational strategies for cytokine delivery with or without polymer-drug conjugates 

still need to be developed. 

Polymeric matrices  

Polymeric matrices consist of polymer chains capable of entrapping the desired drug 

molecule. In the clinic, the matrix may be deployed at the desired site (e.g., near or in a tumor) or 

implanted after surgery (e.g. tumor resection), and often employs biodegradable polymers that will 

dissolve by hydrolysis over time. When a drug is loaded into these polymeric matrices, the 

diffusional barrier or the matrix degradation rate modulate the drug release rate. These parameters 

can be designed based primarily on the (i) polymer composition, (ii) the resulting water content 

within the matrix, (iii) the type of crosslinker and drug conjugation (Figure 1.5). Notably, the 

matrix may protect the loaded proteins from enzyme degradation and promote or diminish cellular 

interactions. Furthermore, these systems can be either externally-controlled or responsive to the 

local environment, allowing for even higher-order control of the delivery system.193 Lastly, by 

using biodegradable polymers, the administered matrix may not require removal after completion 

of therapy. 
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Figure 1.5. Major design parameters of polymeric matrices used in cytokine theraapies and their 

applications. Polymeric matrices can have varied properties by altering (i) the polymer 

composition, (ii) the resulting water content, and (iii) the type of crosslinker and/or conjugation. 

These matrices have been primarly used as (a) depots, (b) to promote endogenous cell recruitment, 

and (c) as exogenous cell resevoirs. Red arrows indicate progression of polymeric matrix systems 

after administration. 
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Polymer matrices can be composed of solid polymers or hydrogels. Hydrogels are three-

dimensional polymeric matrices comprised of hydrophilic polymers swollen with large amounts 

of water (generally more than 50%).  These polymer networks have solid-like behavior on the 

macroscale (i.e. contain a definitive shape and do not flow) and solution-like behavior on the 

molecular scale (water-soluble molecules can diffuse through the hydrogel).194 Accordingly, 

hydrophilic drugs are easily loaded into these matrices without the requirement of harsh processing 

conditions, making them promising vehicles for protein delivery. Moreover, the structural 

similarity to that of macromolecular-based scaffolds in the body make these hydrogels generally 

biocompatible.194  

Based on the modular design space of polymeric matrices, they have been used to enhance 

the therapeutic efficacy of cytokines by providing a spatiotemporal control over their release. As 

will be seen, polymeric matrices have shown great promise as modular systems to enhance cancer 

vaccines by serving as cytokine depots (Figure 1.5A) and for cellular-based immunotherapies 

(Figure 1.5B-C).  

Matrices releasing cytokines from a local site over prolonged periods have been 

extensively explored in applications for cancer vaccines or for intratumoral immunotherapy. To 

create enhanced cancer vaccines, one of the first approaches was based on the encapsulation and 

sustained release of tumor-associated antigens together with GM-CSF from hydrated polymer gel 

matrices derived from poly-N-acetyl glucosamine (p-GlcNAc).195 Since its initial characterization, 

this gel matrix (F2 gel) has been used for not only combinations with tumor antigens for cancer 

vaccines, but also improved intratumoral cytokine monotherapy (GM-CSF, IL-2, IL-12, EPO).196 

Notably, co-formulation of cytokines with chitosan, a natural polymer composed of  primarily 

deacetylated glucosamine polysaccharides, can also function as a controlled release platform due 

to the high viscosity of chitosan.197 When IL-12 was formulated with chitosan, intravesical 

treatments were shown to eliminate up to 90% of tumors in orthotopic bladder cancer mouse 

models with induction of systemic immunity.198,199 Furthermore, both the chitosan and p-GlcNAc 

matrices themselves are capable of inducing an immune response which may synergize with the 

cytokine effect. Importantly, p-GlcNAc and chitosan are biocompatible, biodegradable, and non-

toxic with a p-GlcNAc-based hemostat already approved by the FDA. 

A foundational study that propelled research into polymeric matrices for cytokine delivery 

was the use of a macroporous poly-lactide-co-glycolide (PLGA) scaffold to simultaneously deliver 
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GM-CSF, innate immune “danger signals”, and cancer antigens (tumor cell lysate) for cancer 

vaccination.200 This combination of molecules was chosen to mimic an infection when 

administered in which, a) the prolonged-release GM-CSF (~30 days) served as a cytokine gradient 

to attract dendritic cells, and b) the recruited dendritic cells were exposed to antigens and danger 

signals for antigen loading and maturation.201 This concept is illustrated in Figure 1.5B. Notably, 

when implanted, GM-CSF released from the scaffold was shown to attract a similar number of 

dendritic cells to the scaffold as typical protocols for dendritic cell vaccines. The macroporous 

structure allowed for the dendritic cells to reside within the implant. Moreover, the design of the 

matrix could tune the number of dendritic cells recruited, activated and dispersed to local draining 

lymph nodes. Accordingly, this system could yield a robust immune response without the inherent 

difficulties with cellular therapeutics such as dendritic cell vaccines. In the poorly immunogenic 

B16-F10 murine melanoma model, the therapy yielded ~50% survival compared to 0% from GM-

CSF-secreting tumor cells.201 This therapeutic delivery system (termed WDVAX) is currently in 

Phase 1 clinical trials for melanoma treatment as the first-in-human biomaterial vaccine clinical 

trial. 201  

 Notably, this concept of harboring and stimulating immune cells within a polymeric matrix 

via cytokines can also be used for enhanced cell therapies (Figure 1.5B).202 For example, a 

macroporous alginate scaffold was integrated with silica microparticles conjugated with T cell 

stimulatory antibodies (anti-CD3, anti-CD28, anti-CD137) and loaded with soluble IL-15 

superagonist . The alginate scaffold was functionalized with a synthetic collagen-mimetic peptide 

to enhance T cell migration within the matrix. 202 Accordingly, when loaded with tumor-specific 

T cells, this system is designed to provide a local and prolonged adoptive T cell therapy (ACT), 

improving the efficacy of ACT in solid tumors. Experiments in animal models showed ~100-fold 

higher T cell proliferation at the injected site compared to prestimulated T cells in both an 

unresectable ovarian cancer model and an incompletely-resected breast cancer model. This 

enhanced T cell therapy prevented recurrence in 100% of animals in the breast cancer model and 

had complete tumor clearance in 6/10 animals in the unresectable ovarian cancer model which was 

significantly better to the 0% prevention of recurrence and 0% of complete tumor clearance in 

animals receiving pre-stimulated T cells alone. 202 

Importantly, traditional implants with specific shapes typically have limited methods for 

dosing and administration. Accordingly, injectable matrices, which normally either undergo in situ 
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chemical polymerization or sol-gel phase transitions, were developed and have been the main 

systems researched for polymeric matrix-mediated cytokine delivery.203 These systems greatly 

facilitate clinical application as they do not require surgical application of the scaffold and can be 

designed to have similar performance to implantable materials. For example, prior to the WDVAX 

implant, it was shown that an injectable alginate gel loaded with CCL21 (a dendritic cell attractant 

cytokine) and activated dendritic cells was capable of sustained delivery of the chemokine and 

recruitment of the host dendritic cells and T cells into the injected matrix.204 In this system, alginate 

microspheres containing calcium were mixed with an alginate solution to induce in situ gelation 

that occurred in ~60 min after s.c. administration. Alginate was chosen due to its biocompatibility 

and capability to electrostatically binding and retaining cytokines and chemokines that may be 

exogenously added or derived from immune cells. With this same in situ self-gelling system IL-2 

and CpG oligonucleotides (immunostimulatory molecules) could be introduced into the injected 

matrix by electrostatically binding CpG to alginate microspheres and adding IL-2 to the alginate 

solution (Figure 1.6).205 Peritumoral delivery of an IL-15 superagonist (see Fusion Protein 

section) combined with CpG via this matrix or two injections of IL-15 superagonist gel could elicit 

similar anti-tumor efficacy without exogeneous dendritic cells in the B16F10 melanoma mouse 

model.206 In this construct the IL-15 superagonist was released in vivo over a period of a week 

with a ~40 fold higher peak cytokine concentration in the tumor and lower levels of the cytokine 

in circulation compared to systemic injection. Immune cell characterization revealed that the IL-

15 superagonist recruited T cells into the matrix and tumor and reduced the relative frequency of 

regulatory T cells. 
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Figure 1.6. Schematic of an alginate-based polymeric matrix designed for in situ gelation to enable 

prolonged and dual release of IL-2 and CpG as well as harbor and attract immune cells. 

Reproduced with permission. 205 Copyright 2009, Elsevier. 

 

Another promising example of injectable materials for cytokine delivery are self-

assembling mesoporous silica rods.207 In this system, high aspect ratio silica rods loaded with GM-

CSF enabled prolonged release of the cytokine over more than 35 days. One key point in this 

strategy is that the biodegradable amorphous silica is generally recognized as safe by the FDA, 

enabling the potential future clinical translation of these materials. In animal models, therapeutic 

doses of mesoporous silica rods did not elicit noticeable adverse effects and degraded to an 

unmeasurable size within 25 days.207  

Polymeric matrix-assisted cancer vaccine systems can also be made into injectable 

biomaterials hosting the tumor cells. For example, the combination of GM-CSF with CpG has 

been used in injectable cryogel systems co-loaded with irradiated tumor cells.208 This system was 
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shown to out-perform bolus GM-CSF-secreting tumor cancer cells vaccination which enhanced 

spatiotemporal control of the vaccine delivery. However, the main limitation with such a system 

is the requirement of ex-vivo manipulations of autologous tumor cells which can alter their 

associated tumor antigen profile, as well as increased regulatory complexity of the therapy. 

Injectable polymeric matrices have also been extensively used for as depots for cytokine 

monotherapy or combination therapies. 203 One of the first formulations for depot cytokine delivery 

was IL-2 loaded into a polyoxyethylene-polyoxypropylene block copolymer (F-127 gel).209 The 

gel solidifies at physiological temperature providing prolonged released which prolonged survival 

in rat fibrosarcoma models.209 In the case of combination therapies, an interesting example 

comprises the use of another thermo-sensitive polypeptide hydrogel for chemo-immunotherapy 

mediated by delivery of IL-2, doxorubicin, and IFN-γ:210 This triple drug combination used poly(γ-

ethyl-L-glutamate)-b-poly(ethylene glycol)-b-poly(γ-ethyl-L-glutamate) as a matrix which 

undergoes a thermally-induced sol-gel phase transition at body temperature, with good 

biocompatibility and biodegradability in mouse models. This scaffold yielded an improved anti-

tumor response on the B16F10 melanoma mouse xenograft model over the free drug combination 

and had no observable systemic side-effects.  

Lastly, in addition to depot function, engineered polymers can improve the therapeutic 

effect of cytokine-based therapies. One example was an injectable gel formed by a redox-active 

polyion complex which scavenges reactive oxygen species (ROS).211 When delivered at the 

vicinity of tumors, the therapy elicited improved tumor growth-inhibition compared to IL-12 

injection alone while also reducing toxicity from the IL-12 mediated ROS generation. 

Fueled by a better understanding of immunology and chemistry of materials, there has been 

a recent surge in preclinical studies applying matrices for cytokine delivery. Some limitations 

encountered with clinical development of these scaffolds have been manufacturing, storage, 

regulatory complexity, and costs. Further, polymer degradation may yield unwanted effects such 

as acidification upon PLGA degradation. 212 However, a few hydrogel systems have recently been 

clinically translated, paving the way for future polymer-based drug delivery systems.213   

Microparticles 

Microparticles are large (>1 µm diameter) particles made of primarily polymers or lipids. 

In cytokine delivery, the most widely used microparticle system has been in the form of polymeric 

microparticles which, like the polymeric matrices, are used for spatiotemporal control of drug 
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release. Similarly, lipid-based systems such as multilamellar vesicles (MLVs) have also been made 

into microparticles for cytokine delivery. MLVs are spherical particles composed of multiple lipid 

bilayers with aqueous internal cavities that can increase an encapsulated drug’s circulatory half-

life and function as a depot for prolonged cytokine delivery.214 These two main classes of 

microparticles are discussed in this section. 

6.3.1. Lipid-based microparticles 

Lipid-based microparticles were one of the first vehicles for cytokine delivery when 

macrophage-activating factor ‘lymphokines’ were encapsulated into large MLVs (average 

diameter of 1-2 µm) and shown to prevent pulmonary metastasis in mouse models of 

melanoma.215,216 Later, more specific cytokine formulations containing IL-1α, TNF-α, IFN-α, and 

IL-2 were also tested in tumor models or as vaccine adjuvants.217–219 Importantly, these 

formulations allowed for higher cytokine concentrations within tissues of the immune system such 

as lung, liver, spleen, and bone marrow over the free cytokine. Based on promising preclinical 

studies, IL-2 encapsulated in MLVs reached a preliminary Phase 1 clinical trial delivered i.v. to 

metastatic cancer patients, and showed immune activation with low toxicity in Phase 1 studies 

using aerosolized IL-2 MLVs for immunodeficiency and treatment of pulmonary metastases. 
217,220,221 However, these MLV formulations did not process to further clinical trials, likely due to 

the fast clearance of these particles via the reticuloendothelial system (RES). 

Notably, it was found that the interaction of IL-2 with small unilamellar vesicles (≤ 100 

nm) of dimyristoylphophatigylcholine induced the formation of MLVs (> 1 µm). 222 This simple 

process allowed for >90% encapsulation of IL-2 and created large liposomal particles capable of 

targeting the immune cells of RES (primarily macrophages and monocytes)  or to potentially serve 

as cytokine depots.222 This IL-2 delivery vehicle is currently in clinical trials as a cancer vaccine 

by subcutaneously co-delivering autologous tumor lysates for lymphoma (Phase 2, 

NCT02194751) and leukemia (Phase 1, NCT01976520). 

Although simple to fabricate, some of the processing conditions for these lipid-based 

microparticles such as heating, dehydration, or use of non-aqueous solvents can damage the 

activity of the loaded cytokine. Moreover, due to their fast RES clearance, MLVs tend to be limited 

for use as depots, but their high lipid contents lower the encapsulation efficiency of hydrophilic 

drugs. Lastly, lipid-based formations can be unstable in physiological conditions, can have difficult 

to control drug release rates and limited residence time of ~4 days as depots. 223 Thus, other depot 
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systems such as polymeric gels or polymeric microparticles have typically prevailed as more 

efficient prolonged delivery systems. Notably, to address some of the limitations with MLVs, 

multivesicular liposomes were developed which had greater improved residence time to serve as 

a depo.223 However, limited studies have assessed their therapeutic benefit for cytokine delivery.223 

6.3.2 Solid Polymeric Microparticles 

Biodegradable polymeric microspheres were one of the first drug delivery systems to 

enable controlled release of cytokine with a successful therapeutic effect in vivo.224 This was 

accomplished using phase-inversion nanoencapsulation to load IL-2 into poly(lactic acid)  

biodegradable microspheres which showed better therapeutic effect over PEG-IL2 in a human 

tumor xenograft mouse model.224 Compared to encapsulation methods used until that point, the 

phase-inversion nanoencapsulation process produced a limited size distribution range (0.1-10 µm 

diameter spheres), had limited exposure of the cytokine to non-aqueous solvents, and did not 

require vigorous stirring or sonication. Accordingly, more of the protein was encapsulated in a 

bioactive form. Later studies showed that using the same process to encapsulate IL-12 and TNF-α 

could induce both a local and systemic immune response in a weakly immunogenic primary breast 

cancer model whereas either agent alone or IL-12 and GM-CSF were not as effective.225  

Importantly, since the initial studies, many new microsphere designs and processes have 

been developed and tested in preclinical studies for cytokine delivery.226 These systems have 

focused on using methods to retain the cytokine bioactivity during processing. Some examples in 

early works include the use of gelatin, chitosan, and bovine serum albumin substrates which have 

rapid degradation over poly(lactic acid), but gentle encapsulation. 226 Moreover, using a poly(ether 

ester) multiblock copolymer microsphere, a Phase 2 clinical trial was performed for delivery of 

IFN-α (Locteron) in patients with chronic hepatitis C genotype 1.227 This system aimed to deliver 

unmodified IFN-α for prolonged periods to compete with the PEG-IFN-α versions which led to 

significant reductions in cytokine bioactivity after PEGylation. Although the Phase 2 studies 

showed equal efficacy and lower adverse effects from two week dosing of Locteron over weekly 

PEG-IFN-α, the therapy never reached Phase 3 clinical trials, likely due to failure of the developing 

company.228 

More recently, designs have focused on combination therapy approaches. For example, 

using IL-12 and GM-CSF encapsulated into PLGA microspheres, 44% of FVBneuN mice with 

advanced spontaneous mammary tumors were completely cured if cyclophosphamide (CY) was 
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administered one day before cytokine treatment compared to 0% when only CY or microsphere-

encapsulated cytokines were administered.229 The cytotoxic CY chemotherapy was chosen due to 

its cytotoxic activity in Tregs which would enable a better anti-tumor immune response from the 

cytokine therapy. Notably, it was shown that the treatment yielded a 7-fold increase in CD8+ 

cytotoxic T cell (CTL) to Treg ratio, 3-fold increase in CTL cytotoxicity and extended the effector 

window for CD8+ T cell from 3 to 7 days. 229 In addition to immunochemotherapy approaches, the 

prolonged cytokine delivery from microspheres can be used in conjunction with radiation. 

Notably, the combination of stereotactic body radiation therapy (SBRT) with intratumorally 

administered IL-12 encapsulated in PLGA microspheres was capable of eliciting cures in 

preclinical mouse models of pancreatic ductal adenocarcinoma with abscopal effect.230 In this 

study, SBRT was used to induce immune infiltration which, with the local and sustained IL-12 

delivery, enabled the antitumor immune response. 

Beyond simple slow-release matrices, more intricate delivery systems such as bio-

responsive microspheres have also been developed. In depot formulations, these systems aim to 

have release of the therapeutic cytokine based on the degree of severity of the disease. For example, 

microspheres created by crosslinking of gelatin with genipin (a natural small molecule amine-

amine crosslinker) yields negatively charged particles of ~10 µm on which positively charged 

cytokines such as IL-4, IL-10, and IL-13 are electrostatically bound for treatment of osteoarthritis 

(Figure 1.7).231 Their bio-responsiveness originates from the degradability of the microsphere 

when exposed to enzymes characteristically expressed in osteoarthritis. Accordingly, the cytokine 

release rate is linearly correlated with the concentration of enzymes in solution. 

 
Figure 1.7. Bioresponsive polymeric microparticles for anti-inflammatory cytokine delivery to 

osteoarthritis. Reproduced with permission.231 Copyright 2019, Wiley Periodicals, Inc. 
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Although most studies have been based on spherical microparticles, these need not be the 

only effective cytokine delivery vehicle; the shape is another physical property that can alter 

resulting in vivo effects. For example, soft discoidal microparticles were shown to provide 

prolonged in vivo cytokine exposure to phagocytic cell such as macrophages.232 In this study, the 

discoidal microparticles were composed of an initial cell-adhesion layer followed by polyvinyl 

alcohol (PVA) layer in between PLGA layers. The hydrophilic PVA layer allowed for cytokine 

loading and PLGA provided structural support.  The adhesive layer was synthesized via layer-by-

layer assembly comprised of alternating layers of hyaluronic acid modified with aldehyde and 

poly(allylamine). This polyelectrolyte multilayer was designed to adhere to isolated macrophage 

cells.   When loaded with IFN-γ, these cellular ‘backpacks’ were shown to alter macrophages to 

their antitumor phenotype (M1) in vitro and, more importantly, prevent differentiation from the 

M1 phenotype deep within the immunosuppressive environment of solid tumors from mouse 4T1 

breast cancer model when delivered intratumorally.232 Moreover, this treatment was shown to 

reprogram tumor-associated macrophages to the antitumor phenotype. Accordingly, treatment 

with the backpack-IFN-γ-loaded macrophages could slow tumor growth and reduce metastasis. 

Interestingly, the delivery of drug-loaded polymeric backpacks via monocytes has been previously 

shown to target inflamed tissues and may enable drug delivery further into the tumor cores.233  

Although there has been great progress in the development of microparticles for drug 

delivery, they have not led to clinical translation of cytokine therapeutic. Some of the major 

limitations include ineffective drug loading, complex manufacturing, loss of cytokine bioactivity, 

biocompatibility and regulations.226,234 However, these issues have begun to be addressed 

demonstrating in-vivo proof-of-concept of the effectiveness of these delivery vehicles.  

Nanoparticles 

Nanoparticles are small (typically 10-100 nm) particles that, due to their size, have special 

biophysical properties that enable the therapeutic enhancement of various drug molecules. 

Notably, nanoparticles have been extensively used to alter the pharmacokinetics and toxicity of 

drug agents, making them promising candidates for cytokine delivery.10 Some of their benefits 

include increases in circulatory half-life and controlled drug release and/or activation. Moreover, 

either through the EPR effect or other properties, they can be used as targeting systems to the 

desired tissue or cell for targeted drug delivery. These benefits can be achieved through a variety 

of modifications including the material composition, charge, shape, and flexibility.235 For example, 
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nanoparticles in the ~10-100 nm size range show preferential accumulation in lymph nodes 

following parenteral administration10. Furthermore, surface modifications such as PEGylation or 

conjugation of targeting motifs are also commonly employed to enhance the therapeutic efficacy 

of the loaded drug as they can prevent unwanted interactions or target certain interactions, 

respectively. Lastly, especially in the delivery of cytokines, nanoparticles are amenable for drug 

delivery either through encapsulation within the particle core or attached to the particle surface. 

As will be presented, in cytokine delivery, this surface attachment allows for presentation of 

cytokines to their receptors while retaining pharmacokinetics governed by the particle itself. Over 

the years, there have been many different classes of nanoparticles developed for cytokine delivery. 

In this section, we will focus on lipid-based nanoparticles and polymeric nanoparticles which have 

been the most widely studied classes of nanoparticles for cytokine delivery.  

Notably, the approved formulation of IL-2 (aldesleukin) can be considered the first 

cytokine nanoparticle to reach the clinic. Aldeslueukin contains nanometer-sized (11-13 nm) 

‘microaggregates’ composed of an average of 27 non-covalently bound IL-2 molecules complexed 

with sodium-dodecyl sulfate (SDS).236 Initially described as a surfactant to solubilize the 

hydrophobic IL-2 molecules which, based on its FDA labeling, “may have an effect on the kinetic 

properties” of aldesleukin,237 it was later disclosed that the concentration and formulation process 

of the SDS detergent were vital for the therapeutic efficacy of IL-2 due to the formation of these 

‘microaggregates’.236 Importantly, the microaggregate formulation does not alter bioactivity of IL-

2, but significantly alters the pharmacokinetics and biodistribution compared to monomeric IL-2. 

In rats, the clearance rate of IL-2 decreased ~30-fold, and the in vivo distribution altered from 

mainly the kidneys to lung, liver, and kidney. 236 Accordingly, when administered into animals, 

IL-2 microaggregates had superior efficacy at treating preventing lung metastasis compared to the 

monomeric cytokine. Importantly, this observation demonstrates the clinical potential of 

nanoparticle formulations for increased therapeutic efficacy. Moreover, likely due to the late 

disclosure, there have not been detailed studies on these IL-2 microaggregates in the literature and 

most IL-2 studies fail to discuss their significance. However, due to the altered clinical properties, 

new IL-2 therapeutics should be compared to the approved SDS/IL-2 microaggregates and not 

monomeric or other IL-2 formulations. 

There are many techniques to synthesize lipid-based nanoparticles with controlled size and 

size distribution, making them attractive vehicles for nanomedicine. Notably, liposomes have been 
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one of the most studies class nanoparticles for drug delivery, making them the most common class 

of FDA-approved nanoparticles.238 As discussed in the Microparticles section, early formulations 

of lipid-based particles were typically microns in size which, although useful as a depot, have very 

short circulatory half-lives due to rapid RES capture. 217 Accordingly, smaller liposome 

formulations were developed using PEG-lipids for even longer circulatory half-life. In an early 

example of employing liposomes for cytokine delivery, PEGylated ‘stealth’ liposomes were used 

to encapsulate IL-2, increasing the protein stability and its plasma half-life by 10-30 times over 

free IL-2, and eliciting superior anti-tumor effect compared to free IL-2 in combination with 

chemotherapy. 217 

Since these promising developments, many preclinical studies have pursued liposomal 

cytokine delivery in nanoparticle formulation. For example, attachment of IL-2-Fc fusion protein 

and anti-CD137 antibodies to liposomes (Figure 1.8A) enabled systemic administration of this 

potent combination therapy, eliciting an effective antitumor immune response with minimal 

toxicity.239 In this design, the conjugated  IL-2-Fc maintained its in vitro activity while conjugated 

anti-CD137 antibodies showed enhanced immune stimulation over the soluble antibody (Figure 

1.8B-D).  Further, the conjugated proteins had reduced circulatory half-life as the EPR effect 

concentrated the nanoparticle in the tumor, lowering the overall systemic exposure in circulation 

to the immunostimulant. Notably, an earlier study showed that intratumoral administration of the 

free immunomodulatory agents was too toxic for therapeutic use, corroborating the importance of 

anchoring the cytokines to the liposomes to prevent systemic exposure.240  
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Figure 1.8. Synthesis and bioactivity of liposomes surface conjugated with anti-CD137 antibody 

or IL2-Fc fusion protein. (A) schematic for synthesis of liposomes. (B) Flow cytometry of CD4+ 

and CD8+ T cells incubated with fluorescently-labeled liposomes (solid), unconjugated liposomes 

(dashed), or no liposomes (grey area). (C) In vitro T cell proliferation normalized to unstimulated 

cells. (D) IFN-γ production by polyclonal T cells. Reproduced with permission.240 Copyright 2013, 

American Association for Cancer Research. 
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Notably, the surface attachment of cytokines in liposomes may be combined with the 

external coating of the nanoparticle via the layer-by-layer technique. This approach can reduce 

exposure of the immunostimulatory protein in circulation but maintain immune activation at the 

desired tumor site.241 Accordingly, when negatively charged liposomes were surface conjugated 

with IL-12 followed by deposition of a positively charged poly-L-arginine (PLR) and a terminal 

negative poly-L-glutamic acid (PLE) layers (Figure 1.9), the IL-12 therapy showed reduced 

toxicity without loss of therapeutic efficacy in mouse models of ovarian (OV2944-HM-1) and 

colon (MC38) cancer when delivered intratumorally. In this system, the outer PLE layer was 

chosen due to its affinity for cancer cells with localization on the outer cellular membrane. 

Importantly, the modular nature of the layer-by-layer assembly tune the nanoparticle 

characteristics for improved therapeutic efficacy and equips the carrier for staged-release of 

combination treatments.242 

  
Figure 1.9. Cancer-cell targeting liposomal layer-by-layer nanoparticle containing surface 

conjugated IL-12. (A) Diagram for assembly of nanoparticle. (B) Cancer cell association and 
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subsequent targeted immune activation. Adapted with permission.241 Copyright 2020, American 

Chemical Society.  

 

However, although liposomes have low toxicity and low immunogenicity, efficient protein 

encapsulation in liposomes can be challenging, and release rates of encapsulated therapeutics can 

be difficult to tailor. Accordingly, other nanoparticle formulations have been developed that aim 

to address these limitations. 

Polymeric nanoparticles are a second important class of materials explored for cytokine 

delivery. In these systems, polymer composition dictates the drug release rate which is typically 

longer than that of liposome-based nanoparticles. One example of PLGA-modification for 

enhanced encapsulation is the use of avidin-conjugated PLGA nanoparticles for co-encapsulation 

of IL-2 and TGF-β.243 The avidin conjugation is used to both facilitate encapsulation of hydrophilic 

drugs as all as enable for surface conjugation of the PLGA nanoparticles as the protein is primarily 

present within the particle surface. In the IL-2 and TGF-β example, the avidin was used to 

conjugate biotin-anti-CD4 antibodies. This CD4+ T cell-targeting construct was used to induce 

Treg differentiation mediated by the TGF-β followed by expansion of these regulatory cells via 

the IL-2. Accordingly, when administered in vivo these nanoparticles generated stable and 

functional Tregs for potential treatment of autoimmune disorders. Other approaches for 

chemoimmunotherapy using PLGA-based nanoparticle-mediated cytokine delivery include the 

use of “thermosponge” nanoparticles formulated from PEG-PLGA, PLGA, and F-127 gel. 244 In 

this system the hydrophobic PLGA core was used to load paclitaxel while a hydrophilic outer 

themosensitive F-127 shell was used for facile entrapment of IL-2 in an aqueous environment.244  

Although PLGA is an attractive polymer for nanoparticles due to the history of use in FDA 

approved products, other polymers may be used with additional benefits. An example is pH-

sensitive poly(β-amino ester)-based carriers that can exploit the lower pH of the tumor 

microenvironment for targeted release.245 Using such a system for IL-12 delivery was shown to 

have anti-tumoral effects in B16F10 mouse model without signs of significant toxicity. 245 Notably, 

the antitumoral response was similar when the particles were injected i.t. or i.v. and attributable to 

the reprograming of tumor-associated macrophages from an M2 to M1 phenotype which is 

indicative of an anti-tumor immune response. 
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Importantly, the hydrophobicity of polymer-based nanoparticles can make encapsulation 

of hydrophilic proteins such as cytokines difficult.  This challenge has prompted the development 

of nanogel-based delivery systems– hydrogels in the form of nano-sized particles. An interesting 

example of this class of nanomaterial employed reducible protein-based nanogels to create TCR-

signaling-responsive delivery of IL-15 superagonist (N-803) to T cells during adoptive T cell 

therapy.246 Notably, instead of using a polymer chain to yield the nanogels and carry the drug load, 

this design used a reducible small-molecule crosslinker connecting the IL-15 protein cargo itself 

to form the nanogel. Accordingly, compared to a traditional approach of encapsulating drug inside 

a lipid or polymeric nanoparticle, there was marked increase in drug loading. Moreover, by using 

a disulfide-containing cross-linkers, the nanogels had T cell activation responsive drug release due 

to the increased reduction rate of antigen-activated T cells over naïve T cells. Lastly, the nanogel 

was surface conjugated with PEG-b-poly(L-lysine) and anti-CD45 antibodies. The polymers 

provided a uniform positive charge that promoted an initial binding to cellular membrane while 

the anti-CD45 antibodies prevented intracellular uptake of the nanoparticles. Using this construct, 

a 16-fold increase in tumor T cell expansion was observed selectively in tumors, which enabled 

an increase in the therapeutic window of IL-15 superagonist adjuvant delivery in adoptive T cell 

therapy. 246  

There are many alternative nanoparticle formulations that may be used for cytokine 

delivery. Notably, the use of hybrid systems can enable for better controlled release of combination 

therapies by exploiting the properties of different materials. For example, the use of liposomal 

nanogels (nLG) enabled the co-delivery delivery of hydrophilic IL-2 hydrophilic and a 

hydrophobic small molecule TGF-β inhibitor while also incorporating the advantageous 

pharmacokinetic properties of PEGylated liposomes (Figure 1.10).247 The liposomes also served 

as the molds for photo-crosslinking of the polymers to yield the hydrogel core which contained 

both IL-2 and the TGF-β inhibitor solubilized within methacrylate-conjugated β-cyclodextrins 

(Figure 1.10A). Using the combination therapy within the nLG for intratumoral treatment of 

metastatic melanoma, there was a marked increase in overall survival and reduction in tumor 

growth with 40% of animals having complete tumor regression (Figure 1.10B-D).247 Importantly, 

neither the agents alone, their combination, nor the single agents in the nanoparticles yielded 

similar therapeutic efficacy. Moreover, a significant improvement in overall survival was also seen 



95 
 

in when the combination therapy nLG were administered systemically (i.v.) with reduction in lung 

metastatic tumor burden. 

 
Figure 1.10. Schematic for synthesis of liposomal nanogel encapsulating a TGF-β inhibitor and 

IL-2 and its effects when intratumorally administered to a subcutaneous mouse metastatic 

melanoma model. (a) Components and final liposomal nanogel assembly. (b) Plot of tumor area 

versus time (day 0 was day of tumor inoculation). Red arrows indicate treatment. (c) Tumor masses 

after 7 days of treatment. (d) Survival plot of animals in (b). Complete tumor regression and 

survival was obtained in 40% of the group after 60 days (data not shown). Adapted with 

permission.247 Copyright 2012, Nature Publishing Group. 

 

Beyond degradable polymers and lipids, many other nanomaterials may be used for 

immunotherapy that enable different mechanisms to improve the therapeutic efficacy of cytokines. 
6 For example, dimercaptosuccinic acid (DMSA)-coated magnetite nanoparticles may be used for 

magnetically guided delivery of cytokines.248 The DMSA serves as a functional group for cytokine 
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conjugation while the iron-based nanoparticle can have its biodistribution altered to accumulate in 

tumors via application of an external magnetic field. 

Importantly, although nanoparticles have a highly modular assembly with many potential 

modifications, their clinical utility has been limited with no current clinical trials aiming at 

cytokine delivery.238 This limited clinical success may be attributed to low targeting efficiency, 

manufacturing cost and complexity, and the currently limited design-space exploration.160,249  

Much of the fundamental understanding of physical parameters (e.g., size, shape, degradability, 

elasticity) still must  be elucidated.6 However, as demonstrated by the various examples presented 

here, nanoparticles have shown to be effective carriers for improvement of cytokine-based 

immunotherapy. Moreover, many of the other engineering strategies presented in this review can 

be combined with nanoparticle delivery as shown by Fc-fusion proteins or the antibody-mediated 

targeting. Accordingly, nanoparticles present themselves as one of the most promising approaches 

to enable future clinical translation of cytokines.  

 

1.7 Other Cytokine Delivery Strategies 

Other major classes of cytokine delivery strategies used in clinical trials have been 

mediated by advancements in genetic engineering. Initially, cytokine-secreting tumor cells were 

transfected ex-vivo then administered as a cancer vaccine, but had limited clinical success.12  More 

recently, other cells such as mesenchymal stem cells (MSCs), dendritic cells, tumor infiltrating 

lymphocytes (TILs) and, chimeric antigen receptor T cell (CAR-T) have also been genetically 

modified for cytokine production with some clinical success.14,250 However, cell-based therapies 

are still in early stages of clinical translation and have unique manufacturing and regulatory 

challenges prior to potential wide-scale use.251 

One way to circumvent the limitations of cell-based therapies is use of gene therapy for in 

vivo transfection. However, gene therapy has been limited by efficient transfection of mammalian 

cells in vivo and control of dosing based on gene transcription13. Further, unlike the delivery of 

extracellular-targeting cytokine proteins, gene therapy requires the cargo to be intracellularly 

delivered for cytokine expression and subsequent secretion. Accordingly, there are many 

challenges with use of these system to which various technologies have been developed including 

viral and non-viral vectors systems as well as physical methods of gene insertion.15 Although these 

three major gene therapy modalities have candidates in clinical trials, only an oncolytic viral vector 
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encoding for GM-CSF has been approved.252–255 The modified virus, termed Talimogene 

laherparepvec (T-VEC), yielded significant and durable improvements when intratumorally 

delivered in advanced melanoma patients, making T-VEC the first oncolytic virus to obtain 

approval in 2015.255 

1.8 Conclusions and Future in Cytokine Therapeutics 

As detailed in this review, there have been many engineering strategies designed to 

improve the therapeutic applications of cytokines. These systems have mainly attempted to 

modulate the pharmacokinetics and pharmacodynamics to elicit a targeted effect and, therefore, 

reduce overall toxicity. Most designs have aimed at the localized delivery of cytokines as systemic 

exposure to the therapeutic cause dose-limiting toxicities. Importantly, these localized treatments 

have only recently garnered acceptance in clinical and surgical oncology as intralesional treatment 

was not always possible and surgical removal of primary lesions were prioritized over drug 

treatments.256 Further, reluctance existed due to concerns that local injection could aid in 

metastasis through the needle track and have minimal effect on distal sites due to low systemic 

drug levels.256  More recently, with technological developments and various clinical studies 

demonstrating the benefits of intralesional treatments, these hesitancies have greatly 

decreased.256,257 However, the challenge in demonstrating systemic effects beyond homogenous 

tumors from preclinical animal models remains. Accordingly, as new fusion protein and 

nanoparticle designs have continued to show promising preclinical data, systemically administered 

cytokine therapeutics may find their way into clinical applications.  

As these designs are developed, it will become important to fully understand their 

mechanisms to modulate therapeutic effect and toxicity. For example, even intratumoral injection 

does not prevent systemic leakage of cytokines.258 Therefore, targeted or locally delivery strategies 

need to monitor the systemic levels of characteristic cytokines potentially released into 

circulation.258 Unfortunately, many preclinical studies have failed to monitor for systemic leakage 

of the cytokine or its downstream induced signals. Further, protein engineering strategies and 

biomaterials-based approaches need to ensure that processing of a cytokine or its modifications 

are carefully characterized, to understand potential undesirable changes or losses in cytokine 

function. The sophisticated chemistry protocols required for these designs may also hinder 

manufacturing at the clinical scale and require powerful analytical tools to assess product quality. 
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Design considerations for clinical translation will also need to account for the 

pharmaceutical formulation challenges required to maintain drug stability in storage and their ease 

of administration. Optimization of protein formulation can be complex with additional regulatory 

complexity for introduction of any new excipient. Implementation of new delivery vehicles further 

complicates the problem as the vehicle’s structure and composition also needs to be properly 

maintained. For example, lyophilization is employed in some approved cytokine formulations to 

maintain product stability, but could lead to changes in the physicochemical properties of liposome 

delivery systems.259,260  

In addition to single-agent treatments, one of the more promising areas for cytokine 

therapeutics are combination therapies. These include use of cytokines as adjuvants for vaccines, 

CPIs, surgeries, chemotherapy or radiation therapy. Moreover, cytokine combinations with other 

immunostimulatory agents can also enable successful therapies. One example is the approval of 

dinutuximab in high-risk neuroblastoma in 2015 in which the anti-disialoganglioside GD2 

antibody is combined with GM-CSF, IL-2 and isotretinoin. 261  Importantly, from a pharmaceutical 

perspective, the administration of two therapeutic agents may be cumbersome. Thus, fusion 

proteins or multi-therapeutic delivery systems to reduce toxicity ease the introduction of these 

combinations into the clinic. Moreover, whether in combination therapies or monotherapies, 

targeted delivery systems are demonstrating to be the necessary characteristics to mitigate the 

toxicities associated with cytokine delivery. Unfortunately, as the therapeutics become more 

complex, the more critical quality attributes are necessary for manufacturing, which delay 

development and increase costs of treatment. 

In addition to the engineering design of the drug, the route and schedule of administration 

are major factors in the therapeutic efficacy. Variations in the administration route can dictate 

biodistributions, half-lives, and bioavailability.262 Moreover, different administration schedules 

can elicit different immune responses due to varied concentration and duration of exposure of the 

immune cells to the therapeutics.262 In the case of immunocytokines, there is initial clinical 

evidence that lower toxicities may be observed when administered at longer infusion rates, where 

the blood levels are sustained at a lower level.110 These characteristics may be even more important 

in combination therapies as it has been shown that the sequence of combination therapies can be 

vital for their success. 263 For example, the administration IL-2 before IFN-α leads to severe 

toxicities that can be prevented via concurrent or after IFN-α.264 These are crucial characteristics 
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that need to be considered and better understood in the design of controlled release systems for 

multiple immunostimulatory agents. The sequence is also important when immunotherapy is used 

in combination with surgeries as recent reports indicate that improved efficacy is seen in a 

neoadjuvant-based cytokine schedule. 265  

Although the unfavorable pharmacokinetic profile of cytokine therapeutics is a major 

hindrance for their clinical translation, the failure of Albuferon signals another crucial 

consideration in development of cytokine therapies: they must be more tolerable or more 

efficacious than current therapies. Mere improvement in the dosing convenience will be difficult 

to justify regulatory approval, especially if the new therapy has an increase in adverse events. 90 

Moreover, modifications that aim to alter the pharmacokinetics need to be carefully designed as 

they can also alter the biodistribution, potentially reducing the therapeutic effect of the cytokine.  

Overall, there are various engineering strategies for cytokine-based therapeutics. Many of 

these have had successes in preclinical and early clinical studies; however, full implementation of 

cytokines in the clinic will require a better understanding of immunology and how these designs 

modulate it to better develop systems that can effectively mimic or manipulate immune responses. 

 
1.9 Thesis Overview 

In this thesis, we sought to engineer LbL-NPs for the delivery of the potent immunostimulant: IL-

12. We also explored methods to scale up the production of NP-based immunostimulants. Most of 

the work presented focuses on treatment of metastatic ovarian cancer which presents as a major 

clinical challenge. 

 

In Chapter 2, we describe a scalable method to assemble an adjuvant lipid nanoparticle termed 

Saponin Monophosphoryl-lipid-A NanoParticles (SMNP) based on the controlled dilution of 

mixed micelles. 

 

In Chapter 3, we exploit the same mixed micelle dilution approach to precisely control the size of 

liposomes. 

 

In Chapter 4, we discover that exploiting the lipid headgroup charge valency allows us to assemble 

a new lipid-based nanodisc which we termed charge-stabilized nanodiscs (CNDs). We find that 
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CNDs have improved tumor accumulation compared to liposomes and yield increased association 

with cancer tissues in vivo when their surface is modified via the LbL technique. 

 

In Chapter 5, we explore the delivery of IL-12 from liposomal LbL-NPs. We compare the surface 

conjugation methods to the lipid headgroup and NP lipid composition. Mechanistic investigations 

revealed that these LbL-NPs rapidly accumulated in tumor nodules upon intraperitoneal (i.p.) 

administration, wherein shedding of the LbL coating allowed for gradual release of IL-12-lipid 

conjugates via lipid extraction by serum proteins present in interstitial fluid. The optimized particle 

was capable of significantly outperforming the therapeutic efficacy of free cytokine without 

inducing toxicity. Further, we find that IL-12 delivery from LbL-NPs sensitizes a non-responsive 

model of metastatic ovarian cancer to immune checkpoint blockade resulting in complete 

responses. 

 

In Chapter 6, we develop a new approach to assemble LbL films on NPs based on microfluidic 

mixing. In addition to the increased scale and throughput of polymer coating, we find that titration 

of polymer amount used for film assembly allows for LbL-NP production without time-consuming 

purification steps. The method is validated in vitro and in vivo using LbL-NPs to deliver IL-12. 

 

In Chapter 7, we instigate the effects of polymer conformation during LbL assembly and polymer 

molecular weight (MW). We learn that thicker films generated upon LbL assembly in higher ionic 

strength conditions hinder the therapeutic efficacy of IL-12 delivered by LbL-NPs. However, 

increasing the polymer MW reduces polymer shedding upon LbL-NP contact with physiological 

buffers, leading to increased association with cancer cells and improved retention of LbL-NPs on 

the surface of cancer cells. Employing high MW polymers for delivery of IL-12 from LbL-NPs 

results in improved therapeutic efficacy compared to LbL-NPs composed of the small MW 

polymers used previously. 

 

In Chapter 8, we devise a method to crosslink the polymers on the outer surface of LbL-NPs. This 

crosslinking stabilizes the film in LbL-NPs and can be used to regulate the surface exposure of 

conjugated IL-12. 
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In Chapter 9, we search for the binding targets of LbL-NPs to cancer cells with these NPs are 

coated with outer layers of poly-L-gluamate (PLE) and poly-L-aspartate (PLD). We determine that 

these polyamino acids retain the ability to bind to amino acid transporters overexpressed in cancer 

cells. 

 

Finally, Chapter 10 concludes with the key findings from the work in this thesis and proposes 

future work. 
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CHAPTER 2 
Controlled lipid self-assembly for scalable manufacturing of next-generation 

immune stimulating complexes 

 
The work presented in this chapter has been adapted with permission from Pires, I. S., Ni, K., Melo, 
M. B., Li, N., Ben-Akiva, E., Maiorino, L., ... & Irvine, D. J. (2023). Controlled lipid self-assembly 
for scalable manufacturing of next-generation immune stimulating complexes. Chemical 
Engineering Journal, 464, 142664. 
 

2.1 Introduction 

Immune stimulating complexes (ISCOMs) are nanoparticles generated by the self-

assembly of cholesterol and phospholipids with saponins. Saponins are triterpene glycosides 

typically isolated from the soapbark tree Quillaja saponaria Molina that have strong 

immunostimulatory properties.1 The resulting 30-40 nm diam. particles have a cage-like structure 

that have potent activity as vaccine adjuvants in preclinical animal models and humans.2 ISCOMs 

were initially studied by assembling saponin/lipids in the presence of antigens in order to embed 

antigen within the particles, but it was later found that physical association with antigens was not 

necessary for adjuvant activity. This finding led to use of ISCOM matrices (hereafter, ISCOMs for 

simplicity) as adjuvants admixed with antigens, which have undergone extensive preclinical and 

clinical development as vaccine adjuvants over the past 30 years.3 In 2021, the European 

Medicines Agency (EMA) granted a conditional marketing authorization to Nuvaxovid (NVX-

CoV2373), a COVID-19 vaccine comprised of SARS-CoV-2 spike glycoprotein nanoparticle 

antigen mixed with an ISCOM adjuvant termed Matrix-M.4 Currently, Nuvaxovid is used by more 

than 35 countries and has been approved by the United States Food and Drug Administration 

(FDA) under Emergency Use Authorization.5 ISCOM-adjuvanted vaccine formulations are also in 

current clinical development for various other viral infections such as seasonal influenza and 

respiratory syncytial virus (RSV).6 Aiming to improve adjuvant activity with ISCOMs, we recently 

reported generation of ISCOM particles incorporating an additional innate immune activator, 

monophosphoryl lipid A (MPLA), a Toll-like receptor 4 agonist.2 These novel ISCOM particles, 

which we term Saponin-MPLA NanoParticles (SMNP), have enhanced adjuvant activity, making 

them promising next-generation vaccine adjuvants.2 
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Several methods have been described in the literature for the manufacture of ISCOMs. The 

most commonly employed approach is to solubilize lipids, cholesterol, and saponin in a high 

concentration of a non-ionic detergent (typically MEGA-10), followed by detergent removal via 

ultracentrifugation or dialysis. While dialysis is a simple method leading to uniform ISCOM 

particle formation, the procedure generally requires more than three days.7 Further, neither dialysis 

nor ultracentrifugation are readily amenable to large-scale manufacturing. More recently, lipid film 

hydration, ethanol injection and ether injection methods have been developed aimed at improving 

the scalability of ISCOM processing.8 However, these methods have either led to more 

heterogeneous formulations, require altered sample composition, prolonged exposure of saponin 

to high temperatures, or have only been employed using hydrophilic saponin fractions. Some 

reports have indicated the use of ultrafiltration for large-scale production of ISCOMs under Good 

Manufacturing Practice (GMP) conditions.9 However, to our knowledge there are no descriptions 

of this technique presented in the literature other than dialysis. Here, a scalable and facile process 

for manufacturing of ISCOMs and SMNP via tangential flow filtration (TFF) is presented and 

characterized, providing insights into the mechanism for ISCOM self-assembly from detergent 

micelles. TFF is a linearly scalable size-based separations technique that should enable GMP 

production of ISCOMs at clinically relevant scales. The process was developed starting with the 

commonly used Quil-A saponin fraction, a mixture of saponins with acceptable quality for 

veterinary vaccines, and then optimized for use with QS-21, a purified hydrophobic saponin 

fraction derived from Quil-A which is used in human saponin-based vaccine adjuvant 

formulations. 

 

2.2 Materials and Methods 

2.2.1 Generation of saponin and detergent/lipid mixture 

ISCOM and SMNP adjuvants was prepared as previously described.2 Briefly, solutions of 

cholesterol (Avanti Polar Lipids Cat# 700000) and DPPC (Avanti Polar Lipids Cat# 850355) were 

prepared in Milli-Q water containing 20% w/vol MEGA-10 (Sigma D6277) detergent at 60 °C. 

Quil-A saponin (InvivoGen; vac-quil) was dissolved in either Milli-Q water or 20% w/vol MEGA-

10 to compare processing to QS-21 (Desert King) which was soluble in 20% MEGA-10. Saponin 

solutions were solubilized at 37 °C expect for the room temperature QS-21 preparations. For 

ISCOMs, all components were mixed at mass ratio of 5:1:1 (saponin:chol:DPPC) at 60 °C 
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followed by dilution with pre-heated PBS to a final concentration of 5 mg/ml saponin and 7.5% 

MEGA-10. SMNP was formulated in a similar manner but included MPLA (Avanti Polar Lipids 

699800P) at a mass ratio of 10:2:1:1 (saponin:chol:DPPC:MPLA). MPLA stock solutions were 

generated in 20% MEGA-10 at 10 mg/mL by with heating at 37 °C. ISCOMs and SMNP 

concentrations are reported in terms of the amount of saponin. For in vivo studies, saponin content 

was calculated by measuring the concentration of cholesterol (Cholesterol Quantitation kit; 

Millipore Sigma; Cat# MAK043) in the preparation and assuming all lipids incorporated in 

proportion to their relative amounts included in the synthesis. Prior to removing detergent through 

dialysis or TFF, the mixture was allowed to equilibrate at room temperature for at least two hours. 

Dilution for Quil-A SMNPs was performed in less than one minute to reach 0.15% MEGA-10. 

For “low detergent” synthesis of Quil-A SMNP, the initial lipid mixture was prepared with 5% 

MEGA-10 at a 1:1.5 mass ratio of MEGA-10 to saponin. For overnight QS-21 SMNP dilution, 

buffer was dropwise added to the sample at a rate to achieve 10X/hr for 10 hours. Staggered 

dilution was performed by diluting in a series of steps relative to the initial volume and allowing 

samples to equilibrate before performing the next dilution step (see Supplementary Table A2). 

 

2.2.2 ISCOM/SMNP self-assembly via dialysis 

The saponin and lipid mixture was placed in 10 kDa molecular weight cut-off (MWCO) dialysis 

membranes (ThermoFisher, Slide-A-Lyzer) and extensively dialyzed against PBS for five days at 

25 °C with buffer changes at least once a day. The adjuvant solution was passed through an 0.2 

µm sterile filter, and concentrated using 50K MWCO Amicron Ultra (Sigma) spin filters. Quil-A 

preparations were further purified by FPLC using a Sephacryl S-500 HR size exclusion column.  

 

2.2.3 ISCOM/SMNP self-assembly via TFF 

The saponin and lipid mixtures were diluted with PBS at room temperature (20-25 °C) until stable 

ISCOM formation was observed (expect for low detergent Quil-A SMNP in which dilution was 

done at 60 °C). For QS-21 SMNP, the dilution rate was controlled to occur at a rate of 10-fold per 

hour. Samples were then placed on a KrosFlo KR2i tangential flow filtration system (Repligen) 

using 20 cm2 100 kDa MWCO mPES membranes. QS-21 and Quil-A batch sizes ranged from 1 

to 15 mg of QS-21 using the 20 cm2 membrane. The "low detergent” Quil-A batch size was 

increased to 50 mg of Quil-A. For processing, the samples were concentrated to approximately 1 
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mg/mL prior to having MEGA-10 removed by performing 10 diafiltration volumes against PBS. 

Concentration of MEGA-10 in the permeate was estimated based on its absorbance at 205 nm with 

an empirically determined mass extinction coefficient of 20 mg-1cm-1 (Figure A4A). After TFF, 

Quil-A ISCOM and SMNP preparations were further purified by FPLC using a Sephacryl S-500 

HR size exclusion column.  

 

2.2.4 Characterization of particle preparation 

 Dynamic light scattering (DLS) and zeta potential measurements were made on a Zetasizer Nano 

ZSP (Malvern). Nanoparticle micrographs were acquired using Transmission Electron Microscopy 

(TEM) on a JEOL 2100F microscope (200 kV) or on a The FEI Tecnai (120 kV). The microscopes 

were with a magnification range of 10,000-60,000X. 

 

2.2.5 Modeling of TFF with detergent micelle 

 The surfactant monomer-micelle equilibrium was represented by the closed-association model in 

which n detergent monomers associate into one detergent micelle as shown in Equation 1.10 

 𝑛𝑛𝑛𝑛 ↔ 𝑀𝑀𝑛𝑛 (1) 

Where 𝑀𝑀 is the concentration of surfactant monomers, 𝑀𝑀𝑛𝑛 is the concentration of detergent 

micelles and 𝑛𝑛 is the surfactant aggregation number, which was assumed to be 150 for MEGA-

10.11,12 Based on this model, the association of detergent monomers into micelles is governed by 

Equation 2. 

 𝐾𝐾𝑛𝑛 =
𝑀𝑀𝑛𝑛

𝑀𝑀𝑛𝑛 (2) 

In which 𝐾𝐾𝑛𝑛 is the equilibrium constant which can be calculated from the detergent CMC 

(set at 5 mM for MEGA-1011–13) through Equation 3. 

 𝐶𝐶𝐶𝐶𝐶𝐶 = (𝑛𝑛𝐾𝐾𝑛𝑛)−
1
𝑛𝑛 (3) 

TFF was modeled based on previously described mathematical expressions.14 Briefly, the 

system (sample container, tubes and internal filter contents) were assumed to be well mixed. 

Further, the total sample volume (V) was assumed to be constant such that the feed flow rate (F) 

and permeate flow rates (P) were equal. Both the detergent micelles (Mn) and saponin (S) were 

assumed to not permeate the membrane such that the only species in the permeate were detergent 

monomers whose concentration (𝐶𝐶𝑀𝑀
𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝) can be determined based on Equation 4. 
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 𝐶𝐶𝑀𝑀
𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 = 𝑀𝑀 ∗ (1 − 𝑅𝑅𝑀𝑀) (4) 

In which 𝑅𝑅𝑀𝑀 is the retention factor of surfactant monomers for each membrane which was 

set to be 10% for the 10 kDa membrane and 5% for the 100 kDa membrane. 

To determine the concentration of material overtime in the TFF system, a mass balance can 

be done yielding Equation 5. 

 𝑑𝑑𝐶𝐶𝑖𝑖𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣

𝑑𝑑𝑑𝑑
= �𝐶𝐶𝑖𝑖

𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 − 𝐶𝐶𝑖𝑖
𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝� ∗ 𝐹𝐹 𝑉𝑉�  (5) 

In which 𝐶𝐶𝑖𝑖𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣, 𝐶𝐶𝑖𝑖
𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 and 𝐶𝐶𝑖𝑖

𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 are the concentration of species i in the system, feed 

and permeate, respectively, and t is the process time. Equation 5 may be simplified by normalizing 

the processing time by the characteristic time for a diafiltration volume (𝜏𝜏 = 𝑉𝑉
𝑃𝑃� = 𝑉𝑉

𝐹𝐹� ) yielding 

Equation 6. 

 𝑑𝑑𝐶𝐶𝑖𝑖𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣

𝑑𝑑𝑡𝑡𝐷𝐷
= �𝐶𝐶𝑖𝑖

𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 − 𝐶𝐶𝑖𝑖
𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝� (6) 

Combining Equations 2, 4 and 6 yields a differential-algebraic system of equations (DAE) 

(Figure 2.2C) that may be solved using MATLABs ode15s function. The concentration step for 

the 100 kDa membrane model was modeled as a system in which the diluted material was fed into 

the system until reaching the initial saponin concentration. Purification was modeled by feeding 

in buffer (i.e., concentration of all species in feed was zero). 

 

2.2.6 Quantification of particle composition and component 

 QS-21 SMNP particles were characterized via Reverse-Phase High Pressure Liquid 

Chromatography (RP-HPLC) to quantify each of its components. SMNPs were diluted 10X in 9:1 

(v/v) 2-propanol:chloroform then separated on either a Jupiter C4 column (5 µm particles, 300 Å 

– Phenomenex P/N: 00G-4167-E0) or an Accucore C8 column (ThermoFisher). Detection was 

performed via low temperature evaporative light scattering detector (ELSD) on an ELSD-LT III 

(Shimadzu). Gradient times and operating conditions are shown in Table S1.  

 

2.2.7 Animal Studies 

Mouse experiments were performed at Massachusetts Institute of Technology (MIT). All 

experimental procedures were approved by Institutional Animal Care and Use Committees 

(IACUCs). Experiments were done using sex- and age-matched female mice between 6 and 12 
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weeks of age. C57Bl/6J mice (strain 000664) and BALB/c (strain 000651) were purchased form 

the Jackson Laboratory. For immunizations, mice were injected with 2 µg of recombinant N332-

GT2 HIV Env gp140 trimer antigen and 5 µg of SMNP, subcutaneously (s.c.) bilaterally with half 

of the dose administered on each side of the tail base. Serum was collected 2-6 weeks after dosing 

and characterized for presence of antibodies against N332-GT2 trimer via enzyme-linked 

immunosorbent assays (ELISAs) as previously described.2  

 

2.2.8 Enzyme-linked immunosorbent spot (ELISpot) assay 

Spleens were harvested 2 weeks after immunization. Splenocytes were isolated by mechanical 

dissociation of the spleen and erythrocytes were lysed using the Gibco Ammonium-Chloride-

Potassium buffer (Thermo Fisher Scientific). ELISpot was conducted using the mouse IFN-γ 

ELISPOT Kit (BD Biosciences) per manufacturer’s instructions. Briefly, cells were seeded on 

IFN-γ-coated wells at 106 cells/well in triplicate and stimulated overnight at 37 °C with a single 

pools of N332-GT2 trimer peptides at 6 µg/mL. Plates were scanned using the CTL-ImmunoSpot 

Plate Reader, and data were analyzed using CTL ImmunoSpot Software. 

 

 

2.3 Results and Discussion 

2.3.1 Dilution of saponin and lipids in detergent micelles allows for self-assembly of 

ISCOMs without compromising TFF efficiency  

Production of ISCOMs through dialysis is typically performed by solubilizing 

phospholipids, cholesterol, and saponin in detergent micelles, followed by removal of the detergent 

by dialysis using low molecular weight cutoff (MWCO) membranes (e.g., 10 kDa). These 

membranes allow for detergent monomers (<1 kDa) to permeate but retain the detergent micelles 

containing ISCOM components. These micelles persist until the detergent concentration falls 

below its critical micelle concentration (CMC), at this point the lipids and saponin self-assemble 

into their cage-like structure. Accordingly, as a first attempt for scalable manufacturing of 

ISCOMs, we attempted to process a solution of Quil-A-based ISCOM components (Quil-A 

saponin, cholesterol, and 1,2-dipalmitoyl-sn-glycero-3-phosphocholine [DPPC]) in MEGA-10 

micelles through a 10 kDa MWCO hollow fiber TFF filter. However, as most of the detergent was 

in micellar form, filtration was ineffective with high operating pressures and low permeate fluxes 
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due to the high concentration of material. This observation may explain why prolonged dialysis 

times are reported as necessary for ISCOM synthesis (3-5 days).2,15 As an alternative, we tested 

whether ISCOM particles could be formed by diluting the micellar solution prior to TFF, such that 

high MWCO membranes could be used to facilitate detergent removal (Figure 2.1A).  In order to 

validate this idea, we first explored the equilibrium of detergent micelles and ISCOMs by 

characterizing a 2% MEGA-10 micelle sample with or without added ISCOM components via 

dynamic light scattering (DLS). As shown in Figure 2.1B, at high concentration of detergent (2%), 

lipid/saponin/MEGA-10 mixtures showed particle sizes indicative of material being largely 

localized in MEGA-10 micelles. However, when diluted below the detergent CMC (~0.2-0.1% for 

MEGA-1013), the detergent micelles disassembled into monomers, such that DLS measurements 

either detected detergent monomers (for the surfactant-only solution) or ISCOMs (40 nm 

particles).  
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Figure 2.1: Critical micelle concentration (CMC) of detergent controls self-assembly of 

ISCOMs. (A) Schematic illustrating strategy of micelle dilution for ISCOM assembly. (B) DLS 

volume-based size distribution of MEGA-10 detergent at various concentrations in the presence 

or absence of ISCOM components. (C) DLS intensity-weighted size measurements (Z-avg) and 

polydispersity index (PDI) of 5 mg/mL ISCOMs rapidly diluted from an initial 7.5% (w/v) MEGA-

10 to the indicated final concentrations of surfactant (arrows indicate change in size after 

incubation sample overnight at room temperature). 
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This result indicated that we could generate ISCOMs prior to TFF by diluting the detergent 

mixture to below its CMC. We repeated this process using the same initial solution composition 

that has been used for dialysis-based ISCOM preparation (5 mg/mL ISCOM components in 7.5% 

MEGA-102), and carried out DLS analysis of solutions rapidly diluted to different final 

concentrations, aiming to determine the optimal dilution conditions for ISCOM formation (Figure 

2.1C). Three regions of solution behavior were identified as a function of detergent final 

concentration: (1) At high MEGA-10 concentrations (>1%), micelles dominated with sizes of ~10 

nm that did not change after overnight incubation. (2) At intermediate MEGA-10 concentrations 

(1%-0.2%), both micelles and ISCOMs were likely present, and DLS measured intermediate sizes 

between micelles and ISCOMs (10-40 nm), with minor increases in particle size after overnight 

incubation indicating the formation of ISCOMs. (3) At low MEGA-10 concentrations (<0.2%), 

the low micelle content due to proximity to the detergent CMC led to formation of larger species 

(~60 nm) that tended to condense into the expected ~40 nm diameter size of ISCOMs after 

overnight incubation.  

Given that we could generate ISCOMs by diluting the detergent mixture to below its CMC, 

we next tested if TFF could be used to process the pre-formed ISCOMs formed in diluted detergent 

to remove the MEGA-10. It is generally preferable to operate TFF at high concentrations to 

increase total mass of impurities removed per unit volume in the permeate. To gain insight into 

the relevant process parameters, we developed a simple mathematical model to determine how 

many diafiltration volumes (i.e., total permeate volume relative to sample volume) would be 

required to remove 7.5% of MEGA-10 through TFF from 5 mg/mL of saponin. Two scenarios 

were explored - constant volume diafiltration on a 10 kDa membrane with a high detergent 

concentration mixture (resembling the dialysis procedure) or dilution of the detergent mixture to 

below its CMC followed by a concentration step to its starting saponin concentration and constant 

volume diafiltration on a 100 kDa membrane. The detergent monomer to micelle equilibrium was 

represented through the closed-association model (Figure 2.2A)10 and TFF was modeled based on 

previously described mathematical expressions derived from mass balances on the TFF system 

(Figure 2.2B).14 The resulting set of differential algebraic equations (see Methods) were solved 

in MATLAB to determine the concentration of each species during TFF processing. 

 

 



126 
 

 
Figure 2.2: Analytical modeling predicts that dilution of surfactants to CMC prior to TFF 

does not significantly affect filtration performance. (A) Schematic depicting the close-

association model of micelle-monomer equilibrium. (B) Simplified schematic TFF system used to 

derive mass balance equations. (C) Concentration over time from TFF model using a 10 kDa 

membrane to remove detergent monomers from a mixture with 7.5% MEGA-10 and 5 mg/mL 

saponin. (D) Concentration over time from TFF model using a 100 kDa membrane to first 

concentrate a mixture with 0.15% MEGA-10 and 0.1 mg/mL saponin to 5 mg/mL saponin then 

purify mixture from detergent monomers. 

 

The model predicted that when processed through TFF on a 10 kDa membrane, the 7.5% 

MEGA-10 with 5 mg/mL saponin required approximately 50 diafiltration volumes to reduce the 

MEGA-10 content to 0.001% (Figures 2C).  While a 1000-fold reduction of a small MW impurity 

such as the detergent should be achieved in ~10 diafiltrations, the detergent-micelle equilibrium 

limited the monomer concentration in solution to the detergent CMC, limiting the concentration 

of MEGA-10 in the permeate. Therefore, even though a 50X dilution to 0.15% MEGA-10 was 

performed in the second case, the concentration of detergent monomers in the permeate was similar 

in both scenarios such that concentrating prior to TFF achieved the same level of MEGA-10 
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reduction in ~55 diafiltration volumes (Figure 2.2D). Importantly, since the detergent monomer 

easily permeated the membrane, the concentration of detergent did not increase during the sample 

concentration step such that only the saponin concentration increased. In this scenario, 49 

diafiltrations volume equivalents were performed for concentrating the saponin and 6 for 

purification. Although this indicated a slight increase in total buffer processing by diluting the 

sample prior to processing, the 100 kDa membranes are shown to have more than 10-fold higher 

normalized water permeability relative to 10 kDa membranes, thus the dilution prior to TFF 

processing could reduce processing time by more than an order of magnitude.16 Further, as 

mentioned, the 7.5% MEGA-10 solution was impractical to process via TFF due to the high 

concentration of detergent, thus the dilution step should greatly facilitate TFF filtration. Based on 

these observations, we aimed to develop a complete ISCOM production process by first diluting 

the MEGA-10/lipids solution below the detergent CMC to generate ISCOMs, followed by use of 

a large MWCO membrane to easily concentrate the material and purify detergent monomers from 

ISCOMs. 

 

 

2.3.2 Dilution prior to ultrafiltration yields biophysically similar ISCOM and SMNP 

particles compared to dialysis 

We next sought to compare whether ISCOMs and SMNP generated via dilution followed 

by TFF (dTFF) were structurally and biologically similar to particles formed by the standard 

dialysis protocol. We solubilized all saponin and lipid components in 20% MEGA-10 at 60 °C and 

mixed with PBS to generate a 5 mg/mL solution of Quil-A saponin (together with the other 

ISCOM/SMNP components at the mass ratios indicated in Figure 2.1A) in 7.5% MEGA-10 as 

previously described for dialysis-based ISCOM synthesis.2 This mixture was then either dialyzed 

(“dialysis”) or diluted to 0.15% MEGA-10 to induce ISCOM formation prior to TFF (“dilution 

followed by TFF (dTFF)”, Figure 2.3A). In addition, to minimize the processing volume for TFF, 

we carried out a second TFF-based procedure where we attempted to reduce the total amount of 

detergent used for SMNP production 10-fold, by solubilizing 33.3 mg/mL of Quil-A saponin  in 

5% MEGA-10 at 60 °C, then diluting the mixture to the same final concentration of MEGA-10 

(0.15%) (“low detergent dTFF”, Figure 2.3A). After ISCOM formation, samples were processed 
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on 100 kDa hollow fiber TFF membranes to concentrate particles to 1 mg/mL saponin then remove 

detergent monomers via continuous diafiltration for 10 diafiltration volumes. 
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Figure 2.3: Comparison of Quil-A ISCOMs and SMNP generated via dialysis or dTFF. (A) 

Schematic for process to generate ISCOMs via dialysis, standard dTFF or low detergent dTFF. (B) 

DLS intensity-based distribution of final particles. (C) DLS number-based distribution of final 

particles. (D) DLS Z-avg, number average (#-avg) and PDI of final particles. (E) Representative 

Zeta Potential distribution of SMNP particles generated via dialysis of dTFF with average and 

standard deviation provided of three measurements. (F) TEM micrograph of ISCOMs or SMNPs 

generated via dialysis, dTFF or LD-dTFF. White arrowheads indicate worm-like species.  

 

ISCOMs or SMNP generated via either dialysis, dTFF, or low detergent-dTFF were 

indistinguishable based on DLS measurements (Figures 3B-D). As SMNP requires incorporation 

of the negatively charged MPLA phospholipid, we also characterized their zeta potential and found 

no difference between dialysis- or dTFF-produced SMNP (Figure 2.3E). When assessed via TEM, 

all preparations yielded the characteristic cage-like morphology of ISCOMs or SMNP (Figure 

2.3F). Interestingly, we noted that ISCOMs prepared by dialysis contained a small proportion of 

worm-like species (indicated with white arrowheads in the dialysis ISCOM sample in Figure 2.3F) 

that were not seen in the dTFF material, potentially indicating an improved robustness of ISCOM 

production via dTFF. We then sought to evaluate whether any changes in the biological adjuvant 

activity of the SMNP preparations were observed in vivo by immunizing mice with a human 

immunodeficiency virus (HIV) Env trimer antigen N332-GT2.17 Mice were injected with a mixture 

of the antigen and the different SMNP adjuvant formulations and antigen-specific serum IgG 

responses were analyzed by ELISA (Figure 2.4A). As shown in Figure 2.4B-C, immunizations 

adjuvanted with Quil-A SMNP generated via dialysis, dTFF or low detergent dTFF elicited 

indistinguishable anti-HIV antigen IgG responses in mice. 
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Figure 2.4: Quil-A SMNP generated via dialysis or dTFF have indistinguishable biological 

adjuvant activity in vivo. (A) Timeline of immunizations with SMNP and HIV Env trimer antigen 

N332-GT2. (B) ELISA analysis of serum IgG response at week 4 for mice immunized with 2 μg 

of N332-GT2 trimer and 5 μg of SMNP from the different preparations. (C) Serum titers of IgG 

measured from curves in (B). 

  

 

2.3.2 Generation of QS-21 SMNP requires control over dilution rates to generate ISCOMs 

While Quil-A is widely used in many preclinical studies and is used in an approved equine 

vaccine18, Quil-A is a mixture of more than 20 different saponin components.19 When separated 

via reverse-phase chromatography, the 21st peak - termed QS-21 - was found to be very potent 

without high toxicity, making QS-21 a promising material for the development of saponin-based 

adjuvants for human use.20 Indeed, QS-21 is used in the adjuvant formulation of two approved 

human vaccines - Shingrix® against herpes zoster by the US FDA and Mosquirix® against malaria 

approved by the European Medicines Agency.21 QS-21 is also used in a commercially available 

feline leukemia virus vaccine.19 We previously showed that SMNP prepared by dialysis using QS-

21 or Quil-A had similar adjuvant activity in vivo.2 Thus, in order to facilitate scalable 

manufacturing of QS-21 SMNP for human clinical studies, we sought to use the standard dTFF 

protocol and the low detergent dTFF protocols developed with Quil-A to generate QS-21 SMNP. 

As a terminal size exclusion chromatography step used in Quil-A preparations was not scalable 
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and found to not lead to major changes in SMNP quality it was omitted during QS-21 SMNP 

development. 

Surprisingly, when we attempted to replicate the process used for Quil-A SMNP synthesis 

with QS-21 (Figure A1A), we did not observe proper ISCOM formation. After solubilizing QS-

21, cholesterol, MPLA, and lipid in MEGA-10 to generate a 7.5% MEGA-10 solution with 5 

mg/mL QS-21, DLS measurements indicated the formation of species larger than ISCOMs (>60 

nm), with the sample PDI (> 0.2) indicating a polydisperse mixture upon dilution with PBS 

(Figure A1B-C). After TFF processing, while the final products had the expected number average 

size of ~30 nm, the DLS intensity distribution showed a skew towards larger species (Figure 

A1D). TEM revealed that the SMNP components did not properly interact as lipid particles and 

ring-like micelles were prevalent on the TEM micrographs either before or after TFF (Figure 

A1E). Prior studies have shown that the ring-like micelles and worm-like micelles are primarily 

composed of saponin and cholesterol indicating that the lipidic components did not properly 

interact leading to self-assembly of two separate species.15,22 Similarly, the low detergent dTFF 

product was found to contain ring-like micelles and lipid particles (Figure A1F). We also noted 

formation of rod-like structures in the low detergent dTFF product which are also known to be 

favored when the mole fraction of cholesterol is increased in ISCOM formulations.8 However, 

unlike the standard dTFF particle, almost no cage-like particles were seen on TEM of  the low 

detergent dTFF QS-21 SMNP. We interpret these results to indicate that QS-21 preparations 

require a higher amount of detergent to generate the expected cage-like SMNP particle structure, 

likely due to an incomplete solubilization of QS-21 into MEGA-10 micelles. While QS-21 is one 

of the more hydrophobic fractions contained in Quil-A, we did not expect such significant 

formulation differences as QS-21 is known to form micelles of ~7 nm in aqueous solutions with 

solubility of up to 30 mg/mL in PBS (Quil-A also forms micelles and is soluble at >100 mg/mL).23 

This hydrophobicity originates from the fatty acid chain attached to the 4-position in the 

triterpenoid aglycone of saponins that is present in many of the saponin species of Quil-A.24 

Based on these observations, we characterized the dilution behavior of the lipid/QS-

21/MEGA-10 mixture, starting from the 5 mg/mL of QS-21 in 7.5% MEGA-10 and rapidly 

diluting to different endpoint MEGA-10 concentrations as was done for Quil-A. We focused on 

the “standard” dTFF protocol rather than the low-detergent method, as the standard procedure 

generated some cage-like particles whereas low detergent dTFF material consisted mostly of 
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unwanted species. As shown in Figure 2.5A, similar to the Quil-A ISCOMs, three regions of self-

assembly were identified with lowering MEGA-10 concentration. However, unlike Quil-A 

samples which were capable of properly forming ISCOMs in the “low micelle concentration” 

region (<0.2% MEGA-10), QS-21 preparations rapidly diluted to these concentrations formed 

particles with initial mean sizes of more than 250 nm, which lowered to ~100 nm after overnight 

incubation. Moreover, upon reducing MEGA-10 concentration further to less than ~0.125% 

MEGA-10, we observed a fourth regime in which, instead of particles reorganizing during 

overnight incubation, aggregates were kinetically trapped due to the low micelle concentration, 

and further aggregated into micron-sized species upon overnight incubation. TEM micrographs 

revealed some cage-like particles in the preparations, but most of the sample was present in large 

lipidic-saponin aggregates (Figure A2). Similar observations were made in previous attempts to 

generate QS-21 ISCOMs.25 

To overcome this limitation with QS-21 and better recapitulate the process of dialysis 

previously used to generate QS-21 SMNP, we attempted to slowly dilute the QS-21 mixture 

containing 5 mg/mL QS-21, 7.5% MEGA-10 and the other SMNP components. This dilution was 

performed at a rate of 10-fold per hour, to gradually move from the starting solution into the “low 

micelle concentration” region (0.075%), with the goal of allowing the ISCOM components to 

reach their equilibrium assembly state before becoming trapped in their final structures as the 

MEGA-10 concentration dropped (Figure 2.5B). Dialysis of the QS-21 SMNP components was 

also performed to compare to the product generated via dTFF. 
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Figure 2.5: Slow dilution of QS-21 SMNP components in surfactant enables well-defined 

ISCOM self-assembly. (A) DLS Z-avg size measurements and PDI of 5 mg/mL of QS-21 SMNPs 

in 7.5% MEGA-10 at various dilutions. (B) Diagram illustrating slow dilution at room temperature 

to generate SMNP. (C) DLS Z-avg, number-avg and PDI for QS-21 SMNP samples slowly diluted 
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continuously then processed via TFF (dTFF) compared to QS-21 SMNP generated via dialysis. 

(D) Representative zeta potential distribution of QS-21 SMNP generated via dTFF or dialysis with 

average zeta potential of three measurements displayed. (E) TEM micrographs of samples QS-21 

SMNPs generated via dialysis (left) or via dTFF (right). Scale bars indicate 200 nm. 

 

We found that well-structured QS-21 SMNP particles could be formed and processed via 

dTFF using this slow continuous dilution approach (Figures 2.5C-E). Size (Figure 2.5C) and 

zeta-potential (Figure 2.5D) measurements showed indistinguishable physical properties of the 

final products generated via either dTFF or dialysis. TEM imaging revealed a homogeneous cage-

like particle morphology for dTFF QS-21 SMNP (Figure 2.5E). We also assessed the composition 

of particles prepared by the dTFF or dialysis process using reverse phase HPLC (RP-HPLC). As 

shown in Table 2.1, the final composition of QS-21 SMNP particles generated with dTFF closely 

mirrored the input 10:2:1:1 saponin:cholesterol:DPPC:MPLA (by mass) feed ratio added to the 

synthesis. Representative RP-HPLC chromatograms for QS-21 SMNP with identified peaks are 

shown in Figure A3. Further, both methods led to high yields (70-80% by QS-21 content) as 

determined via RP-HPLC. Using either dialysis or dTFF preparation, no MEGA-10 was detectable 

via RP-HPLC, in agreement with quantification of MEGA-10 in the permeate via 

spectrophotometry (Figure A4A-B). 

 

Table 2.1: Mass ratio of QS-21 SMNPs components relative to saponin. Values indicate average 

of three independent batches and standard deviation. 

Stage 

Component 

QS-

21 Cholesterol DPPC MPLA 

starting 

mixture 
10 2 1 1 

dTFF 
10 1.95 ± 0.11 

1.03 ± 

0.15 

1.02 ± 

0.24 

yield 

(based on QS-

21) 

77 ± 3 % 



135 
 

 

 

 

2.3.3 QS-21 SMNP generated through dilution and ultrafiltration is bioactive and stable to 

freezing 

With a scalable process to generate clinical grade SMNP developed, we next turned to 

evaluate the bioactivity of the material and its stability when frozen at -20 °C or -80 °C to enable 

long term storage and transport of material (Figure 2.6). In order to minimize sample formulation 

complexity, we evaluated the stability of QS-21 SMNP frozen without additional cryoprotectants. 
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Figure 2.6: QS-21 SMNP is bioactive and stable when stored at -20 °C without use of 

cryoprotectants. (A) Representative DLS intensity-based and number-based distribution of QS-

21 SMNP particles stored at 4 °C or frozen at -20 °C or -80 °C then thawed at room temperature. 

(B) DLS Z-avg, and number-avg for QS-21 SMNP samples stored at 4 °C or frozen at -20 °C or -

80 °C then thawed at room temperature. (C) ELISA analysis of serum IgG response at week 6 for 

mice immunized with 2 μg of N332-GT2 trimer and 5 μg of SMNP stored at 4 °C or frozen at -20 
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°C or -80 °C then thawed at room temperature. (D) Serum titer from ELISA curves in (C). TEM 

micrographs of QS-21 SMNP stored at 4 °C (E) or frozen at -20 °C (F) or -80 °C (G) then thawed 

at room temperature. Scale bars indicate 200 nm. 

 

As shown in Figure 2.6A-B, when frozen at -20 °C, QS-21 SMNP particles did not exhibit 

any changes in their size even without the presence of cryoprotectants. Only when frozen at -80 

°C was there a noticeable increase in particle size. Interestingly, we found that QS-21 SMNP 

particles generated via dTFF had slightly improved adjuvant activity in vivo compared to either 

Quil-A or QS-21 SMNP generated via dialysis based on their serum IgG ELISA curves (Figure 

2.6C), though this did not equate to a statistically significant difference in endpoint serum IgG 

titers (Figure 2.6D). Although QS-21 SMNP frozen at -80 °C showed some aggregation and a 

lower serum IgG titer curve than QS-21 SMNP at 4 °C (Figure 2.6C), there was no difference in 

endpoint serum IgG titers for dTFF samples frozen at -20 °C or -80 °C compared to dialysis or 

dTFF samples stored at 4°C (Figure 2.6C-D). When assessed via TEM, particles kept at 4 °C or 

frozen were found to maintain the cage-like morphology and sample homogeneity (Figure 2.6E-

G). These results indicated that biologically active QS-21 SMNP could be generated through dTFF 

and that they may be readily frozen and transported at -20 °C without loss of its biological adjuvant 

properties. 

 

2.3.4 Staggered discontinuous dilution improves particle quality and enables room 

temperature QS-21 SMNP synthesis 

In our initial QS-21 SMNP process development, we used high temperature mixing at 60 

°C to enable a fully dissolved initial lipid/MEGA-10 solution to be prepared. As QS-21 may 

undergo temperature-driven hydrolysis of its ester bond between the fucose and the fatty acid 

domain leading to inactivation,23 we finally sought to remove the need for this high temperature 

mixing step. We maintained heating of DPPC and cholesterol at 60 °C and MPLA at 37 °C to 

facilitate solubilization into MEGA-10 micelles as these materials should not be prone to rapid 

degradation in aqueous solutions (Figure A5A). Unfortunately, while it was possible to generate 

QS-21 SMNP by simply mixing all MEGA-10-solubilized components at room temperature 

followed by continuous dilution and TFF, the sample homogeneity was reduced relative to our 

prior preparations, based on a Z-avg size larger than 60 nm and PDI greater than 0.2 (Figure A5B). 
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In order to explore whether these inhomogeneities had an effect on the biological adjuvant activity 

of SMNPs, we tested in vivo two room temperature dTFF SMNP batches – one with highest 

homogeneity (dTFF-RT#1) and one with lowest (dTFF-RT#2). While dTFF-RT#1 batch was 

similar to heated dTFF SMNP or SMNP generated via dialysis, the preparation with largest Z-avg 

and PDI was found to have diminished serum IgG titers at week 2 compared to SMNP prepared 

by dialysis or the dTFF preparations (Figure A5C and S5E). However, antibody responses 

reached similar levels by 4 weeks (Figure A5D and S5E) and showed improved serum IgG curves 

from heated dTFF samples or the high-homogeneity room temperature dTFF relative to dialysis 

preparations. TEM micrographs analysis (Figure A5F) revealed a notable presence of lipid 

vesicles in these SMNP preparations, suggesting incomplete complexing of saponin with 

phospholipids during the gradual dilution procedure. 

 In order to overcome this issue, we discovered that the sample homogeneity could 

be improved by diluting the MEGA-10/QS-21/lipid/cholesterol mixture in staggered steps instead 

of continuously (Figure 2.7A, Supplementary Table A2). We theorize that this improved self-

assembly may be due to particles existing at the “intermediate” MEGA-10 concentrations in which 

micelles co-exist with ISCOMs which favor proper ISCOM particle formation. In the continuous 

dilution, the sample never reached equilibrium during its dilution as buffer was constantly added. 

In the staggered dilution, the sample was allowed to equilibrate after every dilution step such that 

a more complete complexing of saponin with phospholipids could be achieved. Notably, this new 

dilution protocol enabled homogenous QS-21 SMNP preparations with Z-avg size and PDI similar 

to QS-21 SMNPs processed through SEC-FPLC after dialysis synthesis (Figure 2.7B). Further, 

TEM micrographs revealed the desired prominent cage-like particle morphology (Figure 2.7C). 

The same protocol enabled synthesis of QS-21 ISCOMs (Figure A6) indicating that the MPLA 

component of SMNPs was not the driver for the aggregates formed via rapid dilution. 
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Figure 2.7: Room temperature QS-21 SMNPs synthesis is facilitated through staggered 

dilution.  (A) Diagram for staggered room temperature (RT) dilution where the sample is 

repeatedly partially diluted then let sit until fully equilibrated (equilibration times and dilution 

factors at for each step shown in Supplementary Table A2). (B) DLS Z-avg, PDI and number-



140 
 

avg for room temperature QS-21 SMNP samples synthesized via staggered dilution compared to 

FPLC purified SMNPs from dialysis synthesis. (C) TEM micrographs of QS-21 SMNP generated 

at room temperature through the staggered dilution protocol. (D) Summary of serum IgG titers at 

week 2 and week 4 from mice immunized with 2 μg of N332-GT2 trimer and 5 μg of SMNP using 

the staggered dilution room temperature protocol (E) IFN-γ ELISpot of splenocytes harvested two 

weeks after immunization and stimulated with a pool of N332-GT2 trimer peptides. 

 

To more completely assess any differences between dialysis-generated QS-21 SMNP and 

staggered-dTFF QS-21 SMNP, three independent batches of each were tested in vivo for their 

effect on seroconversion following immunization. No significant differences were observed on the 

particle adjuvant performance in mouse immunizations (Figure 2.7D). Moreover, we evaluated 

the cellular immune response via IFN-γ an enzyme-linked immunosorbent spot (ELISpot) assay 

and did not find any differences (Figure 2.7E), confirming that the QS-21 SMNP could be 

synthesized at room temperature and processed via dTFF to yield biologically active and 

homogeneous QS-21 SMNP product. Notably, while most experiments presented here were 

performed at 5-15 mg scales of QS-21, this method has been successfully scaled to 50 mg and 500 

mg batches of QS-21 SMNPs without processing changes except increasing TFF filter surface area 

and total processing volumes. Based on the experience gained from these experiments, we defined 

a set of target Critical Quality Attributes (CQAs, Supplementary Table A3) for SMNPs. 

 

2.4 Conclusions 

The next-generation ISCOM-like adjuvant termed SMNP has demonstrated promising 

preclinical adjuvant activity in mice, rabbits, and non-human primates. However, dialysis-based 

processing that is not easily adapted to GMP scale-up manufacturing was used to synthesize SMNP 

particles in preclinical studies. In this study we successfully developed a scalable method to 

generate Quil-A and QS-21 SMNPs via controlled dilution followed by TFF. While it is known 

that lipid and buffer composition can affect saponin-based particle morphology, we demonstrated 

that the dilution rate is another critical process parameter for proper assembly of QS-21 based 

ISCOMs.8,15,22  In addition to improved sample homogeneity, the controlled self-assembly of 

ISCOMs or SMNP through the method presented here may facilitate use of saponin fractions 

previously found to be very potent but that were difficult to generate into the cage-like particles. 
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For example, when initially attempted to generate ISCOMs with the QS-21 fraction, they were 

found to form into >1 µm particles with some cage-like structures present similar to rapidly diluted 

samples (Figure 2.5A and A2). 25 Further, other Quil-A fractions such as QHB and QHC which 

are in formulations for clinical development were reported to have a lower ISCOM forming 

ability.26 This lower propensity to form ISCOMs may originate from the higher hydrophobicity of 

these fractions, which we show here may be overcome by increasing residence time at 

“intermediate” detergent concentrations required for proper ISCOM self-assembly.27 Importantly, 

SMNP elicited higher antibody titers as well as higher antigen-specific CD4+ T cell production of 

IFN-γ and IL-21 compared to the potent liposomal saponin/MPLA adjuvant AS01B.2 These results 

suggest that the unique cage-like assembly of ISCOMs may play an important role in maximizing 

adjuvant activity, such that processes for its production need to ensure preservation of the particle 

structure. Future studies are needed to explore whether structural differences such as the ones from 

rapid dilution or compositional differences can affect the bioactivity of saponin/MPLA-based 

adjuvants. Overall, the methods presented here for controlled lipid self-assembly may also have 

utility for the synthesis of other soft matter assemblies of interest for broad applications in 

medicine and beyond.  
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CHAPTER 3 
 

Surfactant-mediated assembly of precision-size liposomes 

 

The work presented in this chapter has been adapted with permission from Pires, I. S., Suggs, J. 
R., Carlo, I. S., DongSoo, Y., Hammond, P. T. & Irvine, D. J. (2024). Surfactant-mediated 
assembly of precision-size liposomes. Chemistry of Materials. (in press) 

 

3.1 Introduction 

Lipid-based nanoparticles such as liposomes are effective vehicles for the delivery of therapeutic 

agents. Since their first Food and Drug Administration (FDA) approval in 1995 for the drug 

Doxil®1, the development of these nanocarriers has greatly expanded owing to their ability to 

efficiently package therapeutics and improve accumulation in target tissues.2,3 While there are 

many strategies to generate lipid vesicles, most methods involve kinetically trapped species which 

often limits control over their size and polydispersity.4–6 Moreover, the requirement of rapid 

mixing in many of these systems presents a significant challenge to scale-up manufacturing.4 

One of the earlier reported methods to generate liposomes is based on solubilizing lipid 

components into detergent micelles followed by either dialysis or gel filtration chromatography to 

remove detergent.7,8 While this method is still commonly used for proteoliposome synthesis,9 for 

laboratory studies this approach has been largely displaced by solvent dispersion or thin film 

hydration methods that do not require tedious and time-consuming purification steps.8,10 However, 

advancements in size-exclusion methods such as tangential flow filtration (TFF) have made size-

based separations a faster and scalable process.11 Indeed, we previously showed that dilution of 

mixed detergent/lipid micelles followed by TFF enabled controlled self-assembly of immune-

stimulating complexes (ISCOMs) that can be readily produced at clinical lot scales.12 

We hypothesized that an improved method to manipulate lipid self-assembly from 

detergent micelles could enable liposome generation with more precise particle size control and 

lower polydispersity relative to commonly used approaches. In this study, we revisited the 

detergent removal method for liposome synthesis using TFF for rapid concentration of samples 

and removal of detergent and determined key parameters controlling liposome self-assembly. 

Vesicle formation was induced by diluting a lipid/detergent mixture (mixed micelles) below the 

critical micelle concentration (CMC) of the detergent. We discovered that the concentration of 

detergent during self-assembly allowed for precise control of liposome size from ~1 µm down to 
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50 nm, with low polydispersity (polydispersity indices below 0.1). To understand this process, we 

developed a model for the growth of liposomes based on phase separation of lipid-rich and 

detergent-rich phases in solution during detergent removal that enabled large liposome assembly. 

Finally, we demonstrate the utility of controlled liposome assembly by validating that liposomes 

produced by this process are differentially recognized by macrophages as a function of particle 

size. 

 

3.2 Methods 

3.2.1 Materials 

1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC), Cholesterol, 1-palmitoyl-2-oleoyl-sn-

glycero-3-phospho-(1’-rac-glycerol) (sodium salt) (POPG), 1,2-dioleoyl-sn-glycero-3-

phosphoethanolamine-N-(glutaryl) (sodium salt) (DOPE-glutaryl), 1,2-dioleoyl-sn-glycero-3-

phosphoethanolamine-N-dibenzocyclooctyl (DOPE-DBCO), and 1,2-distearoyl-sn-glycero-3-

phospho-(1'-rac-glycerol) (DSPG) were purchased from Avanti Polar Lipids. N-decanoyl-N-

methylglucamine (MEGA-10) and n-octyl-β-d-glucoside (octylglucoside) were purchased from 

Sigma Aldrich. For fluorescence measurements, borondipyrromethene (BDP) 

tetramethylrhodamine (TMR) azide (Lumiprobe) and BDP 630/650 azide (Lumiprobe) were 

reacted with DOPE-DBCO in chloroform to generate DOPE-TMR and DOPE-630/650. 

Successful conjugation was validated via thin-layer chromatography which indicated <1% free 

dye. 

3.2.2 Generation of detergent/lipid mixtures 

Lipid stock solutions were made in chloroform and then measured into glass vials and left drying 

on a desiccator overnight. For solubilization in MEGA-10 micelles, a 10% MEGA-10 solution was 

made in deionized water. The 10% MEGA-10 solution was then added to the dried lipids and left 

in a water bath sonicator at 50 to 60 °C until all lipids were solubilized. The lipid/detergent mixture 

was allowed to equilibrate at 25°C prior to dilution. The same process was followed for 

experiments using octylglucoside instead of MEGA-10. 

3.2.3 Synthesis of nanoparticles via dilution 

 Lipid/detergent micelles were diluted by adding buffer to the micelles to reach the target detergent 

concentration. For small-scale samples (<2 mL), the mixed micelle mixture was added to a 

container, and then buffer was added and mixed with a 1 mL pipette. No major difference in 
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particle size was observed when mixed micelles were directly added to the buffer instead. For 

larger scales (>2 mL), the mixed micelles were added to the bottom of a container that could house 

the full dilution volume. Then the buffer was added to the sides of the vessel with a serological 

pipette gun while the sample was swirled. Upon full dilution, the sample was further mixed with 

the serological pipette gun. The samples were then allowed to equilibrate at 25 °C. 

3.2.4 Purification via TFF 

Generally, 5 mg of the lipid/detergent mixtures were diluted to the target MEGA-10 concentration 

and left to self-assemble overnight. Then samples were diluted to 0.02% MEGA-10 to ensure 

minimal effects of the detergent on the assembled lipid structures. Samples were then placed on a 

KrosFlo KR2i TFF system (Repligen) system using a 100 kDa mPES membrane with a surface 

area of 115 cm2. Samples underwent 10 diafiltration volumes against the buffer used for their 

assembly. Particle yield was either accessed based on recovered nanoparticle fluorescence or total 

lipid content measured via the Steward assay.13 For cryo-TEM analysis, samples underwent 5 

diafiltration volumes against deionized water to remove salts. 

3.2.5 Analysis of lipid transfer via FRET 

 Lipid/detergent micelles of the desired composition were generated by replacing 1 mol% of DSPC 

with 1 mol% of either DOPE-TMR (donor-micelles) or DOPE-630/650 (acceptor-micelles). For 

FRET-micelles, donor micelles and acceptor micelles were mixed 1:1. FRET-micelles, donor-

micelles, and acceptor-micelles were diluted to the target MEGA-10 concentration. After dilution 

of donor and acceptor micelles, the diluted samples of equal final MEGA-10 concentration were 

mixed at 0 hr, 1 hr, and 24 hrs after dilution. FRET efficiency was then measured at 0 hr, 1 hr, 24 

and 48 hrs after mixing of donor and acceptor micelles. Fluorescence values were measured in a 

384-well plate in a Tecan Infinite 200. FRET efficiency was calculated based on the equation for 

the corrected FRET efficiency (FRETN) described previously.14 Briefly, acceptor-only and donor-

only controls were evaluated for their emission in the donor (530 nm excitation/570 nm emission), 

acceptor (610 nm excitation/650 nm emission), and FRET (530 nm excitation/650 nm emission) 

channels. For FRET efficiency measurements, the acceptor fluorescence channel was used to 

correct the donor channel fluorescence. Then both acceptor channel fluorescence and corrected 

donor channel fluorescence were used to correct the FRET channel fluorescence for any 

contribution of donor or acceptor emission in the channel so that only energy transfer was 
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measured. FRET efficiency was then calculated based on the ratio of corrected FRET channel 

measurement relative to the corrected donor channel fluorescence. 

3.2.6 Characterization of particle preparations 

Dynamic light scattering (DLS) and zeta potential measurements were made on a Zetasizer Nano 

ZSP (Malvern). Nanoparticle micrographs were acquired using Cryogenic Transmission Electron 

Microscopy (cryo-TEM) on a JEOL 2100 FEG microscope (200 kV). For cryo-TEM, particles 

were buffer exchanged into deionized water via either dialysis or TFF unless otherwise indicated. 

For grid preparation, 3 μL of the sample was dropped on a lacey copper grid coated with a 

continuous carbon film and blotted to remove excess sample without damaging the carbon layer 

by Gatan Cryo Plunge III. The grid was then mounted on a Gatan 626 single-tilt cryo-holder 

equipped in the TEM column. The specimen and holder tip were frozen and cooled down by liquid 

nitrogen, and the temperature was maintained during transfer into the microscope and subsequent 

imaging. Images were collected with a magnification range of 10,000-60,000X. Cryo-TEM 

micrographs were analyzed on ImageJ to measure particle diameter. Polydispersity index (PDI) 

from diameter distribution was determine based on the PDI equation used for dynamic light 

scattering: 𝑃𝑃𝑃𝑃𝑃𝑃 = �𝜎𝜎
𝜇𝜇
�
2
, where 𝜎𝜎 is the standard deviation of the particle diameter and 𝜇𝜇 is the 

average diameter. 

3.2.7 Cell Culture 

RAW 264.7 macrophages (ATCC) were cultured in DMEM. Cell media was supplemented with 

10% FBS and penicillin/streptomycin with cells incubated in a 5% CO2 humidified atmosphere at 

37 °C. All cell lines were murine pathogen tested and confirmed mycoplasma negative by Lonza 

MycoAlert™ Mycoplasma Detection Kit. 

3.2.8 In vitro cellular association 

Liposomes were generated with 0.2 mol% of  DOPE-630/650 which is composed of a dye 

relatively insensitive to the polarity and pH of the environment.15 The day before dosing, RAW 

264.7 cells were plated on a tissue-culture 96-well plate at a density of 25k cells per well. The next 

day, wells were dosed with liposomes at 0.01 mg/mL and left for the target incubation time (4 hrs 

or 24 hrs). To determine the percentage of liposomes associated with macrophages, a sample of 

the of the supernatant was removed from the well and diluted 5X with dimethyl sulfoxide (DMSO). 

Cells were then washed three times with PBS and then scraped and dissolved with DMSO to 



148 
 

homogenize and extract all fluorescent lipids from the cell.  Fluorescence of the liposomes 

remaining in the supernatant and fluorescence of liposomes associated with macrophages were 

then measured using a fluorescence plate reader (TECAN Infinite 200).  

 

3.3 Results and Discussion 

3.3.1 Concentration of detergent enables precise control of varied liposome size with low 

polydispersity 

Liposome assembly from mixed micelles derived from surfactants and lipids occurs by depleting 

detergent molecules from micellar structures, leading to lipid aggregate coalescence into bilayer 

vesicles.16,17 Prior studies on liposome formation from nonionic detergent micelles have focused 

on the rate of detergent removal from the sample to control the final liposome size.7,18 We 

hypothesized that the final detergent concentration could control self-assembly due to both the 

kinetics and equilibrium partitioning of the detergent into the aqueous phase. To test this idea, we 

evaluated liposome assemblies formed following rapid dilution of lipid/detergent micelles 

followed by overnight equilibration at different final total detergent concentrations (Figure 3.1A). 

As a model system, we used lipid mixtures with a 6:3:1 molar ratio of 1,2-distearoyl-sn-glycero-

3-phosphocholine (DSPC), cholesterol, and 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1’-rac-

glycerol) (POPG), as we and others have used similar formulations for therapeutic liposomes (see 

component structures in Figure B1).19–23 The detergent, N-decanoyl-N-methylglucamine (MEGA-

10), at an initial concentration of 10 wt% was chosen due to its high critical micelle concentration 

(CMC, ~0.2-0.1%24), which facilitates surfactant removal; and samples were diluted with pH 7.4 

phosphate-buffered saline (PBS), a physiological buffer. After rapid dilution of MEGA-10/lipid 

solutions to varying final detergent concentrations, sample size and polydispersity index (PDI) 

were measured via dynamic light scattering (DLS) before and after overnight incubation to ensure 

final self-assembly. 
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Figure 3.1. Detergent concentration during nanoparticle formation dictates equilibrium size of 

nanoparticles. (A) Schematic of liposome assembly from mixed micelle dilution. (B) Particle size 

determined by DLS of samples diluted with PBS to various final concentrations of MEGA-10 

starting from an initial mixture of 10 mg/mL of 6:3:1 molar mixture of DSPC:cholesterol:POPG 

in 10% MEGA-10. (C) Particle size evolution over time determined by DLS for mixed micelles 

diluted to 0.1% and 0.01% MEGA-10. (D) Polydispersity index (PDI) kinetics for mixed micelles 

diluted to 0.1% and 0.01% MEGA-10. 

 

Immediately following dilution, no major changes in particle size were observed even at 

detergent concentrations far below the CMC (Figure 3.1B, Z-Avg initial). However, after 18 hr 

incubation at dilutions below the detergent CMC, particles were detected by DLS with mean sizes 

ranging from 50-500 nm (Figure 3.1B, Z-Avg overnight). Particle size was determined by the 

final concentration of MEGA-10, even though no detergent molecules were removed, and all 

samples were diluted at the same rate. Unexpectedly, we were able to achieve more than one order 

of magnitude variation in final particle size with very low polydispersity. We confirmed that these 

resulting particles were spherical unilamellar liposomes via cryo-transmission electron 

microscopy (cryo-TEM, Figure B2). Previous work on mixed micelles has suggested the presence 

of three phases during the transition between micelles to vesicles that help explain the observed 

size changes.25  At high concentrations of detergent, a small spherical micelle-predominant region 

exists (region i) that transitions into a mixed micelle region (region ii) followed by a final bilayer-

predominant (vesicle) region at detergent concentrations below the CMC (region iii). In region ii, 

mixed micelle structures may include disc-like bicelles or cylindrical worm-like micelles that 

coexist with vesicles.26  

Given the unusual low polydispersity when large (>200 nm) particles were formed near 

the detergent CMC, we first explored the limits of final vesicle size.27 By slightly increasing the 

MEGA-10 concentration from 0.1% MEGA-10, it was possible to achieve >1 µm particles with 

polydispersity indices (PDI) below 0.1, indicative of a monodisperse population (Figure B3A).20 

To validate that this observed size control was not restricted to MEGA-10, we tested the same 

protocol using a different nonionic surfactant, n-octyl-β-d-glucoside, (octylglucoside, CMC~0.6-

0.7%). Like MEGA-10 mixed micelle dilution, we observed the three distinct regions of lipid 

assembly and the formation of large monodisperse particles below the CMC (Figure B3B). 
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Moreover, to ensure that the particle size was not dependent on residual detergent in the bilayer, 

we further diluted equilibrated samples and found no change in size or polydispersity, suggesting 

that stable lipid assemblies had been formed (Figure B3C).  

We next characterized the kinetics of lipid vesicle assembly at 0.1% MEGA-10 and 

compared to smaller vesicles formed at 0.01% MEGA-1. While self-assembly at 0.01% MEGA-

10 was rapid, reaching near final sizes within ~3 hrs, self-assembly at 0.1% MEGA-10 required 

>10 hrs to approach equilibrium (Figure 3.1C). The observed kinetic curves could be well 

described by the Hill Equation which indicated cooperative assembly (n > 128) at 0.1% MEGA-10 

(n~2), but not at 0.01% MEGA-10 (n=0.9)23. Further, while the PDI of particles formed at 0.01% 

MEGA-10 decreased monotonically with time, at 0.1% MEGA-10, a transient transition into a 

polydisperse sample was observed (Figure 3.1D), and the PDI did not begin decreasing until ~10 

hr of incubation for self-assembly had passed. We hypothesize this decrease in PDI during 

overnight incubation was represents a gradual transition of small heterogeneous mixed micelles 

into uniform lipid vesicles as these lipid assemblies slowly equilibrate. 

 

3.3.2 Purification of assembled nanoparticles via tangential flow filtration (TFF) removes 

detergent without affecting liposome structure 

Having observed an unexpected wide range of control over monodisperse liposome assembly 

using detergent dilution, we next sought to assess removal of the surfactant using TFF, as residual 

detergent could be a potential source of toxicity and interfere with liposome behavior.  In addition, 

TFF provides a convenient means to concentrate the particles. We tested purification of samples 

equilibrated at 0.1%, 0.02%, or 0.004% MEGA-10 to form vesicles of three distinct sizes (Figures 

2A-B). Detergent was removed by concentrating the samples to 0.25 mg/mL of lipids then 

purifying via 10 diafiltration volumes through a 100 kDa MWCO TFF membrane. Analysis of the 

purified vesicles via reverse-phase high-pressure liquid-chromatography (RP-HPLC) coupled with 

evaporative light scattering detector (ELSD) showed no detectable levels of MEGA-10 (<1% mass 

composition out of the total lipid components), indicating removal of greater than 99.9% of 

MEGA-10 from the sample (Figure B4A-B). We also found no appreciable difference in the final 

particle size of small-scale (~0.05 mg) or larger batches (5 mg) prepared by this process and 

particles maintained their size and monodispersity with yields of 70-80% after purification (data 

not shown). Zeta potential measurements indicated the expected negative surface charge on these 



152 
 

particles due to the presence of POPG (Figure 3.2C). Analysis via cryo-TEM revealed that the 

vesicles were primarily unilamellar liposomes with narrow polydispersity (Figure 3.2D-H). 

Compared to conventional thin-film hydration followed by extrusion through a 50 nm pore-sized 

membrane (Figure B5A-D), detergent dilution and TFF purification enabled even large liposomes 

of ~500 nm mean diameter to be prepared with lower polydispersity (Figure B5E-F). 
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Figure 3.2. Purified lipid nanoparticles maintain size and monodispersity. (A) DLS intensity and 

number distribution for liposomes generated by diluting a lipid mix (of 10 mg/mL of 6:3:1 molar 

mixture of DSPC:cholesterol:POPG in 10% MEGA-10) to 0.1%, 0.02% and 0.004% of detergent. 

(B) Size and PDI of samples from (A). (C) Zeta potential of samples from (A) - the variation in 

measured zeta potentials can be explained by the approximation of the Henry’s function as a 
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constant in our instrument given that for a given zeta potential, increased particle size increases 

electrophoretic mobility.29 Representative cryoTEM images of samples from samples generated at 

(D) 0.004%, (E) 0.02%, (F) and 0.1% – internal shading on large liposomes are due to particle 

protrusion from ice.30 (G) Histograms of particles measured on cryoTEM micrographs from 

samples in (A) – parenthesis indicates the total number of particles quantified and PDI based on 

the measured particle sizes from cryoTEM. (H) Box and whiskers plot of size distribution from 

(G). 

 

3.3.3 Electrostatic interactions and lipid membrane rigidity enable controlled growth of 

liposomes  

To explore the system characteristics that enabled a wide range of liposome size control, we first 

assessed whether the ionic strength of the dilution buffer affected equilibrated particle size, by 

carrying out rapid dilution to varying concentrations of detergent using a lower ionic strength 

buffer (10 mM HEPES). In these low ionic strength conditions, there was no appreciable change 

in the size of mixed micelles regardless of final detergent concentration over 18 hr (Figure 3.3A), 

indicating that the high electrostatic repulsion between micelles limited the growth of larger 

species. To test whether electrostatic interactions played a role in achieving monodisperse vesicle 

assembly, we evaluated liposome assembly from mixed micelles lacking the charged POPG lipid 

(i.e. neutral DSPC:chol liposomes) in PBS or HEPES. With this formulation it was possible to 

generate small vesicles with low polydispersity using both buffers and the transition from small 

mixed micelles to larger particles occurred at similar MEGA-10 concentrations (0.2-0.1 wt%, 

Figure 3.3B). However, the size control was limited as vesicles >200 nm in diam. formed at lower 

MEGA-10 dilutions had high polydispersity, indicating that a balance of charge repulsion and 

particle coalescence was important for the controlled formation of large monodisperse vesicles 

(Figure 3.3B). 

As lipid unsaturation and the presence of cholesterol are known to promote liposome fusion 

as well as alter lipid bilayer rigidity31,32, we next evaluated the effect of lipid composition by 

removing cholesterol (chol) or replacing POPG with 1,2-distearoyl-sn-glycero-3-phospho-(1'-rac-

glycerol) (DSPG), a saturated anionic lipid. Dilution of DSPG/DSPC/chol mixed micelles with 

either PBS of HEPES-only buffer behaved like POPG/DSPC/chol mixed micelles (Figure 3.3C), 

but with lower overall liposome sizes. On the other hand, removal of cholesterol from the 
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unsaturated (unsat) formulation (DSPC/POPG mixture only) fully prevented formation of large 

vesicles at 0.1% MEGA-10 and yielded polydisperse samples at low MEGA-10 concentrations 

(Figure 3.3D). Dilution of saturated (sat) lipid compositions devoid of cholesterol yielded only 

large polydisperse species (Figure 3.3D). Thus, control over liposome size required the presence 

of cholesterol and was facilitated by lipid unsaturation, consistent with properties that promote 

bilayer fusion. 

   

 
Figure 3.3. Solution ionic strength and lipid composition regulates the self-assembly from 

lipid/detergent micelles into liposomes. (A) Particle size (Z-avg) and PDI after lipid/detergent 

micelle dilution (10 mg/mL of 6:3:1 molar mixture of DSPC:cholesterol:POPG in 10% MEGA-

10) with 10 mM HEPES and overnight incubation. (B) Z-avg and PDI of neutral lipid/detergent 

micelles (10 mg/mL of 7:3 molar mixture of DSPC:cholesterol in 10% MEGA-10) diluted with 

either PBS or 10 mM HEPES. (C) Z-avg and PDI of anionic lipid/detergent micelles charged with 

DSPG either containing or lacking cholesterol (10 mg/mL of either 6:3:1 or 9:1 molar mixture of 

DSPC:cholesterol:DPSG or DSPC:DSPG in 10% MEGA-10) diluted with PBS. (D) Z-avg and 

PDI of cholesterol-free unsaturated (unsat) mixed micelles (9:1 DSPC:POPG) and saturated (sat) 
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mixed micelles (9:1 DSPC:DSPG) diluted with PBS to various final MEGA-10 concentration and 

allowed to incubate overnight at room temperature. 

 

3.3.4 Self-assembly of large liposomes occurs through phase separation into lipid-rich and 

detergent-rich phases 

Given the possibility of micelle and bilayer coexistence near the detergent’s CMC of mixed 

micelles25,27, which should result in enhanced lipid transfer between both bilayers and micelles,33,34 

we turned to the use of fluorescence resonance energy transfer (FRET) to evaluate if lipid exchange 

was occurring during vesicle self-assembly at various detergent concentrations. We first evaluated 

FRET during self-assembly from mixed micelles (6:3:1 molar ratio of DSPC:chol:POPG) 

containing both donor and acceptor fluorescently-tagged lipids (FRET micelles, Figure 3.4A). To 

assess if lipid mixing could occur at various stages of vesicle self-assembly, we separately diluted 

mixed micelles containing either donor-only or acceptor-only fluorescently tagged lipids 

(sepFRET micelles). After a given time for self-assembly, samples at the same concentration of 

MEGA-10 were mixed to evaluate changes in FRET efficiency (Figure 3.4B).  
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Figure 3.4. FRET of diluted mixed micelles reveals intermediates with high rates of lipid 

exchange. (A) Schematic for dilution of FRET micelles. (B) Schematic for separately diluting 
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donor-only or acceptor-only micelles and then mixing the diluted samples (sepFRET). (C) 

Normalized FRET efficiency of FRET micelles and sepFRET micelles right after mixing donor 

and acceptor (0 hr). (D) Time course of normalized FRET efficiency since mixing donor and 

acceptor micelles at 0.0125% MEGA-10 for FRET micelles and sepFRET micelles. (E) Time 

course of normalized FRET efficiency since mixing donor and acceptor micelles at 0.1% MEGA-

10 for FRET micelles and sepFRET micelles. (F) Normalized FRET efficiency of FRET micelles 

and sepFRET micelles two days after mixing donor and acceptor (48 hrs). 

 

When donor and acceptor micelles were mixed at 10% MEGA-10 a low energy transfer 

was measured (~0.05 normalized FRET efficiency).  Yet when FRET micelles were diluted to 

0.2% MEGA-10 or lower, a marked increase in FRET efficiency was observed (Figure 3.4C, 

Figure B6). Further, sepFRET micelles behaved similar to FRET micelles when donors and 

acceptors were mixed right after dilution (sepFRET-0h), indicating that the initial intermediates 

generated upon dilution undergo rapid lipid mixing during self-assembly. However, after one hour 

or more of independent self-assembly of donor and acceptor samples (sepFRET >1hr) no major 

increase in FRET efficiency could be seen below 0.1% MEGA-10, indicating that the later 

intermediates in region (iii) did not undergo rapid lipid mixing events. Indeed, sepFRET samples 

allowed to assemble for one or more hours maintained low FRET efficiency for 48 hours which is 

consistent with the expected low lipid exchange rate of assembled liposomes (Figure 3.4D). 

However, at 0.1% MEGA-10, all sepFRET groups converged to similar FRET efficiency levels as 

that of FRET micelles (Figure 3.4E) which was not observed for lower concentrations of MEGA-

10 (Figure 3.4F). The high rate of lipid exchange at 0.1% MEGA-10 after 24 hrs of sepFRET 

assembly suggested that the large species formed at 0.1% MEGA-10 were in a state of dynamic 

equilibrium likely due to the coexistence of mixed micelles and bilayers. 

 We next used cryo-TEM to visualize intermediates that allowed for assembly of large 

liposomes. We diluted mixed micelles with 10 mM HEPES and 150 mM NaCl (HEPES was used 

instead of PBS as phosphates can interfere with cryo-TEM imaging) to 0.1% MEGA-10 and 

processed samples for cryo-TEM analysis after 5 minutes, 2 hours, 5 hours, or 24 hours of 

incubation at 25 °C. Upon dilution, the sample started as small (~15 nm) spherical micelles and 

disc-like or worm-like structures (Figure 3.5A, Figure B7A) that accumulated at the carbon region 

of the TEM grid likely due to their small size and low concentration.35 These small micellar 
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structures coalesced to larger (>100 nm) bilayer discs and liposomes within 1-2 hours (Figure 

3.5B, Figure B7B). At 5 hours, smaller discs were no longer seen, and the sample was composed 

of primarily large (>300 nm) discs and liposomes (Figure 3.5C, Figure B7C). Finally, after 24 

hours, only large liposomal species could be seen as well as micellar aggregates36 (Figure 3.5D, 

Figure B7D). The presence of these micellar aggregates in cryoTEM micrographs confirmed the 

expectation of mixed micelle coexistence with bilayers.  
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Figure 3.5. Cryo-TEM micrographs of particles incubated in 0.1% MEGA-10 reveal formation of 

large disc assemblies and coexistence of micelles with fully assembled bilayer vesicles. (A-D) 

Cryo-TEM micrograph of 10 mg/mL 6:3:1 DSPC:Chol:POPG sample in 10% MEGA-10 rapidly 

diluted to 0.1% MEGA-10 with 10 mM HEPES 150 mM NaCl and frozen 5 minutes, 2 hours, 5 

hours and 24 hours after dilution, respectively. (E) Schematic for the two proposed main driving 

mechanism of particle coalescence and growth upon mixed micelle dilution.  

 

 Based on these results, we proposed two distinct mechanisms for particle coalescence and 

growth (Figure 3.5E). When diluted to the interface between region ii and region iii where bilayers 

and mixed micelles may coexist (~0.1% MEGA-10, see Figure 3.1B), bicelles (surfactant-

stabilized bilayer nanodiscs) initially form. As further detergent partitions into the aqueous phase, 

bicelle fusion is driven, as less detergent is available to stabilize the outer edges of discoidal 

assemblies. However, when the detergent monomers begin to equilibrate with the aqueous phase, 

there is still sufficient detergent incorporated into the bilayers to prevent complete stable vesicle 

closure. Instead, the detergent partitions into lipid-rich and detergent-rich phases driven by the 

curvature preference of the surfactant molecules. As large bilayer discs start to form, less detergent 

is freed from the discoidal rims upon further fusion and charge repulsion between particles 

increases, enabling the system to reach a terminal size. 

If vesicles are formed prior to detergent equilibration with the aqueous phase, detergents 

released into the internal aqueous volume of the liposome cannot freely diffuse to the external 

volume, whereas outer leaflet detergent molecules are continuously depleted, leading to an 

imbalance on the required number of molecules between the inner and outer leaflet (Figure 

3.5E).26,37 These imbalances are known to promote fusion or vesicle rupture,  and its effect 

becomes more pronounced as the size of the vesicle grows.37 This leaflet imbalance-driven particle 

coalescence is likely the primary cause for liposome fusion when diluted to lower detergent 

concentrations of region iii due to rapid detergent depletion from bilayers (i.e., lack of detergent-

stabilized bicelles) and lack of mixed micelle coexistence.16 Under this scenario, the final liposome 

size is dictated by the number of fusion events required to normalize the leaflet imbalances such 

that higher dilutions increase the rate of detergent partitioning into the aqueous phase prior to 

vesicle closure and subsequently, smaller liposome size. 
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3.3.5 Purified liposomes maintain expected biophysical interactions with macrophages 

Different-sized nanoparticles have different biophysical interactions with cells. Thus, we next 

wanted to validate that the method for liposome assembly presented here could be used to probe 

such interactions. While conflicting results have been presented,38 most studies have indicated that 

macrophages preferentially uptake larger liposomes in vitro.39–42 Unlike most normal cells, 

macrophages are known as professional phagocytes which enable them to efficiently uptake 

particles with diameters above 200 nm.43,44 However, prior work has failed to present a clear 

relationship between liposome size and uptake, potentially due to the use of thin film hydration 

followed by extrusion, where it is difficult to control liposome size and lamellarity. Given that the 

method presented here enabled the synthesis of large and monodisperse unilamellar liposomes, we 

decided to evaluate the effect of liposome size on macrophage uptake. 

To investigate this trend, we first generated a library of varied-sized liposomes, comprised 

of 14 samples with sizes spanning from ~100 nm diam. to ~1 µm, all with low polydispersity– this 

size series demonstrates the high degree of control that this process provides over vesicle 

generation (Figure 3.6A). We then dosed RAW 264.7 macrophages with equal mass 

concentrations of each particle (i.e., an equal amount of total fluorescence lipids). As equal mass 

of lipids were dosed, increasing the particle size effectively reduced the number of liposomes per 

well, but maintained the total particle surface area as liposomes are 2D assemblies. After 4 hrs or 

24 hrs of incubation, the remaining liposome signal in the supernatant and liposome signal 

associated with macrophages were measured to determine a percentage of vesicle uptake (Figure 

B8). As expected, macrophages were found to have increased uptake of large liposomes (Figure 

3.6A). Importantly, however, through our assembly method, we could see that there was a clear 

linear relationship between liposome size and liposome uptake at either 4 or 24 hours of incubation 

(Figure 3.6B). Thus, the generation of monodisperse liposomes allows biological interactions with 

cells to be more clearly assessed.  
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Figure 3.6. Controlled assembly of liposomes reveals a linear size-dependence effect on NP 

uptake in macrophages in vitro. (A) Intensity weighted size (Z-avg) and PDI of liposomes 

generated for this experiment. (B) NP uptake on RAW264.7 macrophage cells after 4 or 24 hours 

of incubation with NPs. Dashed lines indicate 95% confidence interval of linear fit. 

 

3.4 Conclusions 

Liposomes are important delivery vehicles for both the current and next generation of therapeutics. 

Here we show that, through the rational disassembly of mixed micelles, we can precisely control 

the size of charged liposomes.26 Although previous work using glycocholate and egg 

phosphatidylcholine similarly found that dilution of micellar mixtures could control liposome size, 

these studies only achieved size ranges of only ~50-100 nm.27,45  

Through a combined assessment of the assembly kinetics, lipid composition effects, and 

lipid exchange rates at each detergent concentration, we were able to propose qualitative models 

to describe the size control, which has been lacking in the literature.26 The models combine and 

build upon prior work which has described phase separation at the transition between mixed 

micelles and bilayer,25,26 the potential for detergent entrapment in the inner core of vesicles upon 

disc closure,25 and how leaflet imbalances induce bilayer fusion.37 

Furthermore, while our results contradict the idea that the rate of detergent removal either 

via controlled dilution or controlled dialysis governs final liposome size,7,18,46,47 the rate of 

detergent removal likely alters the residence time of the lipidic mixture at each concentration of 

detergent, leading to the control in liposome size observed previously. Future studies are also 

needed to validate the models presented here as we are unable to make conclusions on the system 

reaching full chemical equilibrium. 
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Taken together, the findings presented here demonstrate a promising new method of 

detergent-aided assembly of monodisperse liposomes with controlled via scalable techniques. The 

benefits of generating particles across a wide range of sizes and with little variance open the doors 

to accurate investigations of the effect of liposome size in biological systems as well as highly 

implementable manufacturing approaches for nanotherapeutics with a new level of precision. 

Further, the techniques and insights presented may facilitate the generation of new and more 

controlled lipid-based assemblies. 
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CHAPTER 4 
 

Charge-stabilized nanodiscs as a new class of lipid nanoparticles 

 

4.1 Introduction 

Nanomedicine is a promising field that employs nanoscale materials for disease diagnosis 

and treatment.1 Nanoparticles (NP) can serve as carriers for insoluble drugs or as therapeutic 

delivery vehicles for substances that have inherently poor pharmacokinetic properties. Further, 

NPs can passively accumulate in certain tissues with high vascular permeability such as tumors, 

lymph nodes, sites of infection, or atherosclerosis.2 These effects may be enhanced through 

rational functionalization of NPs with targeting motifs. Accordingly, NPs serve to improve the 

effectiveness of a drug while also potentially mitigating side effects by accumulating in the disease 

site while sparing healthy tissue. 

The size, shape, rigidity, and surface chemistry of NPs are all key parameters that regulate 

their pharmacokinetics, biodistribution, tissue penetration, and cellular uptake.3–6 In the setting of 

cancer treatment, a major limitation of NPs is their poor tumor penetration as particles tend to 

accumulate perivascularly just outside tumor vessels with limited transport deeper into tumors.5,7 

To overcome this issue, recent studies have indicated that sub-100 nm particles with high aspect 

ratio morphologies can significantly improve tumor penetration.5,7–11 Yet the most widely studied 

cancer nanomedicines have consisted of spherical nanoparticles.5 In the case of lipid-based 

nanocarriers, this is in part due to the difficulties in controlling the self-assembly of lipids into 

non-spherical shapes. Some approaches to alter lipid-based nanoparticles from spherical to 

discoidal have included the addition of lipid-polymer conjugates, proteins, synthetic amphiphilic 

polymers, and mixtures of surfactant tail lengths.8,12–15 For example, we recently demonstrated that 

PEGylated lipid nanodics (LNDs) have significantly greater tumor penetration and accumulation 

in vivo compared to state-of-the-art spherical liposomes.8 However, the use of polymer conjugates 

such as polyethylene glycol (PEG) or other additives to induce disc formation may introduce 

additional challenges such as increased immunogenicity, complement activation, or potential for 

allergic or hypersensitivity reactions.15–18 

In this study, we employed a bottom-up approach to generate a new class of lipid nanodiscs 

starting from detergent micelles. While dilution of lipid/detergent mixture (mixed micelles) is a 

commonly used method to form liposomes19, we discovered that the lipid head group charge could 
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stabilize lipid nanodisc structures depending on the buffer ionic strength or the lipid headgroup 

charge valency. We show that using tangential flow filtration (TFF), a scalable size-based 

separations technique, we can remove excess detergent to yield discoidal lipid nanoparticles which 

we termed charge-stabilized nanodiscs (CNDs).[20]We validate that CNDs have better tumor 

accumulation properties than liposomes. Further, we exploit the increased NP surface area of 

discoidal assemblies to modify CNDs with the layer-by-layer (LbL) technique to further improve 

their tumor targeting properties in a metastatic model of ovarian cancer. 

4.2 Methods 

4.2.1 Materials 

1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC), Cholesterol, 1-palmitoyl-2-oleoyl-sn-

glycero-3-phospho-(1’-rac-glycerol) (sodium salt) (POPG), 1,2-dioleoyl-sn-glycero-3-

phosphoethanolamine-N-(glutaryl) (sodium salt) (DOPE-glutaryl), 1,2-dioleoyl-sn-glycero-3-

phosphoethanolamine-N-dibenzocyclooctyl (DOPE-DBCO), 1,2-distearoyl-sn-glycero-3-

phospho-(1'-rac-glycerol) (DSPG), and 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-

(Cyanine 5) (DSPE-cy5) were purchased from Avanti Polar Lipids. Poly-L-arginine (PLR) with a 

molecular weight (MW) of 9.6 kDa and poly-L-glutamic acid (PLE) with a MW of 15 kDa were 

purchased from Alamanda Polymers. N-decanoyl-N-methylglucamine (MEGA-10) and n-octyl-β-

d-glucoside (octylglucoside) were purchased from Sigma Aldrich. For fluorescence measurements 

with lisCND samples, borondipyrromethene 630/650 (BDP 630/650) azide (Lumiprobe) were 

reacted with DOPE-DBCO in chloroform to generate DOPE-630/650. Successful conjugation was 

validated via thin-layer chromatography which indicated <1% free dye. 

4.2.2 Generation of detergent/lipid mixture 

 Lipid stock solutions were made in chloroform and them measured into glass vials and left drying 

on a desiccator overnight. For solubilization in MEGA-10 micelles, a 10% MEGA-10 solution was 

made in deionized water. The 10% MEGA-10 solution was then added to the dried lipids and left 

in a water bath sonicator at 50 to 60 °C until all lipids were solubilized. The lipid/detergent mixture 

was allowed to equilibrate at room temperature prior to dilution.  

4.2.3 Synthesis of nanoparticles via dilution  

The lipid/detergent micelles were diluted by rapidly adding buffer to the micelles to reach the 

target detergent concentration. The samples were then allowed to equilibrate at 25 °C. 
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4.2.4 Purification via TFF 

Generally, 5 mg of the lipid nanoparticle mixtures were diluted to the target MEGA-10 

concentration and left to self-assemble overnight. Then samples were diluted to a minimum of 

0.02% MEGA-10 to ensure minimal effect of the detergent on the NPs. Samples were then placed 

on a KrosFlo KR2i TFF system (Repligen) system using either a 50 kDa molecular weight cutoff 

(MWCO) mPES membrane with a surface area of 75 cm2 (D02-E050-10-N) for particles <100 nm 

or a 100 kDa MWCO mPES membrane with a surface area of 115 cm2 for particles >100 nm (D02-

E100-05-N). Samples underwent 10 diafiltration volumes against the buffer used for their self-

assembly. 

4.2.5 Layer by Layer (LbL) deposition 

LbL-lisCND particles were generated by mixing lisCND particles at 0.5 mg/mL lipids with 5 

weight equivalents (wt. eq.) of polymers in 10 mM HEPES. After polymer mixing, particles were 

allowed to incubate on ice for at least 30 minutes before TFF purification as described previously.20 

LbL-CND particles were generated by first buffer exchanging the sample samples into 50 mM 

HEPES and 40 mM NaCl via TFF. Then particles at 0.5 mg/mL were mixed with 5 wt. eq. of PLR 

in deionized water. After PLR deposition, samples were incubated for 30 minutes on ice and then 

purified by TFF into deionized water. After purification, PLR-coated CNDs at 0.5 mg/mL lipids 

were mixed with 5 wt. eq. PLE, incubated for 30 min on ice, and then purified by TFF into 

deionized water. Control LbL-liposomes for either lisCND or CND were generated using the same 

conditions. PLR purification was performed on a 30 kDa mPES membrane with a surface area of 

20 cm2 (C02-E030-05-N, Repligen) while PLE purification was performed on a 50 kDa mPES 

membrane with a surface area of 75 cm2 (D02-E050-10-N, Repligen). Purification was completed 

once samples underwent 10 diafiltration volumes. Fluorescently-labeled lisCNDs contained 0.2 

mol% of DOPE-630/650 while CNDs contained 1 mol% of DSPE-cy5. 

4.2.6 Characterization of particle preparations  

Dynamic light scattering (DLS) and zeta potential measurements were made on a Zetasizer Nano 

ZSP (Malvern). Nanoparticle micrographs were acquired using Transmission Electron Microscopy 

(TEM) on a JEOL 2100F microscope (200 kV). For cryo-TEM, particles were buffer exchanged 

into deionized water via either dialysis or TFF. The microscopes were with a magnification range 

of 10,000-60,000X. Cryo-TEM micrographs were analyzed on ImageJ to measure particles 

diameter. Particles with 1 mol% DSPE-cy5 were characterized on a Wyatt Dyna Pro Plate Reader. 
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4.2.7 Cell Culture 

OV2944-HM-1 cells (female origin) were acquired through Riken BRC and were cultured in α-

MEM (Gibco) while MC38 (female origin, a gift from the laboratory of Karl Dane Wittrup) were 

cultured in DMEM (Corning). Cell media was also supplemented with 10% FBS and 

penicillin/streptomycin with cells incubated in a 5% CO2 humidified atmosphere at 37 °C. All cell 

lines were murine pathogen tested and confirmed mycoplasma negative by Lonza MycoAlert™ 

Mycoplasma Detection Kit. Passage number was maintained below 20. 

4.2.8 In vitro cellular association 

The day before dosing, HM-1 cells were plated on a tissue-culture 96-well plate at a density of 50k 

cells per well. The next day, wells were dosed with NPs to 0.05 mg/mL and left for the target 

incubation time (4 hrs or 24 hrs). For analysis of association, the supernatant was removed from 

the well and diluted 10X with DMSO. Cells were then washed three times with PBS then dissolved 

with DMSO. Fluorescence of NPs associated with cells was then normalized to supernatant 

fluorescence. The relative fluorescence of each formulation was then compared to an unlayered 

liposome control containing the same fluorophore. For confocal imaging, 8-well chambered 

coverglass (Nunc Lab-Tek II, Thermo Scientific) were treated with rat tail collagen type I (Sigma-

Aldrich) per manufacturer’s instructions. HM-1 cells were plated onto wells at a density of 

10k/well and left to adhere overnight prior to NP treatment. After the desired incubation time with 

NPs, cells were washed 3x with PBS. After washing, cells were fixed in 4% paraformaldehyde for 

10 minutes then washed (3x with PBS) and stained with wheat germ agglutinin (WGA) conjugated 

to Alexa Fluor488 (Invitrogen) and hoechst 33342 (Thermo Scientific) following manufacturer 

instructions. Images were analyzed using ImageJ. Slides were imaged on a Olympus FV1200 Laser 

Scanning Confocal Microscope. 

4.2.9 Mice  

C57Bl/6 and B6C3F1 mice were purchased from Jackson Laboratories. Female mice were used 

between 8-12 weeks of age unless otherwise noted with weights of 20-25 g. All animal work was 

conducted under the approval of the Massachusetts Institute of Technology Division of 

Comparative Medicine (Committee on Animal Care protocol number 2303000488) in accordance 

with federal, state, and local guidelines. Subcutaneous, intravenous, and intraperitoneal injections 

were performed with volumes of 100, 100, and 200 µL, respectively. Mice were randomly divided 
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prior to treatments. Before mouse treatments or imaging, mice were anesthetized with 2-3% 

isoflurane. 

4.2.10 Subcutaneous tumor model 

C57Bl/6 mice were implanted with subcutaneous MC38 tumors by injecting 106 cells into the right 

flank. One week after tumor inoculation, mice were injected intravenously via the tail vein with 

NPs containing 1 mol% DSPE-cyanine5 (1 nmol dye injected per mouse). In vivo tumor radiant 

efficiency was measured on an In Vivo Imaging System Spectrum CT (IVIS, Perkin Elmer) and 

serum was collected via cheek bleeds. After the final timepoint (24 hrs), mice were euthanized and 

the major NP clearance organs – liver and spleen – as well as tumor were removed and had their 

radiant efficiency measured ex vivo by IVIS. Data were analyzed using Living Image software. 

Background fluorescence measurements were made for each organ based on signal from mice 

treated with PBS. Recovered fluorescence efficiency was calculated as described previously.21 

4.2.11 Intraperitoneal ovarian cancer model 

B6C3F1 mice were inoculated with firefly luciferase-expressing OV2944-HM1 (HM-1-luc) cells 

through intraperitoneal (i.p.) injection of 106 cells in PBS. Two weeks after tumor inoculation, 

mice were injected with 0.75 nmol of 1 mol% DSPE-cy5 NPs. Analysis was done similar to 

subcutaneous tumor model with the exception that peritoneal radiant efficiency was measured 

instead of tumor fluorescence. For correlation analysis, the weight-normalized bioluminescence 

flux (p/s/g) and radiant efficiency ([p/s] / [µW/cm²]/g) for each organ (excluding main tumor) were 

analyzed on Graphpad Prism 9 for their correlation via the Pearson’s coefficient. 

4.2.12 Statistical Analysis 

GraphPad PRISM 10 was used to perform statistical analyses. Comparisons between two groups 

was performed via unpaired t-tests. For multiple groups or multiple variable analysis, one-way, or 

two-way ANOVAs were used with Tukey’s posthoc correction. 

 

4.3 Results and Discussion 

4.3.1 Monovalent lipids fail to generate charged nanodiscs stable in physiological ionic 

strength solutions. 

Upon dilution of mixed micelles (lipid/detergent mixtures) to below the detergent critical micelle 

concentration (CMC), liposomes are generally formed.19 Given that liposome formation from 

mixed micelles occurs through discoidal intermediates22,23 (Figure 4.1A), we theorized that we 
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could stabilize these intermediates by increasing electrostatic repulsion between lipid assemblies, 

and thereby prevent particle disc coalescence into liposomes. To evaluate this idea, we used buffers 

with decreasing ionic strength to dilute an anionic mixed micelle mixture [6:3:1 molar ratio of 1,2-

distearoyl-sn-glycero-3-phosphocholine (DSPC), cholesterol, and 1-palmitoyl-2-oleoyl-sn-

glycero-3-phospho-(1'-rac-glycerol) (POPG) solubilized at 10 mg/mL in 10% (w/v) of the 

detergent N-decanoyl-N-methylglucamine (MEGA-10)] to various final MEGA-10 concentrations 

and allowed them to equilibrate overnight (see Figure C1 for chemical structure of each 

component). MEGA-10 was chosen due to its high critical micelle concentration (CMC) which 

facilitates detergent removal.  
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Figure 4.1. Charge-stabilized nanodiscs (CND) with monovalent lipids are unstable in 

physiological ionic strength media. (A) Schematic process for dilution of mixed micelles to 

generate discoidal lipid assemblies or liposomes. (B) Lipid/detergent micelles (10 mg/mL of 6:3:1 

molar mixture of DSPC:cholesterol:POPG in 10% MEGA-10) in 10 mM HEPES buffer with 

different concentration of NaCl were diluted to indicated final MEGA-10 concentrations and 

particle sizes (hydrodynamic Z-avg) were assessed by DLS. (C, D) CryoTEM micrographs of 

purified samples from dilution of lipid/detergent micelles using (C) 200 mM NaCl and (D) 0 mM 

NaCl. (E) Intensity-weighted diameter (Z-avg)  of PBS-diluted lipid/detergent micelles containing 

10 mg/mL of lipids in 10% MEGA-10 composed of either 5:3:2, 4:3:3, or 3:3:4 molar ratios of 

DSPC:cholesterol:POPG. (F) Representative cryoTEM micrograph of a 3:3:4 molar composition 

(DSPC:cholesterol:POPG) of mixed micelles allowed to equilibrate at 0.05% MEGA-10 overnight 

then purified via TFF to remove MEGA-10. 

 

Dynamic light scattering (DLS) analysis of samples appeared to indicate that no liposomes 

were forming at low ionic strength conditions (<25 mM NaCl), due to the lack of particle size 

change upon dilution of lipid/MEGA-10 solutions below the MEGA-10 CMC (~0.2-0.1 wt%24 , 

Figure 4.1B). By contrast, at higher ionic strengths, liposomes appeared to form which had 

increasing size as ionic strength increased, consistent with reduced electrostatic repulsion enabling 

increased particle coalescence. We next used cryogenic transmission electron micrography 

(cryoTEM) to evaluate sample morphology differences induced by changes in buffer ionic 

strength. Lipid/detergent mixtures were diluted to 0.1% MEGA-10 in low (0 mM) or high (200 

mM) NaCl for self-assembly for 18 hr, then further diluted to 0.02% MEGA-10 before purification 

to fully remove detergent via tangential flow filtration (TFF). High-pressure liquid 

chromatography (HPLC) coupled with an evaporative light scattering detector confirmed the 

removal of >99.9% of detergent from samples via this approach (Figure C2A). CryoTEM imaging 

confirmed that in high ionic strength buffers, unilamellar liposomes were formed (Figure 4.1C). 

However, particles diluted with low ionic strength buffer appeared to be primarily discoidal 

assemblies (captured either in the plane or viewed edge-on, Figure 4.1D). This high homogeneity 

was surprising as previous work has only generated heterogeneous mixtures of liposomes, 

micelles, and discs with monovalent charged headgroups even when 80% of the lipids were 

charged in the composition.25 For biomedical applications, particles require colloidal stability; 
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unfortunately, these species coalesced into liposomes when exposed to a physiological buffer – 10 

mM pH 7.4 phosphate-buffered saline (PBS) - leading us to term these as low ionic strength charge 

stabilized nanodiscs (lisCND, Figure C2B-C). 

To generate discoidal particles that would be stable in physiological buffers, we attempted 

to increase the mole fraction of anionic lipid instead of reducing the buffer ionic strength to 

potentially increase particle-particle charge repulsion in high ionic strength solutions. We 

generated MEGA-10 mixed micelles with molar lipid compositions of 5:3:2, 4:3:3, and 3:3:4 of 

DSPC:cholesterol:POPG and diluted them with PBS. The formulation with 3:3:4 yielded sub-100 

nm particles when diluted below the MEGA-10 CMC, which would be indicative of reduced 

particle coalescence and potential discoidal assemblies (Figure 4.1E). We thus purified particles 

generated at 0.05% MEGA-10 (Figure C2D), but cryoTEM revealed that the sample was 

composed entirely of very small unilamellar liposomes (Figure 4.1F), indicating that monovalent 

surface charges alone were not sufficient to stabilize a disc morphology. 

 

4.3.2 Increased lipid charge valency enables synthesis of CNDs stable in physiological 

buffers 

We theorized that charged lipids promoted the formation of nanodiscs through lipid-lipid repulsion 

at the disc edges, similar to how PEGylated lipids stabilize the edges of LNDs when a sufficient 

amount of PEGylated lipid is incorporated into the bilayer.26 In this scenario, increasing ionic 

strength would screen the stabilizing charges and destabilize the disc morphology. To overcome 

this issue, we posited that lipids containing two charges in close proximity could increase the lipid 

headgroup charge density and enable nanodiscs to remain stable in physiological ionic strength 

buffers.  

To test this idea, we replaced POPG with the di-anionic headgroup lipid 1,2-dioleoyl-sn-

glycero-3-phosphoethanolamine-N-(glutaryl) (DOPE-glutaryl, Figure 4.2A), and tested mixtures 

where the mole fraction of cholesterol was fixed and the amount of DPSC replaced by the anionic 

lipid was varied. Using the same detergent-dilution method for controlling lipid self-assembly, we 

used PBS to dilute samples to 0.1% MEGA-10, as we found that samples that had large size (>100 

nm) in these conditions were indicative of disc coalescence and liposome formation. While the 

inclusion of low amounts of DOPE-glutaryl (<2.5 mol%) yielded large particles (>100 nm), 

increasing the DOPE-glutaryl content above 5 mol% gave small particles (Z-avg < 50 nm, Figure 
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4.2B). To better characterize these assemblies, we synthesized a larger batch size of 10 mol% 

DOPE-glutaryl NPs. After overnight incubation at 0.1% MEGA-10 to allow self-assembly, the 

sample was further diluted to 0.02% MEGA-10 and purified via TFF to remove the detergent. If 

these charged lipids are assembled into nanodiscs, we would predict a higher degree of anisotropy 

in light scattering from the particles. 27 Indeed, we found that evaluating the contribution of 

polarized (vertical) versus horizontal (depolarized) scattered light to sample counts in dynamic 

light scattering, the particles formed with DOPE-glutaryl had relatively high depolarized scattering 

compared to liposomes formed with 10% POPG (Figure 4.2C). Similar to 10% POPG liposomes, 

the purified particles exhibited negative zeta potential (Figure 4.2D). Negative stain TEM imaging 

showed that DOPE-glutaryl particles indeed had a nanodisc morphology based on the presence of 

the disc-like structures in characteristic “edge-on” and “face-on” orientations (Figure 4.2E).28 

Given that these particles were stable in a physiological buffer (PBS), we termed them simply 

charge-stabilized nanodiscs (CNDs) and show their proposed structure in Figure 4.2F. 
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Figure 4.2. Charge density of anionic lipid DOPE-glutaryl enables synthesis of CNDs stable 

at physiological ionic strength buffers. (A) Chemical structure of POPG and DOPE-glutaryl. (B) 

DLS size (Z-avg, and #-avg) and polydispersity index (PDI) of particles assembled from varying 

compositions of DPSC, cholesterol, and DOPE-glutaryl diluted in PBS to 0.1% MEGA-10 

concentrations (all samples contained 30 mol% cholesterol and the mol% indicated of DOPE-

glutaryl with the remainder being DSPC). (C) DLS count rate with or without polarized light 

filters. (D) Zeta potential of CNDs composed with 10 mol% DOPE-glutaryl compared to 
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extrusion-based liposomes with 10 mol% POPG (both samples contained 30% cholesterol and 

60% DSPC). (E) Representative negative stain TEM (NS-TEM) micrograph of purified CNDs 

from (C). (F) Proposed structure of CNDs composed of DOPE-glutaryl, DSPC, and cholesterol.  

 

4.3.3 CNDs have higher tumor accumulation in vivo compared to liposomes 

Anisotropic particles such as worm-like micelles and nanodiscs have been reported to exhibit a 

higher degree of tumor accumulation than traditional liposomes8. To determine if CNDs could 

exhibit similar tumor uptake, we compared intravenous injection of anionic DOPE-glutaryl CNDs 

to anionic POPG liposomes in mice bearing subcutaneous tumors (Figure 4.3A-B). While the 

liposomes were larger than CNDs, 50-60 nm liposomes are one of the most common NPs for drug 

delivery and we could not generate smaller liposomes without substantially altering their 

composition, consistent with the poor stability of liposomes smaller than ~40 nm.29  As shown in 

Figures 3C-D, there was a significant increase in the tumor accumulation of CNDs compared to 

liposomes, even though levels of the two particle types in blood were similar over time (Figure 

4.3E). Moreover, while there was no significant difference in NP accumulation in major clearance 

organs (liver and spleen), CNDs were able to preferentially accumulate in tumors (Figure 4.3F). 

These results further validate that anisotropic structures such as CNDs can achieve better tumor 

accumulation in vivo compared to spherical state-of-the-art liposomes.6,8,30–32 
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Figure 4.3. CNDs show greater tumor accumulation than liposomes in solid tumors. (A) DLS 

Z-avg, #-avg, and PDI of purified CNDs composed with 10 mol% DOPE-glutaryl compared to 

extrusion-based liposomes with 10 mol% POPG (both samples contained 30% cholesterol and 

60% DSPC). (B) In vivo study timeline in which mice were inoculated subcutaneously with 106 

MC38 cells and then dosed intravenously on day 7 with 1 nmol of cyanine-5 labeled NPs (1 mol%). 

(C) Tumor radiant efficiency measured in vivo via IVIS. (D) Area under the curve (AUC) or data 
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from (H). (E) Serum fluorescence of CNDs and liposome dosed animals at 4 and 16 hours after 

dosing. (F) Recovered radiant efficiency from tumor, liver and spleen 24 hours after dosing mice 

with either CNDs or liposomes. Error bars represent SEM (n = 3 for C-D and n = 4 for E-F). 

Statistical comparisons in C, E and F were performed using two-way analysis of variance 

(ANOVA), with Tukey’s multiple-comparisons test and an unpaired two-tailed t-test was 

performed for D. Asterisks denote p-values: ****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05. 

 

4.3.4 Deposition of thin polyelectrolyte films via layer-by-layer (LbL) technique enables 

increased tumor cell association of LbL-CNDs compared to LbL-liposomes in vitro 

Previous work has shown that the deposition of thin polymer films onto nanoparticles via 

the layer-by-layer (LbL) technique can enable controlled drug release and tumor targeting.33–35 

The choice of polymer chemistry regulates the overall LbL-NP properties, enabling a wide range 

of particle characteristics.21 Given that the association of LbL-NPs with cells is a surface-driven 

phenomena, we theorized that the increased surface area of CNDs could generate improved LbL-

NP formulations relative to spherical liposomes. We previously showed that depositing a bilayer 

of poly-L-arginine (PLR) and poly-L-glutamate (PLE) onto NPs promotes binding of the particles 

to the surface of ovarian cancer cells without triggering endocytosis, such that PLE-coated NPs 

accumulate on the cell surface.21,36,37 Thus, we next attempted to layer CNDs with PLR and PLE 

and compared the resulting nanoparticles to layered liposomes (Figure 4.4A). Layering was 

performed by rapidly mixing particles with excess polymers and then purifying via TFF. 

As expected, addition of the polyelectrolyte layers led to characteristic changes in zeta 

potential of both CNDs and liposomes as the polymers were layered (Figure C3A). Both 

liposomes and CNDs exhibited increases in hydrodynamic size following layering, but maintained 

low PDIs (PDI < 0.2, Figure 4.4B). Following incubation of fluorescently-tagged particles with 

HM-1 ovarian cancer cells, both LbL-liposomes and LbL-CNDs yielded the expected increase in 

cancer cell association relative to bare POPG liposomes (Figure 4.4C). However, LbL-CNDs 

increased ovarian cancer cell binding by ~3-fold relative to LbL-liposomes (Figure 4.5C). 

Interestingly, while lisCNDs (nanodisc structures formed from POPG formulations in low ionic 

strength) could also be modified via the LbL technique (Figure C3B), only LbL-CNDs presented 

an improved association with ovarian cancer cells in vitro relative to LbL-liposomes (Figure 

C3C). This could be due to the instability of lisCND which were found to have lower uptake than 
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unlayered liposomes whereas CND had equal or higher uptake by ovarian cancer cells. Similar to 

the behavior we previously reported for anionic liposomes, confocal imaging revealed that “bare” 

CNDs were endocytosed by the tumor cells, while LbL-CNDs remained at the cell surface for at 

least 4 hrs (Figure 4.4D).  
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Figure 4.4. Deposition of polyelectrolyte layers composed of PLR and PLE onto CNDs 

enables improved association of CNDs with ovarian cancer cells in vitro. (A) Schematic of 

LbL technique to generate LbL-liposomes and LbL-CNDs. (B) Size and PDI of CND and 

liposomes before and after LbL modification. (C) In vitro measurement of total HM-1-associated 

NP fluorescence relative to liposomes using a plate reader after 4 or 24 hours of incubation. (D) 

Confocal images of HM-1 cells after 4 hrs of incubation with NPs. Error bars represent SEM. 

Statistical comparisons in C was performed using two-way analysis of variance (ANOVA), with 

Tukey’s multiple-comparisons. Asterisks denote p-values: ****p < 0.0001, ***p < 0.001, **p < 

0.01, *p < 0.05. 

 

4.3.5 Deposition of thin polyelectrolyte films via layer-by-layer (LbL) technique enables 

increased tumor cell association of LbL-CNDs compared to LbL-liposomes in vivo 

Based on the improved in vitro ovarian cancer binding of LbL-CNDs compared to LbL-liposomes, 

we next examined the in vivo tumor-targeting properties of LbL-CNDs in a model of metastatic 

ovarian cancer. Luciferase-expressing HM-1 cells were injected intraperitoneally (i.p.) into mice 

and allowed to establish for 14 days, followed by i.p. administration of fluorescent liposomes or 

CNDs, with or without the LbL coating (Figure 4.5A).  
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Figure 4.5. LbL-CNDs NPs efficiently target metastatic ovarian cancer in vivo. (A) In vivo 

timeline for treatment of fluorescently-labeled NPs i.p. in ovarian cancer model. Mice were 

inoculated with 106 HM-1-luc cells i.p. and dosed with NPs 14 days later. (B) Total radiant 

efficiency of NP fluorescence from peritoneum. (C) AUC of peritoneal fluorescence readings from 

B. (D) Ex vivo weight normalized NP fluorescence in liver, spleen, UGT, and omentum. (E) 

Spearman’s correlation coefficient between weight-normalized NP fluorescence and weight-

normalized BLI readings. Error bars (s.e.m.) derived from parameter estimates for each group. (F) 

Slope of linear fit between weight-normalized NP fluorescence and weight-normalized BLI 

readings. Error bars (s.e.m.) represent variation between each animal in respective treatment 

groups (n = 4 mice/group). Statistical comparisons in B and D were performed using two-way 

analysis of variance (ANOVA) one-way ANOVA was used in C and F with Tukey’s multiple-

comparisons test. Spearman’s correlation significance for E was performed based on a t-test 

analysis with the null hypothesis of no (r=0) correlation. Asterisks denote p-values: ****p < 

0.0001, ***p < 0.001, **p < 0.01, *p < 0.05. 
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Mice given LbL-CNDs had significantly higher (~2-fold) in vivo peritoneal fluorescence 4 hours 

after dosing compared to other groups indicating a better retention of NPs in the i.p. space (Figure 

4.5B-C). While accumulation in the major clearance tissues (spleen and liver) was low, ex vivo 

measurement of total NP fluorescence in the main sites of metastasis development (i.e., omentum 

and UGT 38) revealed a significantly improved accumulation of LbL-CNDs in tumor tissue with a 

10-fold or more increase relative to bare liposomes (Figure 4.5D). Further, as all peritoneal organs 

present some level of tumor burden which could be measured via bioluminescence intensity (BLI) 

readings, we analyzed the correlation between the tumor burden of an organ to its NP fluorescence 

reading. While bare liposome fluorescence did not correlate with tissue tumor burden, LbL-

liposomes showed a significant correlation, consistent with the tumor-targeting properties of LbL-

coated NPs (Figure 4.5E). Moreover, both CND and LbL-CND accumulation were correlated 

with tumor burden, albeit CND-LbL treatment yielded a more confident fit. Indeed, LbL 

modification of CNDs increased the amount of NP accumulation per BLI reading ~4-fold (Figure 

4.5F). These results indicate that combining the nanodisc morphology with an ovarian cancer-

targeting LbL coating substantially enhances the delivery of lipid nanoparticles to metastatic 

ovarian cancer. 

 

4.4 Conclusions 

Lipid nanoparticles are important delivery vehicles for current and new-generation therapeutics. 

Here we have shown that through the rational disassembly of mixed micelles, we can stabilize 

nanodisc intermediates to generate a new class of lipid nanoparticles – charge-stabilized nanodiscs 

(CNDs). We also found that assembly from detergent micelles enabled the synthesis of minute 

liposomes. While not the focus of the present paper, these minute liposomes with minimal 

polydispersity are close to the limit in size of nanoliposomal systems which have great potential 

for biomedical applications.39 Achieving such small liposome sizes (30-40 m) via conventional 

methods has been challenging.40 Even with optimized conditions, previously reported limit-size 

nanoliposomes have exhibited high polydispersity (PDI>0.1).39,40 

Importantly, CNDs demonstrated improved tumor accumulating properties compared to 

standard liposomes and could be surface modified via the LbL technique to further promote tumor 

targeting. Previous studies have shown that PEG, proteins, synthetic polymers, or mixtures of short 

and long-tailed surfactants (such as detergents and lipids) can generate disc-like structures.8,12–14 
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However, these added components can alter the particle characteristics and in the case of bicelles, 

they are limited by their sensitivity to dilution which did not occur with CNDs.13 Further, while it 

has been shown that lipids with charged dendritic headgroups (>5e) can yield disc-like micellar 

structures, they are limited to formulations in high-resistivity water, require more than 50 mol% 

of the charged lipid in the composition, and need sonication to reduce particle size.25,41 Moreover, 

the additional components previously used to assemble discs increase the risks of immunogenicity 

and allergen sensitivity. Through the readily scalable method presented here, the resulting CNDs 

were stable in a physiological buffer and required less than 10 mol% of a bivalent charged lipid. 

Taken together, we demonstrate that the novel Layer-by-Layer CND assemblies have great 

potential for use in biomedical applications. CNDs may also be valuable in structural and 

functional studies of membrane proteins given the lack of synthetic constituents. 42–44 Further, the 

techniques and discoveries presented here may facilitate the generation of new and more controlled 

lipid-based assemblies. 
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CHAPTER 5 
 

“Target-and-release” nanoparticles for effective immunotherapy of metastatic 

ovarian cancer 

 

5.1 Introduction  

Ovarian cancer (OC) treatment is particularly challenging due to late diagnosis and 

metastatic spread.1,2 A promising approach for late-stage cancer treatment is immunotherapy.3–5 

However, poor baseline lymphocyte infiltration and an immunosuppressive tumor 

microenvironment (TME) have correlated with limited benefits of immunotherapy in OC 

patients.6,7 Immunostimulatory agents such as cytokines and costimulatory antibodies may have 

the potential to overcome these limitations, but systemic administration of these therapeutics is 

severely limited by dose-limiting toxicities.8,9   

Nanoparticles (NPs) are promising vehicles to deliver immunotherapeutics.1011 In OC, NPs 

have been used to deliver various immunomodulatory agents such as nucleic acids12,13, proteins14, 

and small molecules15,16. We previously reported that NPs coated with poly-L-arginine 

(PLR)/poly-L-glutamate (PLE) bilayers via layer-by-layer (LbL) deposition showed selective 

binding to the surface of OC cells.17 In mouse OC models, administration of liposomal LbL-NPs 

carrying the potent immunostimulatory cytokine interleukin-12 (IL-12) showed reduced toxicity 

over systemic IL-12 dosing but only modest therapeutic efficacy.18,19 We hypothesized that the 

non-covalent nickel-histidine interaction used to tether IL-12 to these particles was very short-

lived in vivo,20,21 leading to premature release of the cytokine before uptake in tumors. 

Here, we demonstrate that covalent conjugation of IL-12 to the liposomal core of LbL-NPs 

greatly improves targeting and retention of IL-12 in peritoneally-disseminated OC tumors, 

enabling immunological and therapeutic effects not observed with free cytokine treatment. 

Mechanistic investigations revealed that these LbL-NPs rapidly accumulated in tumor nodules 

upon intraperitoneal (i.p.) administration, followed by shedding of the LbL coating and gradual 

release of IL-12-lipid conjugates via lipid extraction by serum proteins present in interstitial fluid. 

Both rapid LbL-mediated cancer cell targeting and slow cytokine release with sustained retention 

on cell membrane surfaces were crucial for therapeutic efficacy. These findings demonstrate the 
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potential of “target and release” NP designs to effectively concentrate cytokine in disseminated 

ovarian cancer lesions and promote robust anti-tumor immunity. 

 

5.2 Methods 

5.2.1 Materials 

1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC), 1,2-dioleoyl-sn-glycero-3-[(N-(5-

amino-1-carboxypentyl)iminodiacetic acid)succinyl] (nickel salt) (18:1 (Ni)NTA-DGS), 1,2-

dioleoyl-sn-glycero-3-phosphoethanolamine-N-[4-(p-maleimidophenyl)butyramide] (sodium 

salt) (18:1 MPB-PE), 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1’-rac-glycerol) (sodium salt) 

(POPG), 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-dibenzocyclooctyl (DOPE-DBCO), 

1,2-distearoyl-sn-glycero-3-phospho-(1'-rac-glycerol) (sodium salt) (DSPG), 1,2-dipalmitoyl-sn-

glycero-3-phosphoethanolamine-N-[4-(p-maleimidophenyl)butyramide] (sodium salt) (16:0 

MPB-PE), 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-dibenzocyclooctyl (16:0 

DBCO PE), and cholesterol were purchased from Avanti Polar Lipids. Poly-L-arginine (PLR) with 

a molecular weight (MW) of 9.6 kDa and poly-L-glutamic acid (PLE) with a MW of 15 kDa were 

purchased from Alamanda Polymers. BDP TMR azide (Lumiprobe) and BDP 630/650 azide 

(Lumiprobe) were conjugated to DOPE-DBCO or 18:0 DBCO-PE in chloroform to generate 

fluorescently labeled lipids. Successful conjugation was validated via thin-layer chromatography 

which indicated <1% free dye. For immunophenotyping (all mouse targets), antibodies for CD3e 

(clone 145-2C11, FITC), CD49b (clone DX5, PE), CD45 (close 30-F11, PE-Cy5.5), F4/80 (clone 

T45-2342, PE), CD80 (clone 16-10A1, FITC), CD11b (clone M1/70, FITC), and Ly6C (clone AL-

21, PE) were purchased from BD Biosciences. Antibodies for CD4 (clone GK1.5, APC-Cy7), 

CD8a (clone 53-6.7, PE), CD206 (clone C068C2, PE-Cy5), and Ly6G (clone 1A8, APC) were 

purchased from BioLegend. Deionized water was of ultrapure grade obtained through a Milli-Q 

water system (EMD Millipore). 

5.2.2 Recombinant single-chain IL-12 production 

Single-chain IL-12 sequence22 was synthesized as a genomic block (Integrated DNA 

Technologies) and cloned into gWIZ expression vector (Genlantis). Plasmids were transiently 

transfected into Expi293 cells (ThermoFisher Scientific). After 5 days, cell culture supernatants 

were collected and protein was purified in an ÄKTA pure chromatography system using HiTrap 

HP Niquel sepharose affinity column, followed by size exclusion using Superdex 200 Increase 
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10/300 GL column (GE Healthcare Life Sciences). Endotoxin levels in purified protein was 

measured using Endosafe Nexgen-PTS system (Charles River) and assured to be <5 EU/mg 

protein. 

5.2.3 Liposome synthesis 

A lipid solution was prepared by mixing (all mole %)  65% DSPC (25 mg/mL), 24% 

cholesterol (25 mg/mL), 6% POPG (25 mg/mL) and 5% of either 18:1 (Ni)NTA-DGS (5 mg/mL) 

or 18:1 MPB-PE (5 mg/L) then formed into a thin film using a rotary evaporator (Buchi). Lipid 

films were allowed to further dry overnight in a desiccator, then were hydrated at 0.5-1 mg/mL 

using deionized water and sonicated for 3-5 minutes at 65 °C then extruded (Avestin Liposofast 

LF-50) once at 65 °C through a 100 nm membrane (Cytiva Nuclepore) then 3X through 50 nm 

membranes (Cytiva Nuclepore) . Extruded liposomes were added to an ice bath. SAT NPs were 

generated with the same procedure as Mal NPs, but its composition (all mole %) was 65% DSPC 

(25 mg/mL), 24% Cholesterol (25 mg/mL), 6% DSPG (25 mg/mL) and 5% of 16:0 MPB-PE (5 

mg/mL). Lipid were stored at -20 °C in amber vials in chloroform except DSPG which was stored 

in a 1:1 (v/v) mixture of chloroform and methanol instead of pure chloroform. 

For coupling of scIL-12 via Ni-histag interactions, scIL-12 was added to 0.5 mg/mL  

Ni(NTA)-DGS liposomes at a molar ratio of 28:1 of Ni(NTA)-DGS lipids to IL-12. After 

incubation with IL-12 at 4 °C for 18 hr, Ni-UL liposomes were purified via tangential flow 

filtration on a 100 kDa mPES membranes (Repligen) against 6 diafiltration volumes of deionized 

water.  

For covalent linkage of scIL-12 to Mal-liposomes, the solution pH of MPB-PE liposomes 

was adjusted to pH 5 with hydrochloric acid prior to lipid film hydration, and following membrane 

extrusion, liposomes at 0.33 mg/mL were adjusted to pH 7.0 with 10 mM HEPES prior followed 

by addition of scIL-12 containing a terminal cysteine residue at a molar ratio of 25:1 of MPB-PE 

lipid to protein for at least 12 hours at 4 °C in a rotating mixed. Any remaining maleimides were 

quenched with a 100-fold molar excess of L-cysteine (Sigma) for 1.5 hrs on ice.  

For fluorescence labeling of liposomes, 0.2 mol% of DSPC content was replaced by either 

DOPE-TMR or DOPE-630/650. IL-12 concentrations were measured via enzyme-linked 

immunoassay (ELISA) (Peprotech) and lipid content was quantified via the Stewart Assay.23 
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5.2.4 Layer-by-Layer (LbL) film deposition onto NPs 

Assembly of polyelectrolyte layers was performed by adding unlayered particles to a 

diH2O solution with 0.3-0.4 weight equivalents (wt.eq.) of PLR relative to lipid in a glass vial 

under sonication and incubating on ice for at least 30 min. Excess PLR polymer was purified by 

TFF through a 100 kDa mPES membrane (Repligen) pre-treated with a 10 mg/mL solution of free 

PLR. For the terminal PLE layer, purified particles coated with PLR were added to a diH2O 

solution with PLE in a glass vial under sonication at 1 wt.eq. of polymer to lipid. LbL particles 

were then purified by TFF on a separate 100 kDa mPES membrane (Repligen) to remove any 

excess PLE. 

5.2.5 Characterization of particle preparations 

Dynamic light scattering (DLS) and zeta potential measurements were made on a Zetasizer 

Nano ZSP (Malvern). Nanoparticle micrographs were acquired using Transmission Electron 

Microscopy (TEM) on a JEOL 2100F microscope (200 kV) with a magnification range of 10,000-

60,000X. All images were recorded on a Gatan 2kx2k UltraScan CCD camera. Negative-stain 

sample preparation was performed by adding 10 µL of NPs on a 200 meshes copper grid coated 

with a continuous carbon film and allowing for sample adsorption for 60 seconds. Excess solution 

was then removed by touching the grid with a kimwipe. The grid was then quickly washed by 

adding 10 µL of negative staining solution, phosphotungstic acid (PTA), 1% aqueous solution then 

removing excess by touching the grid with a kimwipe. Then, the grid was mounted on a JEOL 

single tilt holder equipped in the TEM column for image capture. 

5.2.6 Fluorescent labeling of polymers 

PLR was solubilized at 100 mg/mL in diH2O then mixed with 2 molar equivalents of BDP-

TR-NHS-ester (Lumiprobe) in DMSO to generate a 15 mg/mL PLR solution. The reaction was 

catalyzed with ten molar equivalent of triethylamine (TEA) and allowed to react for 4 hrs at room 

temperature then overnight at 4 °C. PLR-TR was purified via Reverse-Phase High Pressure Liquid 

Chromatography (RP-HPLC) on a Jupiter C4 column (5 µm particles, 300 Å – Phenomenex) using 

a water:acetonitrile gradient which started at 20% actetonitrile for 5 minutes, then increased to 

35% in a linear gradient until 10 minutes. Isocratic elution at 35% was performed for 30 minutes 

then the elution buffer was increased to 95% to clean out the column for 10 minutes then dropped 

back to 20% acetonitrile to re-equilibrate the column for 5 minutes. Collected purified PLR-TR 

fractions were then diluted 10-fold with diH2O then lyophilized. PLE at 10 mg/mL was labeled by 
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reacting with 5 molar equivalents of sulfo-cyanine3 NHS ester (Lumibrobe) in PBS adjusted to 

pH ~8.5 with 0.1 M sodium bicarbonate. Excess dye was removed via extensive 0.9wt% 

NaCldialysis followed by extensive diH2O dialysis using a 3 kDa regenerated cellulose membrane 

(Repligen) and the purified PLE-cy3 was lyophilized until use. 

5.2.7 Analysis of LbL film stability 

For PLR stability, PLR/PLE films were assembled onto Mal-UL NPs as described in 

Layer-by-Layer (LbL) film deposition onto NPs, but the PLR solution was doped with 30% PLR-

TR. For PLE stability, the PLE solution was doped with 50% PLE-cy3. Particles were incubated 

in various buffer solutions at 0.1 mg/mL in a shaker at 37 °C. At defined intervals, aliquots were 

extracted from the incubation solution and free polymers were separated from the NP. For PLE 

separation, samples were spun on a 300 kDa centrifugal filter (VivaSpin500, Sartorius) at 10xg for 

15 min and the permeate fluorescence was compared to the fluorescence of the initial sample. For 

PLR separation, the NPs in the sample were pelleted by centrifuging at 25000xg for 30 min and 

the supernatant PLR fluorescence was compared to the initial sample PLR fluorescence. Particles 

were validated to lack free polymers by centrifuging in diH2O. Fluorescence was measured on 96 

well plates using a plate reader (Tecan Infinite 200). 

5.2.8 IL-12 accessibility via monoclonal antibody binding 

IL-12 accessibility to monoclonal antibody binding was determined by using the antibodies 

in an IL-12 sandwich ELISA kit (Peprotech). After coating a 96 well plate with anti-IL-12 

antibodies and blocking the plate with bovine serum albumin according to the manufacturer 

protocol, Mal-UL or Mal-LbL NPs were captured onto the plate by incubating the samples for two 

hours in either diH2O or HEPES buffered saline solution supplemented with 10% FBS. After 

sample incubation with capture antibodies, plates were washed and total captured IL-12 was 

determined following the manufacturer’s protocol. 

5.2.9 Cell Culture 

OV2944-HM-1 cells were acquired through Riken BRC and were cultured in α-MEM. 

HEK-Blue IL-12 (InvivoGen) cells were cultured and used for IL-12 bioactivity assessment 

according to the manufacturer’s instructions. Cell media was also supplemented with 10% FBS 

and penicillin/streptomycin with cells incubated in a 5% carbon dioxide humidified atmosphere at 

37 °C. All cell lines were murine pathogen tested and confirmed mycoplasma negative by Lonza 

MycoAlert™ Mycoplasma Detection Kit. 
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5.2.10 In vitro cellular association 

HM-1 cells were plated on a tissue-culture 96-well plate at a density of 50K cells per well. 

The next day, wells were dosed with NPs and left for the target incubation time (4 hrs or 24 hrs). 

For analysis via flow cytometry, NPs were dosed at 0.02 mg/mL and allowed to incubate with cells 

for 4 hours at 37°C. Cells were washed with PBS then detached from the plates using 0.25% trypsin 

and stained with DAPI (15 min incubation) for viability assessment and fixed with 2% 

paraformaldehyde (30 min incubation) until analysis by flow cytometry using an LSR Fortessa 

(BD Biosciences). For assessment of NP-associated fluorescence in a fluorescence plate reader, a 

dose of 0.05 mg/mL was used and before cell washing with PBS, the supernatant was removed 

from the well and diluted 10X with DMSO. Cells were then washed three times with PBS and 

disrupted with DMSO. Fluorescence of NPs associated with cells was then normalized to 

supernatant fluorescence. The relative fluorescence of each formulation was then compared to an 

unlayered liposome control containing the same fluorophore. For confocal imaging, 8-well 

chambered coverglasses (Nunc Lab-Tek II, Thermo Scientific) were coated with rat tail collagen 

type I (Sigma-Aldrich) per the manufacturer’s instructions. HM-1 cells were plated into the wells 

at a density of 10K/well and left to adhere overnight prior to NP treatment. After the desired 

incubation time with NPs, cells were washed 3x with PBS. After washing, cells were fixed in 4% 

paraformaldehyde for 10 minutes then washed (3x with PBS) and stained with wheat germ 

agglutinin (WGA) conjugated to Alexa Fluor488 (Invitrogen) and Hoechst 33342 (Thermo 

Scientific) following manufacturer’s instructions. Images were analyzed using ImageJ. Slides were 

imaged on an Olympus FV1200 Laser Scanning Confocal Microscope.  

5.2.11 Fluorescent labeling of IL-12 

IL-12 was labeled with indocyanine green (ICG) tetrafluorophenyl (TFP) ester (AAT 

Bioquest) by solubilizing the dye in dimethyl sulfoxide at 1 mg/mL and adding it to IL-12 at 3 

mg/mL in phosphate buffered saline (PBS) supplemented with 0.1 M sodium bicarbonate at a 1.2:1 

molar ratio of dye to protein. Excess dye was removed via 7 kDa desalting columns (Zeba Spin, 

ThermoFisher) and validated via thin-layer chromatography. 

 

5.2.12 IL-12 release assay 

IL-12 release from liposomes was quantified using the same procedure as quantification of 

PLE stability. 
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5.2.13 Serum-induced lipid exchange 

Lipid release from NPs was assessed by generating liposomes with a high density (1 mol%) 

of DOPE-630-650 (for Mal-LbL) or DPPE-630/650 (for SAT-LbL) to induce fluorescence 

quenching. Particles were then mixed with 100% FBS solution supplemented with 

penicillin/streptomycin and incubated in 96 well plates in a shaker at 37 °C. At certain intervals, 

dye fluorescence was measured (ex: 610 nm/ em: 650 nm) on a plate reader (Tecan Infinite200) 

and compared to total dye fluorescence which was obtained by dissolving the NPs in DMSO. 

5.2.14 Animals 

All animal work was conducted under the approval of the Massachusetts Institute of 

Technology Division of Comparative Medicine IACUC in accordance with federal, state, and local 

guidelines. B6C3F1 mice were purchased from Jackson Laboratories. Female mice were used 

between 8-12 weeks of age unless otherwise noted.  

5.2.15 Kinetics of NP association with high tumor burden tissues in metastatic ovarian 

cancer model 

B6C3F1 mice were inoculated with firefly luciferase-expressing OV2944-HM1 (HM-1-

luc) cells through intraperitoneal (i.p.) injection of 106 cells in PBS. For kinetics of LbL-NP 

association, two weeks after tumor inoculation, mice were injected with NPs containing 

fluorescently labeled lipid (DOPE-630/650, 0.2 mol%) and euthanized 1, 2, 4, 12 and 24 hrs after 

dosing. UGT and omentum tissues were extracted and placed in PBS under ice. Tissues were then 

transferred to an In Vivo Imaging System (IVIS, Perkin Elmer) to quantify ex-vivo tissue NP 

fluorescence. Data were analyzed using Living Image software. Background fluorescence 

measurements were made for each organ based on signal from mice treated with dextrose and 

measurements were normalized to tissue weight. 

5.2.16 Pharmacokinetic and biodistribution in metastatic ovarian cancer model 

B6C3F1 mice were inoculated with firefly luciferase-expressing OV2944-HM1 (HM-1-

luc) cells through intraperitoneal (i.p.) injection of 106 cells in PBS. Two weeks after tumor 

inoculation, mice were injected with NPs containing fluorescently labeled lipid (DOPE-630/650, 

0.2 mol%) and IL-12-ICG. The same IL-12-ICG was used for all groups to avoid labeling 

efficiency differences and groups were dosed intraperitoneally with 20 µg of IL-12. In vivo tumor 

radiant efficiency was measured on an IVIS by imaging the mice i.p. region. After the final 

timepoint (4 hrs or 24 hrs), mice were euthanized, organs were removed and placed in PBS under 
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ice. Organs were then transferred to a 1 mg/mL D-luciferin solution in PBS and incubated for 5 

minutes then placed in an IVIS to determine each organ’s BLI, NP fluorescence and IL-12 

fluorescence. Data were analyzed using Living Image software. Background fluorescence 

measurements were made for each organ based on signal from mice treated with dextrose. For 

correlation analysis, the weight-normalized bioluminescence flux (p/s/g) and radiant efficiency 

([p/s] / [µW/cm²]/g) for each organ were analyzed on Graphpad Prism 9 for their correlation via 

the Pearson’s correlation coefficient.  

5.2.17 IVIS image pixel correlation analysis 

IVIS images were extracted from the Living Image software using the same range of BLI 

and IL-12 fluorescence values. Pixel intensity values for all tissues of each mouse were extracted 

using ImageJ and then analyzed for Spearman’s correlation between BLI and IL-12 using 

GraphPad Prism 9. 

5.2.18 Cryogenic freezing of omentum tumors 

Omentum tissue from the biodistribution study was added to optimal cutting temperature 

(OCT) compound and rapidly frozen in cryomolds using isopentane with dry ice. Samples were 

sectioned in 10 µm slices on a microtome-cryostat onto Tissue Path Superfrost Plus Gold Slides 

(Fisherbrand) and stored in -80 °C. For staining, slides were rapidly fixed with ice-cold 4% 

methanol-free formaldehyde for 10 minutes then washed with PBS and blocked with 10% goat 

serum for 1 hr. The samples were then incubated with PE anti-IL-12/IL-23 p40 antibody 

(Biolegend) overnight at 4 °C in 1% bovine serum albumin (BSA) PBS buffer. After overnight 

incubation, Hoechst 33342 (ThermoFisher) and WGA-alexafluor488 (ThermoFisher) were added 

and allowed to incubate for 30 minutes at room temperature. Samples were then washed with PBS 

then were mounted with a coverslip using ProLong Gold (ThermoFisher) and stored at 4 °C after 

drying. Slides were imaged on an Olympus FV1200 Laser Scanning Confocal Microscope. 

5.2.19 Immunophenotyping via flow cytometry and blood panel analysis 

B6C3F1 mice were inoculated intraperitoneally with 106 cells of HM-1 in PBS. Ten days 

after tumor inoculation, mice were treated with either dextrose (vehicle control) or 20 µg of IL-12 

in free, Mal-UL, or Mal-LbL formats. Two days after dosing, mice were bled retro-orbitally and 

then euthanized to extract ascites cells via peritoneal lavage with PBS. Peritoneal tumor nodules 

and spleen were also collected. Part of the blood samples were submitted to The Division of 

Comparative Medicine at MIT to perform a complete blood count and analysis of liver function 
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and the remainder was processed with ACK lysing buffer (Gibco) to isolate PBMCs. Spleens were 

processed on a 70 µm cell strainer with a syringe plunger then exposed to ACK lysing buffer to 

lyse red blood cells (RBCs). Tumor nodules from each mouse were diced with scissors then 

incubated for one hour at 37 °C in 2 mL of 1 mg/mL collagenase type IV (Sigma) in RPMI media. 

After collagenase incubation, tumors were processed on a 70 µm cell strainer then collected with 

an insulin syringe into falcon tubes to pellet tumor cells and wash out collagenase solution. For 

cell staining with antibodies, samples were placed in 96 well plates, then centrifuged and 

resuspended in Fc block solution (BD Biosciences) for 5 minutes. Freshly prepared antibody 

panels were then mixed with the samples and allowed to react for 20 minutes. Finally, DAPI (BD 

Biosciences) was added to each well (at 2 µg/mL) and allowed to react for 5 minutes. Stained cells 

were washed twice with flow cytometry buffer (PBS with 0.5% BSA and 2 mM EDTA), then 

resuspended in 2% PFA in PBS for 30 minutes, washed and stored at 4 °C for analysis the next 

day on a on a flow cytometry instrument (LSR Fortessa, BD Biosciences). Flow cytometry buffer 

was used to prepare Fc block and antibody solutions. The gating strategy for flow cytometry 

analysis with each antibody used is shown in Figure D10. 

5.2.20 Efficacy studies with metastatic ovarian cancer model 

 B6C3F1 mice were inoculated intraperitoneally with 106 cells of HM-1-luc in PBS. One week 

after inoculation, treatment was initiated as indicated on each figure. All treatments included the 

same IL-12 dose. For combination with immune checkpoint inhibitors, mice received 250 µg of 

anti-PD1 antibody (clone 29F.1A12, BioXCell) and 100 µg of anti-CLTA4 antibody (clone 9D9, 

BioXCell) i.p. one day after treatment with IL-12 constructs. Animal weights were tracked daily 

after treatments for signs of toxicity. Bioluminescence was measured on a IVIS 10 minutes after 

i.p. injection of 3 µg of D-luciferin sodium salt (GoldBio) for 30 days after tumor inoculation or 

as needed to track tumor burden. 

5.2.21 IFN-γ ELISPOT 

 Blood was collected from mice via sub-mandibular bleeding and lysed in ACK Lysis Buffer then 

placed in RPMI supplemented with 10% FBS, 1% penicillin–streptomycin, 1× non-essential 

amino acids (Invitrogen), 1× sodium pyruvate (Invitrogen) and 1× 2-mercaptoethanol (Invitrogen).  

On the same day, HM-1-luc cells (treated with 500 U ml−1 IFN-γ overnight) were subjected to 

120 Gy radiation and trypsinized into a single-cell suspension in the same supplemented RPMI. 

Then, 25,000 irradiated HM-1-luc cells were mixed with 3 × 105 PBMCs per sample and seeded 
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in a 96-well ELISPOT plate (BD Biosciences) that was pre-coated with IFN-γ capture antibody 

(BD Biosciences). Plates were cultured for 24 h in a 37 °C incubator, then developed according to 

the manufacturer’s protocol. Plates were scanned using a CTL-ImmunoSpot Plate Reader, and data 

were analysed using CTL ImmunoSpot Software. 

5.2.22 Statistical Analysis 

GraphPad PRISM 9 was used to perform statistical analyses. Comparisons between two groups 

was performed via unpaired t-tests. For multiple groups or multiple variable analysis, one-way, or 

two-way ANOVAs were used with Tukey’s posthoc correction for time-based analysis or Sidak 

posthoc for other ANOVA analysis. 

 

5.3 Results 

5.3.1 Dynamics of IL-12-conjugated LbL-NPs on contact with physiologic fluids  

The overall design of the LbL-NP system is shown in Figure 5.1a. An immunostimulatory 

payload (here, a single-chain version of the potent cytokine IL-12) is linked to the surface of a 

liposomal core particle, followed by sequential LbL deposition of a layer of positively charged 

poly-L-arginine (PLR) and then a layer of negatively-charged poly-L-glutamate (PLE). To 

understand how the stability of the IL-12/NP association impacts the efficacy of this system, we 

compared the previously employed non-covalent nickel:polyhistidine (Ni) interaction18 to a new 

formulation with a N-aryl maleimide (Mal)-cysteine linkage of IL-12 to the particles which forms 

a stable covalent bond24 (Supplementary Table 1, Figure D1a-c). IL-12-conjugated NPs were 

synthesized with both linker chemistries (Ni or Mal) in either unlayered (UL) or PLR/PLE-layered 

(LbL) formats. Ni and Mal NPs had similar sizes (Figure D2a), zeta potentials (Figure D2b), 

yields (>70%), and loadings of IL-12 (~10-13 wt%, corresponding to ~50 IL-12 

molecules/particle18 , Figure D2c-e). 
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Figure 5.1. LbL NPs undergo dynamic reorganization on contact with physiologic fluids. a, 

Schematic for assembly of LbL- NPs with either Mal or Ni linker chemistries for conjugation of 

IL-12 onto NPs. b, Quantification of total PLE and PLR retained with LbL-NPs upon incubation 

in cell-free ascites fluid at 37 °C (* indicates fluorophore tagged polymer) (mean ± s.e.m.). c, 

Quantification of total IL-12 available for monoclonal antibody binding from Mal NPs either in 

diH2O or 10% FBS media (mean ± s.e.m.). d, Quantification of total IL-12 released from LbL-

NPs upon incubation in cell-free ascites fluid at 37 °C (mean ± s.e.m.). e, Representative flow 

cytometry fluorescence histogram of HM-1 cells incubated with unlayered (UL) or PLE-coated 

LbL-NPs for 4 hours in vitro. f, Quantification of median fluorescence intensity (MFI) of treated 

HM-1 cells from e (mean ± s.d.). g-h, Representative confocal images of HM-1 cells incubated 

with UL (g) or LbL NPs (h) for 4 hours – UL images adjusted relative to LbL to visualize 

internalized NPs (blue,  Hoechst 33342  nuclear stain; green , wheat germ agglutinin (WGA) cell 

surface stain; cyan, nanoparticles). Data are representative of at least two independent experiments. 

Statistical comparisons in c and f were performed using two and one-way analysis of variance 

(ANOVA), respectively, with Tukey’s multiple-comparisons test. 

 

LbL-NPs of this type are stored in deionized water (diH2O) to maintain colloidal stability 

and are diluted in 5% dextrose for isosmotic in vivo administration.17,19,25 However, we expect 

rearrangements in the LbL film to occur in vivo due to the high ionic strength of the intraperitoneal 

fluid. To simulate the exposure of NPs to the tumor-bearing peritoneal space, we incubated LbL-

NPs in cell-free ascites fluid collected from mice bearing tumors formed from the highly metastatic 

OC cell line OV2944-HM1 (HM-1).26 Using fluorescently-labeled polymers to assess the release 

of the LbL components, we found both PLR and PLE exhibited a burst release in the presence of 

ascites fluid from the particles of ~40% and ~60%, respectively; following this initial 

rearrangement the remaining LbL film was stable for at least 24 hr (Figure 5.1b). Similar PLE 

release profiles were observed when particles were incubated in HEPES-buffered saline solution 

with or without serum supplementation (Figure D3a), suggesting that this partial polymer 

shedding was driven by the change in ionic strength from assembly and storage in diH2O.  

Given this reorganization of the LbL film on contact with physiological fluids, we next 

evaluated the accessibility of particle-bound IL-12 by capturing Mal NPs on microtiter plates and 

testing binding of an IL-12-specific monoclonal antibody via an enzyme-linked immunosorbent 
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assay (ELISA, Figure D3b).  LbL coating of IL-12-conjugated liposomes reduced the accessibility 

of IL-12 conjugated to the as-synthesized particles in diH2O by ~90%, but on exposure to serum-

containing buffer, the majority of particle-bound cytokine was accessible to the anti-IL-12 

antibody (Figure 5.1c). Further, addition of either UL or LbL NPs to IL-12 reporter cells in the 

presence of serum elicited roughly equivalent IL-12 signaling (Figure D3c-d). Exposure of NP-

bound IL-12 enables IL-12 signaling and also opens the potential for release of the IL-12 from the 

particle core over time, either due to disruption of the Ni/his-tag interaction (for Ni particles) or 

via protein-mediated extraction of lipid-anchored IL-12 from the core liposomal bilayer (for Mal 

particles). We incubated LbL-NPs carrying fluorescently tagged IL-12 with ascites fluid collected 

from HM-1 tumor-bearing mice, and IL-12 release from the particles was measured over time. 

While Ni-LbL particles released more than 50% of their IL-12 payload in 2 hr, cytokine release 

from Mal-LbL particles was much slower, with ~70% of the payload still bound to the particles at 

48 hr (Figure 5.1d). Finally, we assessed whether the LbL-NPs retained effective cancer cell 

targeting on exposure to physiologic conditions. When incubated with HM-1 cells in the presence 

of complete cell culture media, LbL-coated NPs showed a >10-fold increased association with the 

cancer cells relative to uncoated particles (Figure 5.1e-f). We previously showed that LbL-NPs 

selectively bind to OC cells over healthy cells.17,27,28 Confocal imaging confirmed that Mal-LbL 

NPs were primarily located on the cell membrane 4 hours after NP dosing, while Mal-UL NPs 

were internalized in the same time frame, consistent with our prior studies of NPs carrying Ni-

anchored IL-12 and suggesting that despite the initial partial shedding of polymer from the layered 

particles, the remaining LbL film still effectively mediated cancer cell surface targeting (Figure 

5.1g-h). 

Altogether, these analyses predict a dynamic process of rapid LbL coating reorganization 

on injection in vivo, enabling IL-12 exposure that could promote immune engagement while 

retaining effective OC cell surface targeting. Linkage of the cytokine to particles via Ni:histag 

interactions will simultaneously lead to rapid release of IL-12 from the particle carrier, while 

covalently anchored IL-12 is predicted to exhibit a much slower release of lipid-bound IL-12. 
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5.3.2 LbL-NPs rapidly associate with tumor tissue in vivo and covalent IL-12 conjugation 

enables prolonged cytokine retention in tumors  

We next characterized the in vivo pharmacokinetics of IL-12 delivery via LbL-NPs in a 

model of disseminated OC.26 In this model, 7 days after i.p. inoculation of luciferase-expressing 

HM-1 cells (HM-1-luc), tumor nodules are detected across the intestines, omentum, and urogenital 

tract (UGT), with a preference for the omentum and UGT as is clinically observed with metastatic 

OC (Figure D4a-b).29 Employing fluorescently tagged IL-12 and fluorescently labeled lipids in 

the NP formulations, we tracked the kinetics of NP and IL-12 clearance from the i.p. space using 

whole-animal fluorescence imaging. UL-NPs exhibited an exponential decay in NP signal over 

time, but LbL-NPs, by contrast, showed a partial clearance over 24 hr, followed by prolonged 

retention of ~10% of particles from 24 hrs to 4 days (Figure 5.2a). The kinetics of IL-12 clearance 

were affected both by the presence of the LbL coating and chemistry of NP linkage: IL-12 loaded 

on Ni-UL NPs cleared with kinetics identical to free IL-12 injected i.p., suggesting rapid release 

of the cytokine from the Ni-UL carrier (Fig 2b). LbL coating of Ni NPs prolonged IL-12 

persistence, but interestingly Mal-UL NPs provided a similar IL-12 retention in the i.p. space 

(Figure 5.2b-c). Mal-LbL NPs exhibited the slowest IL-12 clearance, with ~50% of the cytokine 

signal still present at 4 days post injection (Figure 5.2c). Notably, IL-12 administered as Mal-LbL 

NPs had slower clearance than its lipid carrier, suggesting dissociation of the cytokine payload 

from the carrier particles over time, consistent with our in vitro analyses of NP stability. 

To define the kinetics of NP accumulation at the major sites of tumor dissemination, 

fluorescently labeled UL or LbL-NPs devoid of IL-12 were injected i.p. in mice bearing HM-1-

luc tumors, and tumor-bearing tissues were extracted at various time points post-administration 

for ex vivo NP signal measurement. LbL-NPs showed rapid association with high tumor-burdened 

tissues (Figure 5.2d-e) with peak NP fluorescence signal within ~1 or 2 hours after injection for 

the UGT and omentum, respectively, at 2-5-fold higher levels than UL NPs. Evaluating Ni or Mal 

NPs distribution at 4 hrs post-injection showed low uptake in other organs (Figure 5.2f) with only 

LbL-NPs exhibiting significant correlation between tumor bioluminescence intensity (BLI) and 

NP fluorescence (Figure 5.2g-h), consistent with LbL-NP targeting of disseminated tumors. 
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Figure 5.2. LbL coating enables targeting of tumor tissue in vivo and enhanced i.p. retention 

of NPs and IL-12.  a-c, B6C3F1 mice (n=8/group for 0-24 hrs and n=3/group for 24-96 hrs) 

inoculated with 106 HM-1-luc tumor cells on day 0 were administered fluorescently-tagged NPs 

carrying 20 µg IL-12 (or an equivalent dose of free IL-12) on day 14. Shown are whole-animal 

imaging NP fluorescence (a) and IL-12 fluorescence (b, c) from the i.p. space collected over time 

post dosing (mean ± s.e.m.). d-e, B6C3F1 mice (n=4/group) inoculated with 106 HM-1-luc tumor 

cells on day 0 were administered 100 µg fluorescently-tagged LbL-NPs or UL-NPs (devoid of IL-

12) on day 14. UGT and omentum tissue were harvested at 1, 2, 4, 12 and 24 hrs after dosing and 
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imaged ex-vivo via IVIS. Shown are weight-normalized tissue NP fluorescence in d UGT and e 

omentum (mean ± s.e.m.). f-h, B6C3F1 mice (n=4/group) were treated as a-c. Four hours after 

dosing, animals were sacrificed, and tissues were analyzed ex-vivo via IVIS. Shown are weight-

normalized tissue NP fluorescence (mean ± s.e.m., f), Pearson's correlation coefficient for groups 

with significant (p<0.05) correlation between weight-normalized tissue NP fluorescence and BLI 

4 hours after dosing (g), and representative omentum and UGT tissue IVIS BLI and NP 

fluorescence images for LbL NPs and UL NPs (h). Correlation significance performed based on a 

t-test analysis with the null hypothesis of no (r=0) correlation. Group statistical comparisons in f 

were performed using a two-way ANOVA with Tukey’s multiple-comparisons test.  

 

We next examined the distribution of IL-12 in OC-bearing tissues and its spatial 

relationship with the NP carrier. Near the timepoint of peak NP accumulation in the UGT and 

omentum tissues (4 hrs), only Mal-LbL NPs exhibited a significant correlation between NP and 

IL-12 tissue fluorescence (Figure 5.3a), indicating that neither the LbL film of Ni-LbL or the 

covalent conjugation of Mal-UL alone enabled retention of the cytokine on the particle carrier over 

this time course in vivo. At 24 hr post-dosing, animals receiving Mal-LbL NPs showed increased 

cytokine retention in the high tumor burdened UGT and omentum, 5- and 10-fold increased over 

free cytokine, respectively (Figure 5.3b). Importantly, the fluorescence signal of IL-12 delivered 

via Mal-LbL NPs showed a significant correlation with tumor BLI, indicating the ability of the 

LbL-NPs to target disseminated OC and increase IL-12 retention in tumor tissue relative to UL or 

Ni NPs (Figure 5.3c). We also assessed ex-vivo IVIS images for a pixel-by-pixel correlation 

between tumor BLI and IL-12 fluorescence. While most IL-12 treatments had a negative 

correlation, Mal-LbL NP delivery of the cytokine showed a positive correlation between tumor 

BLI and IL-12 fluorescence, suggesting improved IL-12 tumor targeting and retention with this 

construct (Figure 5.3d-e). 

Histological analysis of omental tumor nodules 24 hours after dosing revealed that the Mal-

LbL NPs could efficiently penetrate tumor tissue and disseminate IL-12 (Figure 5.3f). Consistent 

with the expected lipid-IL-12-conjugate release from Mal-LbL, while NP and IL-12 signals were 

mostly correlated across the tissue, we could observe regions with only IL-12 or only NP signal. 

Furthermore, at high magnification we could observe that the Mal-LbL NPs appeared to diffusely 

stain the membrane of cells in the tumor with patches of high IL-12 or high NP signal (Figure 



209 
 

5.3g). These segregating signals suggest the release of IL-12 from the NP cores over time, on a 

timescale substantially slower than the time required for the NPs to effectively localize to tumor 

nodules. 
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Figure 5.3. Mal-LbL NPs efficiently target and deliver IL-12 to ovarian cancer tumor 

nodules. A-e, B6C3F1 mice (n=4-5/group) inoculated with 106 HM-1-luc tumor cells on day 0 

were administered fluorescently-tagged NPs carrying 20 µg IL-12 on day 14. Four hours or one 

day after dosing, animals were sacrificed, and tissues were analyzed ex-vivo via IVIS. Shown are 

Pearson’s correlation coefficient for groups with significant (p<0.05) correlation between weight-

normalized tissue NP fluorescence and IL-12 fluorescence 4 hours after dosing (a), weight-

normalized tissue IL-12 fluorescence one day after dosing in UGT and omentum (mean ± s.e.m., 

b), Pearson’s correlation coefficient for groups with significant (p<0.05) correlation between 

weight-normalized tissue IL-12 fluorescence and BLI one day after dosing (c), representative 

omentum and UGT tissue IVIS BLI and IL-12 fluorescence images for Mal-UL and Mal-LbL (d), 

and pixel-by-pixel Spearman’s correlation coefficient between IL-12 fluorescence and BLI one 

day after dosing from IVIS images. E-f, B6C3F1 mice were treated as in a. One day after dosing, 

Mal-LbL NP animals were sacrificed, and the omentum containing tumor nodules was frozen in 

optimal cutting temperature (OCT) compound then frozen sectioned and stained for confocal 

microscopy analysis. Shown are representative confocal microscopy images of tumor nodules in 

omental tissue at low (f) and high magnification (g). Green arrows indicate areas with high NP 

signal relative to IL-12 whereas yellow arrowheads indicate areas with high IL-12 relative to NP. 

Correlation significance was performed based on a t-test analysis with the null hypothesis of no 

(r=0) correlation. Group statistical comparisons were performed using two-way ANOVA for b and 

one-way ANOVA for e with Tukey’s multiple-comparisons test.  

 

 

5.3.3 Tumor-targeted delivery of IL-12 is non-toxic and enhances therapeutic responses 

against metastatic ovarian cancer 

To assess the therapeutic impact of enhanced IL-12 targeting to ovarian tumors achieved 

by Mal-LbL NPs, HM-1-luc tumor-bearing mice were treated with 20 µg of IL-12 administered as 

free cytokine or nanoparticle formulations at days 7 and 14, or a 5X higher dose of the free cytokine 

(to determine whether higher dosing of free cytokine could compensate for its rapid clearance, 

Figure 5.4a). Three days following the first dose, a dramatic drop in tumor BLI was observed for 

all IL-12 treatments (Figure 5.4b). However, except for the Mal-LbL NP-treated group, tumor 
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signals began to rebound by day 24, ultimately leading to similar increases in median survival of 

~33 days, compared to 23 days for the untreated tumors (Figure 5.4c). By contrast, Mal-LbL NPs 

delayed tumor recurrence, increasing the median survival to 44 days, with ~30% of the animals 

achieving complete tumor clearance. IFN-γ ELISPOT analysis of peripheral blood lymphocytes 

on day 30 revealed a stronger tumor-specific T cell response induced by Mal-LbL NP treatment 

compared to all other groups (Figure 5.4d). When mice that rejected their tumors were 

rechallenged i.p. with fresh tumor cells on day 100, all animals showed rapid tumor clearance 

(Figure D5a) and survived whereas all naïve mice succumbed to the tumor challenge (Figure 

D5b), indicating successful development of protective anti-tumor memory. 
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Figure 5.4. IL-12 delivered by Mal-LbL NPs exhibits potent anti-tumor activity and 

enhances T cell infiltration of tumors. a-d, B6C3F1 mice (n = 10/group) inoculated with 106 

HM-1-luc tumor cells on day 0 were treated on days 7 and 14 with 20 µg of IL-12 as a free cytokine 

or conjugated to NPs. Shown are the experimental timeline (a), in vivo IVIS whole-animal i.p. 

BLI readings (mean ± s.e.m., b), and overall survival (c). On day 30, peripheral blood mononuclear 

cells (PBMCs) of surviving and naïve mice (n = 5) were analyzed via IFN-γ ELISpot restimulated 

with HM-1-luc tumor cells. Shown are quantitation of spots detected (mean ± s.e.m., d). e-k, 

B6C3F1 mice inoculated with 106 HM-1 tumor cells on day 0 were treated on days 10 with 20 µg 

of IL-12 as a free cytokine or conjugated to Mal NPs (UL and LbL). Two days after dosing ascites 

(n = 6/group) and i.p. tumor nodules (primarily omentum tissue, n = 4/group) were harvested and 

processed for flow cytometry analysis. Show are timeline for experiment (e), representative flow 

plots of T cell (CD45+CD3+) in ascites fluid (f), quantitation of T cells in ascites fluid (g), 

quantitation of CD8+ to CD4+ T cell ratio in ascites fluid (h), representative flow plots of T cell 

(CD45+CD3+) in tumor nodules (i), quantitation of T cells in tumor nodules (j), quantitation of 

CD8+ to CD4+ T cell ratio in tumor nodules (k). P values were determined by the log-rank 

(Mantel–Cox) test (c) and one-way ANOVA followed by Tukey’s multiple comparison test (d, g, 

h, j, k). 

 

We next sought to determine the safety of this treatment. Mice bearing 10-day old HM-1 

i.p. tumors were dosed with 20 µg IL-12 in either free form or conjugated to Mal-UL or Mal-LbL 

NPs. Two days after dosing, blood was collected, and spleen was processed via flow cytometry 

(Figure 5.4e). Systemic IL-12 administration is known to increase markers of liver toxicity, induce 

transient cytopenia, and alter the splenic immune cell profile.30–36 While none of the treatments 

caused major liver damage as measured by liver enzyme activities, Mal-UL increased levels 

compared to healthy controls (Figure D6a). Both free IL-12 and Mal-UL reduced white blood cell 

(WBC) counts compared to vehicle control mice, which was not observed with Mal-LbL treatment 

(Figure D6b). Untargeted IL-12 treatments also induced reduced leukocyte counts in the spleen 

and Mal-UL NPs elevated levels of splenic macrophage and NK cells, consistent with the expected 

effects of systemic IL-12 exposure (Figure D6d-e). 
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To examine the effects of IL-12 therapy on the immune response in the local tissue, we 

next analyzed leukocytes in the ascites (peritoneal fluid) and tumor nodules via flow cytometry 

two days following a single dose of free IL-12 or IL-12 NPs at day 10 post HM-1 inoculation 

(Figure 5.4e). Within the ascites, all IL-12 treatments depleted protumorigenic CD206+CD80- 

(M2-like) macrophages (Figure D7a), shifting the macrophage population towards a 

predominantly tumoricidal CD206-CD80+ M1-like phenotype (Figure D7b). Polymorphonuclear 

and monocyte-related myeloid-derived suppressor cells (MDSCs) in the ascites, which can hinder 

the development of an effective immune response,37 were also reduced for all IL-12 treatment 

groups (Figure D7c-d), while levels of natural killer (NK) cells increased (Figure D7e). However, 

only Mal-LbL treatment substantially increased T cell accumulation in the ascites fluid (Figure 

5.4f-g). Characterization of the T-cell subtypes revealed a shift towards an increased CD8:CD4 

ratio (Figure 5.4h) which is associated with improved outcomes in human OC patients.38 

In extracted tumor nodules, IL-12 treatments did not cause major effects in either PMN-

MDSCs (Figure D7f) or M-MDSCs levels (Figure D7g). All IL-12-based treatments polarized 

the macrophage population from a predominantly M2-like towards a predominantly M1-like 

phenotype (Figure D7h). However, only free IL-12 treatment led to a substantial increase in the 

number of M1-like tumoricidal macrophages (Fig S7i), suggesting a bias towards monocyte-

driven immune response from systemic IL-12 treatment. On the other hand, Mal-LbL NPs 

increased NK cell infiltration (Figure D7j). Moreover, Mal-LbL NP treatment triggered a dramatic 

~50-fold increase in T cell infiltration in tumor nodules and increase in the ratio of CD8+ to CD4+ 

T cells, which was not observed for free IL-12 or unlayered particles (Figure 5.4i-k). These results 

demonstrate the importance of targeting the cytokine to cancer cells to modulate immune 

infiltration of lymphocytes into tumors which is not achievable by free cytokine administration. 

 

5.3.4 Efficacy of tumor-targeted IL-12 delivery from LbL-NPs is dependent on a fluid 

membrane composition of the liposomal core. 

Membrane lipids in vivo can be extracted from bilayers by albumin and other serum 

components and undergo constant exchange with serum lipids.39–42 We hypothesized that the 

gradual release of IL-12-lipid-conjugates from Mal-LbL NPs through this process was important 

for optimal cytokine activity, as this could promote dissemination of the cytokine throughout the 

tumor bed to engage with immune cells, while simultaneously promoting prolonged retention in 
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the tumor via insertion of the lipid tails of the conjugate in cell membranes in the local 

microenvironment (Figure 5.5a). To test if IL-12-lipid conjugate release from the NP core was 

important for the therapeutic efficacy of Mal-LbL particles, we prepared NPs incorporating 

exclusively saturated lipids. Unlike Mal-LbL which contained unsaturated lipids, fully saturated 

lipids exhibit increased resistance to extraction by serum components in vivo due to their gel-phase 

state at physiologic temperatures (Table S2, Figure D8a).43–45 These fully saturated LbL-NPs 

(SAT-LbL) carrying covalently-linked IL-12 had the same size and zeta potential as Mal-LbL 

particles, showed identical binding to HM-1 cells in vitro, and maintained IL-12 bioactivity against 

reporter cells (Figure D8b-f). However, SAT-LbL NPs were substantially more resistant to the 

extraction of fluorophore tagged lipids in serum compared to Mal-LbL (Figure D8g) and showed 

reduced IL-12 release in serum compared to Mal-LbL NPs (Figure D8h).  
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Figure 5.5. Efficacy of Mal-LbL NPs is dependent on lipid exchange properties which alter 

lipid distribution inside tumor nodules. a, Schematic of proposed mechanism of tumor targeted 

IL-12 lipid-conjugate dissemination from Mal-LbL NPs. b-c, B6C3F1 mice were inoculated with 

106 HM-1-luc tumor cells on day 0 were administered fluorescently-tagged Mal-LbL of SAT-LbL 

NPs carrying 20 µg IL-12 on day 14. One day after dosing, animals were sacrificed, and the 

omentum containing tumor nodules was frozen in optimal cutting temperature (OCT) compound 

then frozen sectioned and stained for confocal microscopy analysis. Shown are representative 

high-magnification confocal images of omental tumor nodules from Mal-LbL (b) and SAT-LbL 

(c). d-f, B6C3F1 mice (n = 7/group) inoculated with 106 HM-1-luc tumor cells on day 0 were 

treated on days 7 with NP vehicle control (unloaded-LbL), 20 µg of IL-12 as a free cytokine or 

conjugated to Mal-LbL or SAT-LbL. Shown are the experimental timeline (d), in vivo IVIS whole-

animal i.p. BLI readings (mean ± s.e.m., e), and overall survival (f). Statistical comparisons 

between survival curves were performed using a log-rank (Mantel–Cox) test. 

 

To determine whether membrane composition impacts the biodistribution of lipids initially 

incorporated into the liposomal core, we treated HM-1 tumor-bearing mice with either Mal-LbL 

or SAT-LbL NPs carrying fluorescent phosphatidylethanolamine (PE) lipids. One day after dosing, 

we extracted the omentum tumor nodules for histological assessment via confocal microscopy. 

Both SAT-LbL and Mal-LbL NPs efficiently penetrated tumors (Figure D9a-b). Strikingly, the 

membrane composition of the NPs directly impacted the pattern of fluorescent-lipid distribution 

in tumor nodules: fluorophore-lipids delivered by Mal-LbL NPs localized in regions showing high 

staining for cell membranes and extracellular matrix (wheat germ agglutinin, WGA), while 

fluorescent lipids delivered as part of  SAT-LbL NPs localized in pockets devoid of WGA staining 

(Figure 5.5b-c), suggesting that SAT-LbL particles (and their associated fluorescent-lipid cargo) 

might be ultimately internalized by cells in the tissue.  

We next carried out a therapeutic study administering a single dose of 20 µg IL-12 as free 

cytokine, Mal-LbL NPs, SAT-LbL NPs, or a control LbL-NP lacking IL-12 (unloaded-LbL, 

Figure 5.5d). Unloaded-LbL NPs had no impact on tumor BLI and did not induce any therapeutic 

benefit compared to vehicle control mice (Figure 5.5e-f). As seen in the two-dose setting, a single 

administration of Mal-LbL NPs dramatically reduced tumor BLI by 3 days post dosing, which did 
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not begin to relapse until after day 22 and extended median survival to 31 days. Interestingly, free 

IL-12 and SAT-LbL NPs elicited very similar tumor BLI reduction/relapse and overall survival, 

with relapse evidence after day 18 and median survival of only 27 days (Figure 5.5e-f). These data 

suggest that the lipid-exchange properties of Mal-LbL NPs enabling slow release of lipid-

conjugate IL-12 are important for the improved therapeutic benefit seen with this formulation.  

 

5.3.5 Mal-LbL NPs sensitize metastatic ovarian cancer to immune checkpoint inhibitors 

therapy 

Checkpoint inhibitors (CPI), such as antibodies blocking the negative regulatory receptors 

PD-1 and CTLA-4 expressed by T cells, are currently the most broadly effective class of 

immunotherapy agents clinically, but CPIs have failed to show substantial benefit in OC.46,47  

Responsiveness to checkpoint blockade correlates with the presence of pre-existing CD8 T cell 

infiltrates in patient tumors,48 and thus we hypothesized that enhanced T cell infiltration driven by 

LbL-NPs could increase the responsiveness of OC to checkpoint inhibition. Moreover, IL-12 

induces strong IFN-γ expression in T cells and NK cells, which will in turn upregulate expression 

of PD-L1 on tumor cells, a phenomenon termed adaptive resistance.49 We thus theorized that Mal-

LbL treatment may sensitize OC to CPI therapy. To test this idea, we evaluated treatment of HM-

1-luc tumors with systemic anti-PD-1 + anti-CTLA-4 CPI therapy alone or combined with two 

weekly doses of IL-12 in free or NP form (Figure 5.6a). Analysis of tumor burden via BLI clearly 

showed that CPIs alone could only mildly and transiently control tumor growth (Figure 5.6b). On 

the other hand, there was a marked synergism when any form of IL-12 was included in the 

treatment, reducing tumor BLI to baseline for one month after tumor inoculation. CPI therapy 

alone had only marginal survival benefit over untreated controls, similar to what has been observed 

with OC in the clinic (Figure 5.6c).47 Combining CPI with free IL-12 showed some efficacy, 

reducing tumor BLI to baseline for ~25 days and curing 20% of treated animals (Figure 5.6b-c). 

Ni-LbL also synergized with CPI treatment, showing a significant extension in survival compared 

to free IL-12 and CPI but ultimately resulted in only a 30% long-term survivor rate. Strikingly, 

however, Mal-LbL showed a remarkable sensitization effect, achieving 100% cures with this 

treatment schedule (Figure 5.6c). When challenged with fresh tumor cells at day 150, all Mal-LbL 

NP-treated mice rejected the rechallenge (Figure 5.6d-e), demonstrating induction of a strong 

memory response. Thus, engineering the rapid targeting and slow local release of IL-12 in ovarian 
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tumor nodules using LbL-NPs dramatically sensitizes tumors to clinically approved CPI 

combination therapy. 

 

 

  
Figure 5.6. Combination of immune checkpoint inhibitors with two dose treatment of Mal-

LbL eradicates metastatic ovarian cancer. a-e, B6C3F1 mice (n = 10/group) inoculated with 

106 HM-1-luc tumor cells on day 0 were treated on days 7 and 14 with 20 µg of IL-12 as a free 
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cytokine or conjugated to Mal-LbL or Ni-LbL. Mice were also treated with 250 µg of anti-PD1 

and 100 µg of anti-CTLA4 i.p. on days 8 and 15. Shown are the experimental timeline (a), in vivo 

IVIS whole-animal i.p. BLI readings (mean ± s.e.m., b), and overall survival (c). On day 150, 

surviving mice were rechallenged with either 3x105 (d) or 106  (e) HM-1-luc tumor cells i.p. Shown 

are in vivo IVIS whole-animal i.p. BLI readings post rechallenge (mean ± s.e.m) and the 

percentage of mice per group that survived rechallenge. Statistical comparisons between survival 

curves were performed using a log-rank (Mantel–Cox) test. 

 

5.4 Discussion 

Cytokine therapies have been challenging to develop and achieve regulatory approval.9,50 

IL-12 has long been viewed as an attractive candidate cytokine to drive ant-tumor immunity, but 

has failed to progress clinically due to its low therapeutic index when administered as a free protein 

drug.51 Here we report the use of LbL-NPs capable of targeting and attaching to cancer cell 

membranes to deliver IL-12 in peritoneally-disseminated metastatic OC. We demonstrate that 

optimized LbL-IL-12-NPs are non-toxic, elicit strong systemic anti-tumor immunity, drive 

remodeling of the TME, and strongly sensitize ovarian tumors to CPI therapy. Importantly, we 

demonstrate that the efficacy of LbL-IL-12-NPs is dependent on both covalent conjugation of the 

cytokine payload to lipids and lipid extraction, a known but relatively unexplored property of lipid-

based nanoparticles. It is also clear that targeting the LbL-NPs to the tumor cell membrane surface 

is a critical aspect of this approach. In addition to delayed lipid-conjugate release from the NP, 

such a mechanism may promote trafficking of therapeutic payloads to tumor-draining lymph 

nodes.52   

Although other approaches exist to augment cytokine delivery in cancer, most rely on local 

(intratumoral, i.t.) administration to increase tumor drug concentration while minimizing systemic 

exposure.53 However, such approaches would be impractical to implement in metastatic OC due 

to difficulties with administration into small, disseminated legions in the i.p. space. Moreover, 

while NPs have previously been explored for cytokine delivery, they have primarily relied on 

passive tumor targeting through the enhanced permeability and retention (EPR) effect by 

extending NP circulatory half-life via polyethylene glycol (PEG) decoration.8 However, in 

addition to concerns with anti-PEG immune responses54, increased half-life also increases 
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systemic exposure and subsequent toxicity and the lack of specific tumor interactions would 

facilitate clearance from the peritoneal cavity after i.p. administration.17  

In summary, this study demonstrates that engineering PLE-coated LbL-NPs carrying IL-

12 can facilitate both tumor-targeted delivery and sustained cytokine release within disseminated 

tumor nodules. Combining tumor targeting with localized cytokine dissemination in the tumor 

microenvironment significantly improves the efficacy of this immunotherapy against metastatic 

ovarian cancer. Importantly, optimized LbL-NPs exhibited strong synergy with checkpoint 

blockade, the current gold standard for cancer immunotherapy in the clinic. 
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CHAPTER 6 
 

High-Throughput Microfluidic-Mediated Assembly of Layer-by-Layer 

Nanoparticles 

 

6.1 Introduction 

Spatiotemporal control of drug delivery has been a major objective of new therapeutic platforms.1 

Nanoparticles (NPs) have been extensively studied as drug carriers to alter the pharmacokinetics 

and pharmacodynamics of therapeutics, with engineering of NP surface chemistry representing an 

important strategy to optimize delivery of drugs to disease sites and/or avoid off-target tissue 

uptake.2,3 A versatile approach to engineer surface chemistry is via layer-by-layer (LbL) assembly 

of polymer coatings on nanoparticles. The LbL technique consists of the deposition of nanoscale 

polymer films on surfaces through alternating adsorption of molecular layers of complementary 

polymers, such as polycations and polyanions.4,5 The resulting multilayer assemblies enable 

controlled drug release as well as modulation of surface properties and the resulting interactions 

with biological interfaces.4,6 Based on these promising properties, we and others have successfully 

demonstrated the utility of LbL-NPs for targeted drug delivery and controlled drug release in many 

applications.5,7,8 Assembly of polymer films on NPs can yield increased NP plasma half-life and 

stability, tumor targeting, and control over the subcellular localization of NPs.6,9–15 LbL-NPs have 

been used to effectively deliver small-molecule therapeutics16–22 or nucleic acids23–28 which can 

be loaded into the polymer film in the NP. The high versatility of this platform approach enables 

the facile assembly of combination therapies to target diverse diseases. 

 A challenge of LbL-NP synthesis is the serial nature of the layer deposition process. While 

there have been efforts to improve LbL-NP assembly at the lab scale, these approaches have still 

required multiple purification steps as well as hard-to-scale methods of mixing polymers and NPs 

such as the use of sonication or vortex mixers.5,29 Membrane-based purification approaches also 

suffer from potential interactions of NPs with the membrane.29 Here we demonstrate a novel 

approach for multilayer assembly on NPs using microfluidic (MCF) mixing technology. MCF 

mixing is scalable and readily implemented under cGMP conditions for clinical-grade NP 

production.30–34 As a test case for this new manufacturing method, we synthesized LbL-NPs  

composed of an interleukin-12 (IL-12)-conjugated liposomal core layered with polyamino acid 

polymers, which has shown promising therapeutic efficacy in preclinical mouse models of 
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metastatic ovarian cancer.6,35,36 We show that by rational selection of polymer-to-NP ratios for 

surface charge conversion without the addition of excess polymers, this approach enables LbL 

films to be constructed without the need for time-consuming purification steps, greatly simplifying 

LbL-NP preparation. 

 

6.2 Methods 

6.2.1 Materials 

1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC), 1-palmitoyl-2-oleoyl-sn-glycero-3-

phospho-(1’-rac-glycerol) (sodium salt) (POPG), 1,2-distearoyl-sn-glycero-3-phospho-(1'-rac-

glycerol) (sodium salt) (DSPG), 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-[4-(p-

maleimidophenyl)butyramide] (sodium salt) (18:1 MPB-PE), 1,2-dioleoyl-sn-glycero-3-

phosphoethanolamine-N-dibenzocyclooctyl (DOPE-DBCO), and cholesterol were purchased 

from Avanti Polar Lipids. Poly-L-arginine (PLR) with a molecular weight (MW) of 9.6 kDa and 

poly-L-glutamic acid (PLE) with a MW of 15 kDa were purchased from Alamanda Polymers. 

Borondipyrromethene tetramethylrhodamine (BDP TMR) azide (Lumiprobe) and BDP 630/650 

azide (Lumiprobe) were conjugated to DOPE-DBCO in chloroform to generate DOPE-TMR and 

DOPE-630/650. Successful conjugation was validated via thin-layer chromatography which 

indicated <1% free dye. 

 

6.2.2 Recombinant single-chain IL-12 production 

Single-chain IL-12 sequence37 was synthesized as a genomic block (Integrated DNA 

Technologies) and cloned into gWIZ expression vector (Genlantis). Plasmids were transiently 

transfected into Expi293 cells (ThermoFisher Scientific). After 5 days, cell culture supernatants 

were collected and protein was purified in an ÄKTA pure chromatography system using HiTrap 

HP Niquel sepharose affinity column, followed by size exclusion using Superdex 200 Increase 

10/300 GL column (GE Healthcare Life Sciences). Endotoxin levels in purified protein was 

measured using Endosafe Nexgen-PTS system (Charles River) and assured to be <5 EU/mg 

protein. 
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6.2.3 IL-12 conjugated liposome synthesis 

Lipid solution composed of 65 mol% DSPC, 24 mol% Cholesterol, 6 mol% POPG and 5 mol% of 

MPB-PE were made in chloroform and dried into a thin film using a rotovap, and then further 

dried overnight in a desiccator. Lipid films were then hydrated at 0.5-1 mg/mL using pH 5 

deionized water and sonicated for 5 minutes at 65 °C then extruded (Avestin Liposofast-50) at 

65°C one time through a 100 nm membrane then three times through 50 nm membranes. Extruded 

liposomes were added to an ice bath and the pH was adjusted to pH 7.0 with 10 mM HEPES buffer 

prior to the addition of scIL-12 containing a terminal cysteine residue at 0.17 wt.eq. with liposomes 

at 0.33 mg/mL. After overnight incubation with IL-12 at 4 °C, any remaining maleimides were 

quenched with 100-fold molar excess of L-cysteine (Sigma) for 1.5 hrs on ice. For fluorescence 

labeling of liposomes, 0.2 mol% of DSPC content was replaced by either DOPE-TMR or DOPE-

630/650. IL-12 concentration was measured via enzyme-linked immunoassay (ELISA) 

(Peprotech) and lipid content was quantified via fluorescence. IL-12 free liposomes were made 

with a 33 mol% DSPC, 33 mol% DSPG, and 33 nol% cholesterol and hydrated and extruded as 

described previously.27 

 

6.2.4 Small-scale layer-by-layer (LbL) assembly 

For small-scale (~50 µL) polymer adsorption onto NP surfaces, polymer solution was added to a 

1.7 mL tube. The container was then placed under bath sonication (Branson 2510) and the NPs 

were quickly (<1 s) added to the polymer solution. Samples were allowed to incubate for 5 minutes 

analysis. Any subsequent layers were deposited without any purification unless otherwise 

indicated. 

 

6.2.5 Large-scale LbL assembly and purification via tangential flow filtration (TFF) 

Assembly of polyelectrolyte layers at larger scale (>1 mL) was performed as described 

previously.29 Briefly,  unlayered liposomes were added to a solution with 0.3-0.4 wt.eq. of PLR 

relative to lipid in a glass Erlenmeyer flask under sonication.  After 30 minutes incubation on ice, 

excess PLR polymer was removed by tangential-flow filtration (TFF) through a 100 kDa mPES 

membrane (Repligen) pre-treated with a 10 mg/mL solution of free PLR. For the terminal PLE 

layer, purified particles coated with PLR were added to a solution with PLE in a glass flask under 

sonication at 1 wt.eq. of polymer to lipid. Particles coated with both PLR and PLE were then 
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purified by TFF on a separate 100 kDa mPES membrane (Repligen) to remove any excess PLE. 

For layering, a glass Erlenmeyer flask with <30% of its rated volume was used to facilitate 

homogeneous NP distribution over the polymer solution and minimize the chance of 

inhomogeneities in the sample 

 

6.2.6 Microfluidics LbL assembly 

Microfluidic mixing was performed on a NanoAssblr Ignite (Precision Nanosystems) mixing chip. 

Luer lock syringes were separately filled with either polymer solution or liposomes and attached 

to the microfluidics chip. A syringe pump (Pump 11 Elite, Harvard Apparatus) was then used to 

control the fluid flow rate into the mixing chip. 

 

6.2.7 Characterization of particle preparations 

Dynamic light scattering (DLS) and zeta potential measurements were made on a Zetasizer Nano 

ZSP (Malvern). Nanoparticle micrographs were acquired using Transmission Electron Microscopy 

(TEM) on a JEOL 2100F microscope operated at 200 kV with a magnification range of 10,000-

60,000X. 

 

6.2.8 Fluorescent polymer synthesis 

PLR was reacted with 2 molar equivalents of BDP-Texas Red (TR)-NHS-ester (Lumiprobe) in 

DMSO catalyzed with one molar equivalent of triethylamine (TEA). The resulting PLR-TR 

conjugate was purified via Reverse-Phase High Pressure Liquid Chromatography (RP-HPLC) on 

a Jupiter C4 column (5 µm particles, 300 Å – Phenomenex), then lyophilized and stored at -20 °C. 

PLE was reacted with 5 molar excess of sulfo-cy3-NHS-ester (Lumiprobe) in pH 9 PBS (adjusted 

by adding 0.1 M sodium bicarbonate) for 3 hours at 25°C then left 18 hr at 4 °C. Excess dye was 

removed via extensive dialysis (3 kDa, Spectrum) against 0.9% NaCl, and then dialyzed against 

deionized water to remove salts. The resulting PLE-cy3 polymer was lyophilized and stored at -

20 °C. 

 

6.2.9 Polymer retention quantification 

To assess the amount of polymer retained on LbL-NPs after TFF processing, IL-12 NPs with 0.2 

mol% of DOPE-630/650 was layered with 0.3 wt. eq. of a PLR solution composed of 50% PLR 
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and 50% PLR-TR. After purification of excess PLR/PLR-TR via TFF, particles were layered with 

1 wt. eq. of a PLE solution composed of 50% of PLE and 50% PLE-cy3. After purification of 

excess PLE/PLE-cy3 via TFF, the sample was diluted 10x into dimethyl sulfoxide (DMSO) to 

disrupt the NPs. The fluorescence of lipids and polymers were separately quantified on a plate 

reader (TECAN) compared to standard curves to determine the polymer-to-NP wt. eq. of the 

purified NPs. 

 

6.2.10 Excess polymer quantification 

IL-12 NPs were generated via either the standard TFF-based LbL protocol or the MCF protocol, 

but with the PLE layering solution having 50% PLE-cy3. Free polymers were separated from NPs 

on a 300 kDa centrifugal filter (Vivaspin500, Sartorius) at 30 xg for 20 min. Polymer fluorescence 

oi the permeate fluid was then compared to that of the initial sample to determine the fraction of 

polymer bound to NPs. 

 

6.2.11 Cell Culture 

OV2944-HM-1 cells were acquired through Riken BRC and were cultured in α-MEM. Cell media 

was also supplemented with 10% FBS and penicillin/streptomycin with cells incubated in a 5% 

CO2 humidified atmosphere at 37 °C. All cell lines were murine pathogen tested and confirmed 

mycoplasma negative by Lonza MycoAlert™ Mycoplasma Detection Kit. 

 

6.2.12 In vitro cellular association 

The day before dosing, HM-1 cells were plated on a tissue-culture 96-well plate at a density of 50k 

cells per well. The next day, wells were dosed with NPs to 0.05 mg/mL and left for the target 

incubation time (4 hrs or 24 hrs). For analysis of association, the supernatant was removed from 

the well and diluted 10X with DMSO. Cells were then washed three times with PBS then dissolved 

with DMSO. Fluorescence of NPs associated with cells was then normalized to supernatant 

fluorescence. The relative fluorescence of each formulation was then compared to an unlayered 

liposome control containing the same fluorophore. For confocal imaging, 8-well chambered 

coverglass (Nunc Lab-Tek II, Thermo Scientific) were treated with rat tail collagen type I (Sigma-

Aldrich) per manufacturer’s instructions. HM-1 cells were plated onto wells at a density of 

10k/well and left to adhere overnight prior to NP treatment. After the desired incubation time with 
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NPs, cells were washed 3x with PBS. After washing, cells were fixed in 4% paraformaldehyde for 

10 minutes then washed (3x with PBS) and stained with wheat germ agglutinin (WGA) conjugated 

to Alexa Fluor488 (Invitrogen) and hoechst 33342 (Thermo Scientific) following manufacturer 

instructions. Images were analyzed using ImageJ. Slides were imaged on an Olympus FV1200 

Laser Scanning Confocal Microscope. FRET studies were performed on a Leica SP8 Spectral 

Confocal Microscope. 

 

6.2.13 Animals 

B6C3F1 mice were purchased from Jackson Laboratories. Female mice were used between 8-12 

weeks of age unless otherwise noted. All animal work was conducted under the approval of the 

Massachusetts Institute of Technology Division of Comparative Medicine in accordance with 

federal, state, and local guidelines. 

 

6.2.14 Efficacy studies with metastatic ovarian cancer model 

B6C3F1 mice were inoculated intraperitoneally with 106 cells of HM-1-luc in PBS. One week 

after inoculation, treatment was initiated as indicated on each figure. Mice weights were tracked 

daily after treatments for signs of toxicity. For HM-1-luc tumors, bioluminescence was measured 

on an IVIS Spectrum imaging system 10 minutes after i.p. injection of 3 µg of D-luciferin sodium 

salt (GoldBio) for 30 days after tumor inoculation or as needed to track tumor burden. 

 

6.2.15 Statistical Analysis 

GraphPad PRISM 10 was used to perform statistical analyses. Comparisons between two groups 

was performed via unpaired t-tests. For multiple groups or multiple variable analysis, one-way, or 

two-way ANOVAs were used with Tukey’s posthoc correction for time-based analysis or Sidak 

posthoc for other ANOVA analysis. 

 

6.3 Results and Discussion 

6.3.1 Titration of polyelectrolyte deposition onto nanoparticle surfaces suggests excess 

polymer is required for LbL assembly without particle aggregation 

As a model system with relevance for targeted immunotherapy delivery to cancer cells, we studied 

anionic liposomes that were surface-conjugated with the potent cytokine IL-12 (IL-12 NPs), and 
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subsequently coated by alternating layers of poly(L-arginine) (PLR) and poly(L-glutamate) (PLE). 

LbL assembly is performed by alternating sequential incubations of the liposomal core particle 

with excess PLR and PLE in a low ionic strength buffer. Under these typical self-assembly 

conditions, each step of polyelectrolyte adsorption must be accompanied by extensive 

washing/purification to remove excess unbound polymer from the coated particles. To develop a 

continuous process for LbL assembly, we first sought to define how the polymer:particle weight 

ratio during impacted nanolayer deposition. Unlayered anionic IL-12 NPs were incubated with 

increasing PLR weight equivalents (wt. eq.), or alternatively, purified PLR-coated cationic IL-12-

NPs (PLR/NPs) were incubated with increasing PLE wt. eq. After polymer and NP mixing, we 

characterized the resulting unpurified polymer-NP assemblies' size and charge via dynamic light 

scattering (DLS) and electrophoretic mobility, respectively. Starting from very low polymer 

concentrations, increasing the polymer-to-NP wt. eq. led to increasing NP charge up to a charge 

neutralization point (isoelectric point), at which particles rapidly aggregated due to a lack of 

charge-charge repulsion (Figure 6.1a-b). Further increases in polymer-to-NP wt. eq. led to 

reductions in particle size as the overall NP charge inverted, and the particle zeta potentials 

plateaued as complete charge reversal was achieved. Yet, further increases in the polymer-to-NP 

wt. eq. beyond the zeta potential plateau onset point (POP) was required to form polymer-coated 

NPs with the lowest overall size and PDI. Due to this reduced size and increased homogeneity, 

polymer:NP wt. equivalents beyond 0.3 and 1 for PLR and PLE, respectively, have been used for 

LbL-NP synthesis.27 As polymer deposition onto NP surfaces is a kinetically controlled reaction 

and expected to be quantitative until charge conversion,38 these results suggested that excess 

polymers prevented the bridging of NPs by the polymer that forms aggregates (Figure 6.1d). 

Assembly under these conditions must then be followed by purification steps to subsequently 

remove excess free polyelectrolyte.29  
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Figure 6.1. Characterization of nanoparticle surface charge conversion upon polyelectrolyte 

deposition. (a) Schematic for small-scale deposition of PLR onto IL-12 loaded NPs, intensity-

weighted particle size (Z-avg), number-averaged (#-avg) size, polydispersity index (PDI), and zeta 

potential of the resulting polymer-nanoparticle mixtures at increasing PLR weight equivalents to 
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bare anionic IL-12-NP. (b) Schematic for small-scale deposition of PLE onto PLR-IL-12 loaded 

NPs, Z-avg, #-avg, PDI, and zeta potential of the resulting polymer-nanoparticle mixtures from 

increasing weight equivalent PLE to PLR-coated IL-12 NPs. (c) Schematic representing the 

different possible resulting assemblies upon increasing polymer weight equivalents. 

 

We next sought to assess whether incubation of NPs with excess polymer increased the 

amount of polyelectrolyte adsorbed to the NPs. Using conditions identified above that allowed 

polymer adsorption while maintaining a low polydispersity of the resulting NPs, bare IL-12 NPs 

or PLR/NPs were added to a solution of fluorescently-tagged PLR (0.3 wt. eq.) or PLE (1 wt. eq.) 

under sonication to allow polymer adsorption.27,29 The excess polymer was then removed via 

tangential flow filtration (TFF). As expected, the production of LbL-NPs via our optimized 

protocol had the characteristic reversion of surface charge and minor increases in overall size while 

maintaining overall low PDI (Figure 6.2a). Quantification of the amount of polymer bound to the 

NPs after purification demonstrated that only ~0.1 wt. eq. of PLR and ~0.5-0.6 wt. eq. of PLE 

were adsorbed (Figure 6.2b). These results confirmed that incubation of NPs with polymer wt. eq. 

beyond the zeta potential POP (Figure 6.1b-c) does not increase the amount of polymer 

incorporated into the LbL films.  

To better understand the limitations of performing LbL-NP assembly at the POP amount 

of polymer-to-NP wt. eq., we performed small, low-concentration (~50 µL at 0.5 mg/mL) and 

larger-scale (~1 mL at 5 mg/mL, LS) polymer adsorption experiments and compared them to the 

standard optimized protocol. The increase in NP production scale did not cause significant 

differences in the resulting NP size after PLR deposition using excess (0.3 wt.eq.) polymers 

(Figure 6.2c). However, when we attempted to perform layering with the POP of PLR (0.1 wt.eq.), 

we observed a noticeable increase in NP size. Omitting sonication during the layering led to a 

further increase in the resulting NP size when layering at POP via the standard approach. Similarly, 

PLE layering on purified PLR-NPs was found to require excess polymer to prevent NP aggregation 

during layering (Figure 6.2d). Thus, large-scale LbL assembly in static solution even in the 

presence of sonication could only successfully be performed under conditions of excess polymer, 

requiring subsequent purification steps.  
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Figure 6.2. Excess polymers prevent NP aggregation during layering via optimized bath 

sonication protocol. (a) Z-avg size, PDI and zeta potential of IL-12 NPs during LbL assembly. 

(b) Polymer-to-NP wt. eq. retained with the NPs after TFF purification. (c) Z-avg size, PDI and 

zeta potential of the resulting PLR-IL-12-NPs generated via different layering strategies. (d) Z-

avg size, PDI and zeta potential of the resulting PLR/PLE-IL-12-NPs generated via different 

layering strategies on TFF purified PLR-IL-12-NPs. 
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6.3.2 Microfluidics-enabled mixing generates homogeneous LbL-NPs without intermediate 

purification steps 

As polymer wt. eq. beyond POP only increased the number of free polymers in the solution without 

affecting the LbL film, we wanted to explore if we could assemble LbL-NPs at POP for PLR and 

PLE without purification steps. To overcome the limitations described above for LbL film 

assembly on NPs, we explored using microfluidic (MCF) channels for the mixing of polymers 

with NPs. We used a commercial MCF cartridge with a toroidal mixer.30,32 This MCF chip 

platform has been developed for lab and clinical-scale cGMP manufacturing of NPs, making it an 

ideal candidate for clinical-scale manufacturing of LbL-NPs.30 For mixing, solutions of either 

liposomes or LbL polymers were introduced into the two entry flow ports (Figure 6.3a). We first 

evaluated the effect of flow rate through the channels on the adsorption of PLR to anionic IL-12 

liposomes, combining PLR and liposomes at the POP. The target was to achieve similarly sized 

NPs as the standard optimized bath sonication protocol. Increasing the flow rate led to reduced 

PLR-NP Z-avg size and PDI (Figure 6.3b) while maintaining charge conversion (Figure 6.3c) 

demonstrating improved sample homogeneity without disturbing polymer adsorption. Importantly, 

at flow rates of >3 mL/min, PLR-NPs reached our targets of the standard optimized protocol 

expected for layered, non-aggregated particles.  
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Figure 6.3. Microfluidic fluid mixing chips enable homogeneous LbL-NP assembly without 

the need of purification steps. (a) Schematic for polymer deposition onto NPs via microfluidics 

chip. (b) Z-avg size and PDI, of NPs layered with POP PLR using a microfluidics chip with 

increasing channel fluid flow rates (both polymer and NP channels had equal flow rates). Shaded 

regions indicate target NP measurements from optimal layering conditions for the current NP 

formulation. (c) Zeta potential measurements of particle mixtures from b. (d) Schematic for LbL-

NP assembly using titrated polymer-to-NP wt. eq. without the need of purification steps. (e) Z-avg 

size, PDI, and zeta potential of the resulting PLR-IL-12-NPs generated using titrated PLR-to-NP 

wt.eq. via MCF compared to target NP measurements. (f) Z-avg size, PDI, and zeta potential of 

the resulting PLE/PLR-IL-12-NPs generated using titrated PLR-to-NP wt.eq. then titrated PLE-

to-NP wt. eq. via MCF compared to target NP measurements. (g) Fraction of fluorescently labeled 

PLE polymer associated with NPs after optimized TFF-based layering before and after TFF 

purification compared to titrated polymer layering using MCF. (h) Negative stain transmission 

electron microscopy (TEM) of unlayered (UL) IL-12 NPs or PLE/PLR-IL-12-NPs assembled via 

either the optimized TFF-based protocol or the titrated polymer-to-NP wt. eq. MCF protocol. 

 

Based on these promising findings, we devised a two-stage microfluidic mixing process 

designed to allow two rounds of polyelectrolyte adsorption at POP, in order to generate LbL-NPs 

without purification steps. IL-12-liposomes and PLR were combined in a first-stage MCF mixer 

followed by an incubation step to ensure polymer adsorption and perform quality tests. The output 

of the first stage and a PLE was used as the input in a second-stage mixer (Figure 6.3d). When we 

performed POP PLR deposition onto IL-12-NPs at increased scales (>1 mL) using MCF, we could 

readily achieve the target PLR-NP sizes of the standard batch sonication production protocol 

across multiple batches (Figure 6.3e). Similarly, depositing PLE at its POP onto MCF-generated 

PLR-IL-12 NPs could yield PLR/PLE IL-12 NPs at equal or smaller sizes than the standard batch 

sonication protocol with reproducibility across batches (Figure 6.3f). To validate that all polymers 

were adsorbed on NPs using the MCF protocol, we used fluorescently tagged PLE polymers to 

assemble PLE/PLR IL-12 NPs using both the standard optimized TFF-based protocol and the new 

MCF LbL-NPs. We separated out any free polymers in the LbL-NPs using centrifugal filters and, 

as expected from the POP, found that only ~50% of PLE was bound to TFF-LbL-NPs prior to 

purification due to the excess polymers used during assembly with 1 wt. eq. with PLE. On the 
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other hand, both purified TFF-LbL-NPs and MCF LbL-NPs both had >95% of PLE bound to NPs 

(Figure 6.3g), confirming the lack of free polymers. Analysis of sample morphology via negative 

stain transmission electron microscopy (TEM) confirmed that both TFF-based and the MCF-based 

PLE/PLR-IL-12 NPs had a polymer film on the NP based on the reduced staining around the 

liposome (Figure 6.3h). Further, we did not find signs of significant polyplex formation in either 

LbL-NP formulation on the TEM micrographs. 

The experiments above carried out layering in deionized water, but LbL assembly is also 

sometimes carried out in the presence of salts to create LbL films with thicker layers.27 We thus 

tested whether LbL-NPs could be generated in the presence of salt-containing buffers. We first 

examined varying PLR:liposome mass ratios to find the POP of PLR required for LbL assembly 

in 25 mM HEPES and 20 mM sodium chloride (NaCl), a buffer composition previously found 

optimal for loading of siRNA into LbL films.27 Around 0.15 wt. eq. of PLR was required to reach 

the plateau point (Figure E1a-b). We next compared the size and zeta potential of LbL-NP 

synthesized from small-scale tests under bath sonication to increased bath sonication and TFF to 

that of MCF LbL-NPs. Similar to IL-12-LbL-NPs, we found that assembly with MCF enabled 

more homogenous particle formulations (Figure E1c-e), confirming the benefit of NP layering via 

MCF mixing and the generalizability of this strategy for LbL-NP formulations. 

 

6.3.3 MCF LbL-NPs maintain desired particle properties in vitro and maintain IL-12-LbL-

NP efficacy in vivo in a metastatic ovarian cancer mice model 

PLE/PLR nanolayers assembled on IL-12 liposomes have two functions: First, the PLE layer 

promotes the targeting of the particles to ovarian cancer cells, and second, prevention of NP 

endocytosis following binding to the cancer cells, leading to high retention of the LbL-NPs on the 

cancer cell membrane. To determine whether PLE/PLR-IL-12-NPs generated via MCF assembly 

had the expected cell-targeting properties, we dosed a murine metastatic ovarian cancer cell line, 

OV2944-HM1 (HM-1) with fluorescent NPs prepared by the traditional bath sonication and TFF 

process or MCF assembly, and quantified NP association with the cells after 4 or 24 hours. As 

expected, MCF LbL-NPs and TFF-based LbL-NPs had significantly increased HM-1 cell 

association compared to unlayered (UL) NPs (Figure 6.4a). Moreover, MCF-LbL-NPs had equal 

or better HM-1 association compared to TFF LbL NPs, confirming that MCF layering maintained 

and potentially improved the desired high ovarian cancer cell affinity. However, the most critical 
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characteristic of PLE/PLR LbL-NPs is its cell-membrane retention which enables for high 

intratumoral extracellular residence time of cytokines such as IL-12. Thus, we evaluated the 

subcellular localization of NPs 24 hours after dosing via confocal microscopy. While UL particles 

were all endocytosed (Figure 6.4b), both TFF-LbL NPs (Figure 6.4c) and MCF-LbL NPs (Figure 

6.4d) presented with NPs on the cancer cell membrane, confirming that PLE/PLR-IL-12-NPs 

retained their cell surface retention properties when prepared via MCF mixing. 
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Figure 6.4. MCF-LbL-NPs maintain the desired in vitro characteristics of PLE/PLR LbL-

NPs. (a) Fluorescence ratio of NPs associated with HM-1 cells relative to NPs remaining in the 

supernatant at 4 and 24 hours after dosing. (b) Representative confocal microscopy of HM-1 cells 

dosed with UL NPs for 24 hours. (c) Representative confocal microscopy of HM-1 cells dosed 

with TFF-based LbL-NPs for 24 hours. (d) Representative confocal microscopy of HM-1 cells 

dosed with MCF-based LbL-NPs for 24 hours. 

 

Having validated that LbL-NP assembly via MCF maintained the desired cancer cell 

association properties, we next wanted to validate that the loaded IL-12 maintained a similar 

bioactivity to that of TFF-based IL-12 NPs. We dosed HEK-Blue IL-12 reporter cell lines with 

either free IL-12 or IL-12 bound to PLE/PLR-IL-12-NPs generated via the standard TFF-based 

protocol or MCF. The IL-12 on MCF-LbL maintained its activity like that of TFF-LbL (Figure 

6.5a-b). We then sought to evaluate the particle performance in vivo in mice bearing peritoneally 

disseminated metastatic HM-1 tumors. We used the same dosing paradigm shown previously to 

extend survival in this mice model with IL-12 loaded PLE/PLR-LbL-NPs (Figure 6.5c) (CITE). 

Both TFF-based and MCF-based LbL-NPs were found to have better control of tumor growth 

based on whole-mouse tumor bioluminescence readings (Figure 6.5d), significantly extending 

survival of mice compared to either free IL-12 or UL IL-12 NPs (Figure 6.5e). 
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Figure 6.5. MCF-LbL-NPs maintain the bioactivity of IL-12 in vitro and its in vivo 

effectiveness in a metastatic mice model of ovarian cancer. (a) HEK-Blue IL-12 reporter cell 

line response curves for free IL-12 or IL-12 loaded onto LbL-NPs generated via either TFF-based 

or MCF-based LbL assembly. (b) Calculated EC50 of curves in (a). (c) In vivo treatment scheme 

of metastatic ovarian cancer. (d) Whole animal bioluminescence reading via IVIS of luciferase 

expressing tumors cells from mice treated as in (c). (e) Survival curves of mice treated as in (c). 

 

6.4 Conclusion 

Layer-by-layer assembly is a promising technique to modulate the surface properties of 

NPs for the development of therapeutic drug carriers. Here we demonstrated that microfluidic 

mixing is highly effective for combining polyelectrolytes and NPs, achieving LbL assembly under 

conditions amenable to scalable, continuous synthesis for clinical-scale manufacturing. This was 

facilitated by the finding that MCF mixing enables LbL assembly to occur polymer-to-NP weight 
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equivalents devoid of excess polymer, allowing for the production LbL-NPs without time-

consuming purification steps and loss of NP yields. We validated that these process modifications 

do not alter the properties of LbL-NPs in vitro and in vivo based on the known properties of IL-12 

loaded PLE/PLR-IL-12-NPs. Taken together, this work provides a simple method to assemble 

LbL-NPs at various scales and at increased throughput. This approach should facilitate both 

clinical development of LbL-NPs as well as ease the production of libraries of LbL-NPs which can 

be implemented to screen for desired traits. 
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CHAPTER 7 
 

Polymer avidity on polyelectrolyte-coated nanoparticles regulates cancer cell 

binding and uptake kinetics 

 

7.1 Introduction 

Nanoparticles (NPs) are promising tools to modulate the pharmacology of a drug and 

improve its therapeutic window.1,2 While NPs passively accumulate in certain diseased tissues, 

targeted delivery systems can significantly augment NP localization to desired tissues, minimizing 

off-target toxicities.3 Among various methods to develop targeted NP delivery systems, the layer-

by-layer (LbL) assembly technique is a simple and versatile approach to engineer nanostructures 

with controlled composition and functionality.4,5 This technique involves the sequential adsorption 

of oppositely charged polymers onto NP surfaces, allowing for the assembly of LbL-NPs with 

tailored surface chemistries. We have successfully employed LbL-NPs to target various tumor 

tissues in vivo.6–9  

The LbL assembly process is highly influenced by the conditions of the solution in which 

it is performed.10,11 Parameters such as pH and ionic strength affect the structure, stability, and 

functionality of the resulting polyelectrolyte film.12,13 Modulation of pH alters the degree of 

ionization of charged residues which can regulate the polymer conformation and amount of 

adsorbed polymer.12 Similarly, charge screening due to higher ionic strength alters the 

polyelectrolyte conformation from a rigid rod to a random coil leading to an increased polymer 

mass deposition and a rougher surface.13,14 We have previously optimized these parameters for the 

loading and delivery of nucleic acids in vivo from LbL-NPs.10 However, the effect of solution 

conditions in other applications of LbL-NPs is unknown. Moreover, polymer molecular weight 

(MW) can influence the adsorbed polymer conformation and control the stability of polymer-

substrate linkage but has not been well explored in LbL-NPs.11,14  

 We have found that liposomal NPs coated with a bilayer of poly-L-arginine (PLR) and 

poly-L-glutamate (PLE) are highly effective at delivering a potent cytokine – interleukin-12 (IL-

12) - to cancer cell surfaces.15,16 Unlike most NPs, PLE-coated LbL-NPs undergo limited 

endocytosis, allowing for prolonged extracellular NP presentation. This prolonged extracellular 

NP presentation enabled lipid-IL-12 conjugate release within the tumor microenvironment, 

improving therapeutic responses.  
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Here we sought to evaluate the role of solution conditions and polymer size in regulating 

IL-12 delivery from PLE-coated LbL-NPs to further augment the delivery of IL-12 from PLE-

coated LbL-NPs. We show that LbL film assembly at increased ionic strength can directly inhibit 

IL-12 bioavailability and prevent serum-mediated lipid exchange from LbL-NPs, reducing IL-12 

effectiveness in vivo. However, we find that by increasing the polymer size of PLR and PLE, we 

can maintain lipid release from LbL-NPs while increasing NP affinity toward cancer cells and 

improving cell surface retention of IL-12 NPs. When evaluated in vivo, PLE-IL-12-NPs with LbL 

films composed of large polymers significantly improved therapeutic responses. 

 

7.2 Methods 

7.2.1 Materials 

1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC), 1,2-dioleoyl-sn-glycero-3-

phosphoethanolamine-N-[4-(p-maleimidophenyl)butyramide] (sodium salt) (18:1 MPB-PE), 1-

palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1’-rac-glycerol) (sodium salt) (POPG), 1,2-dioleoyl-

sn-glycero-3-phosphoethanolamine-N-dibenzocyclooctyl (DOPE-DBCO), and cholesterol were 

purchased from Avanti Polar Lipids. All poly-L-arginine (PLR) and poly-L-glutamic acid (PLE) 

with were purchased from Alamanda Polymers except PLR700 which was purchased from Sigma 

(PLR700 is an approximation of the average repeat units of the polymer based on the batch used). 

BDP 650/665 azide (Lumiprobe) and BDP 630/650 azide (Lumiprobe) were conjugated to DOPE-

DBCO in chloroform to generate fluorescently labeled lipids. Successful conjugation was 

validated via thin-layer chromatography which indicated <1% free dye. Deionized water was of 

ultrapure grade obtained through a Milli-Q water system (EMD Millipore). 

 

7.2.2 Recombinant single-chain IL-12 production 

Single-chain IL-12 sequence17 was synthesized as a genomic block (Integrated DNA 

Technologies) and cloned into gWIZ expression vector (Genlantis). Plasmids were transiently 

transfected into Expi293 cells (ThermoFisher Scientific). After 5 days, cell culture supernatants 

were collected and protein was purified in an ÄKTA pure chromatography system using HiTrap 

HP Niquel sepharose affinity column, followed by size exclusion using Superdex 200 Increase 

10/300 GL column (GE Healthcare Life Sciences). Endotoxin levels in purified protein was 
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measured using Endosafe Nexgen-PTS system (Charles River) and assured to be <5 EU/mg 

protein. 

 

7.2.3 Liposome synthesis 

A lipid solution was prepared by mixing (all mole %)  65% DSPC (25 mg/mL), 24% cholesterol 

(25 mg/mL), 6% POPG (25 mg/mL) and 5% 18:1 MPB-PE (5 mg/L) then formed into a thin film 

using a rotary evaporator (Buchi). Lipid films were allowed to further dry overnight in a desiccator, 

then were hydrated at 0.5-1 mg/mL using deionized water and sonicated for 3-5 minutes at 65 °C 

then extruded (Avestin Liposofast LF-50) once at 65 °C through a 100 nm membrane (Cytiva 

Nuclepore) then 3X through 50 nm membranes (Cytiva Nuclepore) . Extruded liposomes were 

added to an ice bath. 

For covalent linkage of scIL-12 to Mal-liposomes, the solution pH of MPB-PE liposomes 

was adjusted to pH 5 with hydrochloric acid prior to lipid film hydration, and following membrane 

extrusion, liposomes at 0.33 mg/mL were adjusted to pH 7.0 with 10 mM HEPES prior followed 

by addition of scIL-12 containing a terminal cysteine residue at a molar ratio of 25:1 of MPB-PE 

lipid to protein for at least 12 hours at 4 °C in a rotating mixed. Any remaining maleimides were 

quenched with a 100-fold molar excess of L-cysteine (Sigma) for 1.5 hrs on ice.  

For fluorescence labeling of liposomes, 0.2 mol% of DSPC content was replaced by either 

DOPE-650/665 or DOPE-630/650. IL-12 concentrations were measured via enzyme-linked 

immunoassay (ELISA) (Peprotech). Lipid content was quantified by dissociating the NPs in 90% 

DMSO and determining the NP fluorescence in a plate reader based on a standard curve of the 

sample prior to extruding (all measurements were done in 90% DMSO).  

 

7.2.4 Layer-by-Layer (LbL) film deposition onto NPs 

Assembly of polyelectrolyte layers was performed by adding unlayered particles to a diH2O 

solution with 0.3-0.4 weight equivalents (wt.eq.) of PLR relative to lipid in a glass vial under 

sonication and incubating on ice for at least 30 min. Excess PLR polymer was purified by TFF 

through a 100 kDa mPES membrane (Repligen) pre-treated with a 10 mg/mL solution of free PLR. 

For the terminal PLE layer, purified particles coated with PLR were added to a diH2O solution 

with PLE in a glass vial under sonication at 1 wt.eq. of polymer to lipid. LbL particles were then 

purified by TFF on a separate 100 kDa mPES membrane (Repligen) to remove any excess PLE. 
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7.2.5 Characterization of particle preparations 

Dynamic light scattering (DLS) and zeta potential measurements were made on a Zetasizer Nano 

ZSP (Malvern). Nanoparticle micrographs were acquired using Transmission Electron Microscopy 

(TEM) on a JEOL 2100F microscope (200 kV) with a magnification range of 10,000-60,000X. All 

images were recorded on a Gatan 2kx2k UltraScan CCD camera. Negative-stain sample 

preparation was performed by adding 10 µL of NPs on a 200 meshes copper grid coated with a 

continuous carbon film and allowing for sample adsorption for 60 seconds. Excess solution was 

then removed by touching the grid with a kimwipe. The grid was then quickly washed by adding 

10 µL of negative staining solution, phosphotungstic acid (PTA), 1% aqueous solution then 

removing excess by touching the grid with a kimwipe. Then, the grid was mounted on a JEOL 

single tilt holder equipped in the TEM column for image capture. 

 

7.2.6 LbL-NP salt stress test 

LbL-NPs were diluted in 15 mM HEPES (pH 7.3) to 0.1 mg/mL in a 1.5 mL disposable cuvette 

(Fisherbrand). A 2 M NaCl stock solution was then used to increase the ionic strength of the 

solution. Samples were allowed to incubate for 10-15 min prior to measuring particle size via DLS. 

After DLS readings, the concentration of NaCL was increased and the process was repeated until 

particles had coalesced (> 1 µm in diameter). 

 

7.2.7 Fluorescent labeling of polymers 

PLE at 10 mg/mL was labeled by reacting with 5 molar equivalents of sulfo-cyanine3 NHS ester 

(Lumibrobe) in PBS adjusted to pH ~8.5 with 0.1 M sodium bicarbonate. Excess dye was removed 

via extensive 0.9wt% NaCldialysis followed by extensive diH2O dialysis using a 3 kDa 

regenerated cellulose membrane (Repligen) and the purified PLE-cy3 was lyophilized until use. 

 

7.2.8 Analysis of LbL film stability and lipid release 

PLR/PLE films were assembled onto Mal-UL NPs as described in Layer-by-Layer (LbL) film 

deposition onto NPs, but the PLE solution was doped with 50% PLE-cy3. Particles were incubated 

in a buffer solution containing 15 mM HEPES (pH 7.3), 150 mM sodium chloride (NaCl), 1% 

pen-strep, and 10% fetal bovine serum at 0.1 mg/mL in a shaker at 37 °C. At defined intervals, 
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aliquots were extracted from the incubation solution and free polymers were separated from the 

NP. Samples were spun on a 300 kDa centrifugal filter (VivaSpin500, Sartorius) at 10xg for 15 

min and the permeate PLE or lipid fluorescence was compared to the fluorescence of the initial 

sample. Particles were validated to lack free polymers by centrifuging in diH2O. Fluorescence was 

measured on 96 well plates using a plate reader (Tecan Infinite 200).  

 

7.2.9 Cell Culture 

OV2944-HM-1 cells were acquired through Riken BRC and were cultured in α-MEM. HEK-Blue 

IL-12 (InvivoGen) cells were cultured and used for IL-12 bioactivity assessment according to the 

manufacturer’s instructions. Cell media was also supplemented with 10% FBS and 

penicillin/streptomycin with cells incubated in a 5% carbon dioxide humidified atmosphere at 37 

°C. All cell lines were murine pathogen tested and confirmed mycoplasma negative by Lonza 

MycoAlert™ Mycoplasma Detection Kit. 

 

7.2.10 In vitro cellular association 

HM-1 cells were plated on a tissue-culture 96-well plate at a density of 50K cells per well. The 

next day, wells were dosed with NPs and left for the target incubation time indicated. For 

assessment of NP-associated fluorescence in a fluorescence plate reader, a dose of 0.05 mg/mL 

was used and before cell washing with PBS, the supernatant was removed from the well and diluted 

10X with DMSO. Cells were then washed three times with PBS and disrupted with DMSO. 

Fluorescence of NPs associated with cells was then normalized to supernatant fluorescence. The 

relative fluorescence of each formulation was then compared to an unlayered liposome control 

containing the same fluorophore. For assessment of IL-12 on the surface of cancer cells, cells were 

washed 4 hours after dosing NPs with PBS and then PE anti-IL-12 monoclonal (BioLegend) or  

Alexa Fluor® 700 anti-IL-12 (BioLegend) were incubated with cells for 1 hr in cell media. After 

incubation with antibody, cells were washed with PBS and the fluorescence of NP and of IL-12 

Ab were measured on a plate reader. To determine IL-12 presentation efficiency, the ratio of IL-

12 Ab to NP fluorescence for each formulation was then determined and normalized to that of 

PLE100PLR50 LbL-NPs. To quantify IL-12 half-life, the cells were left in cell media for 24 or 48 

hours after washing out unbound NPs prior to anti-IL12 Ab incubation. The total IL-12 

fluorescence was then used to determine a half-life. 
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For analysis via flow cytometry, NPs were dosed at the indicated concentrations and 

allowed to incubate with cells at 37°C. Cells were washed with PBS then detached from the plates 

using 0.25% trypsin and stained with DAPI (15 min incubation) for viability assessment and fixed 

with 2% paraformaldehyde (30 min incubation) until analysis by flow cytometry using an LSR 

Fortessa (BD Biosciences).  

 

7.2.11 In vitro confocal imaging 

For confocal imaging, 8-well chambered coverglasses (Nunc Lab-Tek II, Thermo Scientific) were 

coated with rat tail collagen type I (Sigma-Aldrich) per the manufacturer’s instructions. HM-1 

cells were plated into the wells at a density of 10K/well and left to adhere overnight prior to NP 

treatment. After the desired incubation time with NPs, cells were washed 3x with PBS. After 

washing, cells were fixed in 4% paraformaldehyde for 15 minutes then washed (3x with PBS) and 

stained with wheat germ agglutinin (WGA) conjugated to Alexa Fluor488 (Invitrogen) and 

Hoechst 33342 (Thermo Scientific) following manufacturer’s instructions. For extracelluar IL-12 

visualization, cells were stained with PE-anti-IL-12 monoclonal antibody (BioLegend) for 1 hr in 

10% goat serum and then washed 3x with PBS. Images were analyzed using ImageJ. Chamber 

slides were imaged on an Olympus FV1200 Laser Scanning Confocal Microscope.  

 

7.2.12 Animals 

All animal work was conducted under the approval of the Massachusetts Institute of Technology 

Division of Comparative Medicine IACUC in accordance with federal, state, and local guidelines. 

B6C3F1 mice were purchased from Jackson Laboratories. Female mice were used between 8-12 

weeks of age unless otherwise noted.  

 

7.2.13 Pharmacokinetic and biodistribution in metastatic ovarian cancer model 

B6C3F1 mice were inoculated with firefly luciferase and mCherry-expressing OV2944-HM1 

(HM-1-mCherry-luc) cells through intraperitoneal (i.p.) injection of 106 cells in PBS. Two weeks 

after tumor inoculation, mice were injected with IL-12 NPs containing fluorescently labeled lipid 

(DOPE-630/650, 0.2 mol%). After 4 hrs, mice were euthanized, ascites cells were harvested via 

peritoneal lavage, and organs were removed and placed in PBS under ice. Organs were then 

transferred to a 1 mg/mL D-luciferin solution in PBS and incubated for 5 minutes then placed in 
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an IVIS to determine each organ’s BLI and NP fluorescence. Data were analyzed using Living 

Image software. Background fluorescence measurements were made for each organ based on 

signals from mice treated with dextrose. For correlation analysis, the weight-normalized 

bioluminescence flux (p/s/g) and radiant efficiency ([p/s] / [µW/cm²]/g) for each organ were 

analyzed on Graphpad Prism 10 for their correlation via the Pearson’s correlation coefficient.  

 

7.2.14 Efficacy studies with metastatic ovarian cancer model 

B6C3F1 mice were inoculated intraperitoneally with 106 cells of HM-1-luc in PBS. One week 

after inoculation, treatment was initiated as indicated on each figure. All treatments included the 

same IL-12 dose. Bioluminescence was measured on an IVIS 10 minutes after i.p. injection of 3 

µg of D-luciferin sodium salt (GoldBio) for 30 days after tumor inoculation or as needed to track 

tumor burden. 

 

7.2.15 Statistical Analysis 

GraphPad PRISM 10 was used to perform statistical analyses. Comparisons between two groups 

was performed via unpaired t-tests. For multiple groups or multiple variable analysis, one-way, or 

two-way ANOVAs were used with Tukey’s posthoc correction for time-based analysis or Sidak 

posthoc for other ANOVA analysis. 

 

7.3 Results and Discussion 

7.3.1 Polymer conformation of LbL film assembled in deionized water is required for 

effective delivery of IL-12 from LbL-NPs 

In our prior work delivering IL-12 from PLE-NPs, the LbL films were assembled in deionized 

water (DI) employing PLR with 50 repeat units (PLR50) and PLE with 100 repeat units 

(PLE100).15,16 However, the assembly of LbL films on NPs in solutions buffered with HEPES (25 

mM, pH 7.3) and mild ionic strength (20 mM sodium chloride, NaCl) has been shown to increase 

the amount of adsorbed polymer and is expected to increase film thickness.10 We compared the 

effect of adsorbing PLR and PLE in either DI or the buffered solution (termed hNa) onto liposomes 

with IL-12 covalently linked to phospholipid headgroups of the lipid bilayer (Figure 7.1a). The 

final LbL-NP size and zeta potential were similar among the formulations with a slight size 

increase when assembled in hNa (Figure F1a-b). However, particles assembled in hNa exhibited 
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a thicker LbL film when imaged via negative stain transmission electron microscopy (TEM, 

Figure 7.1b-c). To evaluate film and NP colloidal stability, we devised an assay in which LbL-

NPs are exposed to increasing concentrations of NaCl (Figure F1c). At a critical concentration of 

NaCl, the film destabilizes, and particles begin to coalesce at a rate dependent on their steric 

colloidal stability. LbL NPs assembled in hNa had increased film stability and reduced aggregation 

upon film destabilization compared to assembly in DI (Figure 7.1d), consistent with a rougher 

film providing greater steric stabilization.  
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Figure 7.1. Assembly of LbL film under mild ionic strength generates thicker layers, but 

reduces IL-12 bioavailability and limits lipid release. (a) Schematic of LbL film conformation 

on IL-12 LbL-NPs due to assembly in higher ionic strength buffer. Negative stain TEM of IL-12 

LbL-NPs assembled either in DI (b) or hNa (c). Scale bars represent 100 nm. (d) Assessment of 

LbL-NP film stability through exposure of NPs to increasing concentrations of sodium chloride 

(NaCl). (e) Fluorescently labeled NPs were dosed to HM-1 cells in vitro. Four hours after dosing, 

cells were washed and the NP fluorescence associated with cells was measured on a fluorescence 

plate reader. Shown are the normalized fluorescence readings relative to an unlayered negatively 

charged liposome. (f-g) Fluorescently labeled NPs were dosed to HM-1 cells in vitro. Four hours 

after dosing, cells were washed, fixed, and then stained with wheat germ agglutinin (cell membrane 

stain) and Hoechst 33342 (nucleus stain), and then visualized via confocal microscopy. Shown are 

representative confocal microscopy images of HM-1 cells incubated for 4 hours with LbL-NP 

assembled in DI (f) or hNa (g). (h) Quantification of lipid release from LbL-hNa relative to LbL-

DI after 24 hours incubation in serum-containing media. (i-k) B6C3F1 mice (n = 7/group) 

inoculated with 106 HM-1-luc tumor cells on day 0 were treated on days 7 with 20 µg of IL-12 

conjugated to LbL-NPs assembled in either DI or hNa. Shown are the experimental timeline (i), in 

vivo IVIS whole-animal i.p. BLI readings (mean ± s.e.m., j), and overall survival (k). Statistical 

comparisons between survival curves were performed using a log-rank (Mantel–Cox) test. 

 

To determine if these thicker films could affect cancer cell binding, we incubated LbL-NPs 

assembled in either DI or hNa for 4 hrs with a highly metastatic ovarian cancer cell line – OV2944-

HM-1 (HM-1). Assembly in either DI or hNa did not affect the LbL-NP affinity towards cancer 

cells (Figure 7.1d) and both formulations showed strong cell membrane retention properties of 

PLE-coated NPs (Figure 7.1f-g). While the thicker films did not affect cellular interactions, we 

theorized that it could hinder IL-12 accessibility and prevent the ability of lipid release from the 

NPs which we have found to be crucial for the therapeutic efficacy of IL-12-LbL-NPs. Consistent 

with a thicker LbL-film promoting steric hindrance of IL-12 recognition by IL-12 receptors, 

particles assembled in hNa had reduced IL-12 bioactivity compared to films assembled in DI when 

evaluated on a reporter cell line (Figure F1c). Indeed, LbL-hNa particles showed similar 

bioactivity as tetralayer LbL-DI NPs. We next incubated particles assembled in either DI or hNa 

in serum-containing media for 24 hrs then determined the total lipid released by separating serum-
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bound lipids from NPs on a centrifugal filter. LbL-NPs assembled in hNa could reduce the amount 

of lipid released by over 50% compared to DI-assembled films (Figure 7.1h).  

Given the potential reduced therapeutic efficacy of hNa LbL-NPs, we inoculated mice with 

peritoneally disseminated HM-1 tumors and then treated the mice with a single dose of IL-12-

LbL-NPs with either DI or hNa films (Figure 7.1i). Tumor bioluminescence readings showed that 

mice treated with DI-assembled LbL-NPs had greater tumor control (Figure 7.1j), which 

ultimately lead to significantly improved survival (Figure 7.1k).  

 

7.3.2 High MW polyelectrolytes increase LbL-NPs film stability without affecting lipid 

release or IL-12 bioavailability  

Having discovered that the thicker films assembled in hNa hindered the therapeutic efficacy of IL-

12 delivered from PLE-LbL-NPs, we theorized that we could instead increase film stability by 

increasing the polymer size while assembling in DI (Figure 7.2a). The thinner DI-assembled films 

could facilitate lipid release and maintain full IL-12 bioactivity. As large polymers can bridge and 

crosslink two particles18, we first wanted to ensure it was feasible to assemble LbL-NPs using high 

molecular weight (HMW) polymers (PLR700/PLE800) and compared it to our standard low 

molecular weight (LMW) film (PLR50PLE100). Layering with long polyamino acids did not lead 

to significant changes in particle size (Figure 7.2b) or zeta potential (Figure 7.2c). Surprisingly, 

when the film stability was assessed by our salt stress experiment, PLR700/PLE800 did not show 

signs of aggregation even at substantially higher NaCl concentrations (Figure 7.2d), suggesting 

that the higher MW polymer chains can increase film and particle stability. To directly evaluate 

the film stability, we fluorescently tagged the PLE chains on the LbL-NPs and then exposed them 

to a physiological solution containing serum proteins. While PLR50/PLE100 show a ~60-70% burst 

release of PLE but the burst release of PLE from PLR700/PLE800 was reduced almost 2-fold (Figure 

7.2e). At longer time points, however, the total fraction of PLE released was equivalent for both 

formulations.  
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Figure 7.2. High MW polyelectrolytes stabilize LbL-NP but maintain IL-12 bioactivity and 

lipid release properties (a) Schematic IL-12 LbL-NPs with films composed of low or high 

molecular weight (MW) polymers. (b) Dynamic light scattering size and polydispersity 

measurements of LbL-NPs composed of low or high molecular weight (MW) polymers. (c) 

Apparent surface zeta potential measurements of LbL-NPs composed of low or high molecular 

weight (MW) polymers. (d) Assessment of LbL film and NP stability via a salt stress test. (e) 

Release of PLE from LbL-NPs in 10% serum. (f) HEK-Blue IL-12 response. (g) Relative lipid 

release in 10% serum from LbL-NPs assembled in deionized water with low molecular weight 

polymers or high molecular weight. 
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Importantly, PLR700/PLE800 LbL-NPs did not affect IL-12 bioactivity (Figure 7.2f). 

Moreover, when we quantified the total lipid release after incubating the particles for 24 hrs in 

serum-containing media, there was no difference between the formulations (Figure 7.2g). These 

results suggested that we could increase LbL-NP film and NP stability by increasing the size of 

the adsorbed polymer MW while maintaining the desired physical properties of the LbL-NPs for 

IL-12 delivery. 

 

7.3.3 High MW PLR and PLE increase LbL-NPs association with cancer cells while high 

MW PLE increases the efficiency of cell membrane presentation of NPs 

To understand the effects of polymer size on the biological interactions with cancer cells, we 

generated a library of PLR/PLE LbL-NPs composed of a combinatorial assembly of four PLR 

sizes (PLR50, PLR100, PLR200, PLR700) and three PLE sizes (PLE100, PLE200, and PLE800). Analysis 

of particle size showed similar particle diameters and low polydispersity (polydispersity index < 

0.2) albeit the use of PLE800 could increase the hydrodynamic size by ~10-20 nm (Figure F2a). 

No major differences in zeta potential could be observed (Figure F2b) nor did any of the films 

affect IL-12 bioactivity (Figure F3c), confirming that the DI-assembled films did not result in 

thicker polymer assemblies. Incubation of these PLR/PLE LbL-NPs formulations with HM-1 cells 

revealed that high MW PLR and medium MW PLE yielded the highest NP association (Figure 

7.3a). However, effective IL-12 delivery requires not only NP association but also prevention of 

NP endocytosis to prolong the extracellular presentation of the IL-12. Thus, after incubating NPs 

with LbL-NPs for 4 hours, cells were washed and incubated with a fluorescently tagged 

monoclonal antibody against IL-12 to bind to NPs on the cell membrane of cancer cells (Figure 

7.3b). The fluorescence ratio of the IL-12 antibody to total NP fluorescence was then used to 

determine the extracellular presentation efficiency of the formulations. As expected, while 

negligible amounts of IL-12 staining were observed for UL NPs, our standard LMW PLR50PLE100 

significantly improved the extracellular presentation of IL-12 (Figure 7.3c). Consistent with the 

role of PLE in promoting the retention of LbL-NPs on the cancer cell surfaces, we found that 

PLE800 could increase the surface presentation of NPs by ~50% regardless of the PLR size (Figure 

7.3d). 
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Figure 7.3. High MW polyelectrolytes increase cancer cell binding and increased PLE MW 

augments efficiency of the surface presentation of LbL-NPs. (a-d) Fluorescently labeled NPs 

were dosed to HM-1 cells in vitro. Four hours after dosing, cells were washed, and stained with 

anti-IL-12 monoclonal antibody. After IL-12 Ab binding, cells were again washed and the NP and 

IL-12 fluorescence associated with cells was measured on a fluorescence plate reader. Shown are 
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the normalized fluorescence readings relative to an unlayered negatively charged liposome (a), 

schematic for staining extracellular presented IL-12 NPs (b), the ratio of IL-12 to NP fluorescence 

of UL and PLR50PLE100 NPs normalized to PLR50PLE100, and the ratio of IL-12 to NP fluorescence 

for the library of polyelectrolyte MWs normalized to PLR50PLE100. (e-f) Fluorescently labeled 

NPs were dosed to HM-1 cells in vitro. Four hours after dosing, cells were washed, suspended, 

stained with an anti-IL-12 monoclonal antibody, re-washed and fixed. Shown are representative 

flow plots of IL-12 fluorescence and NP fluorescence of HM-1 cells dosed with 15 µg/mL of 

PLR50PLE100 (LMW) or PLR700PLE800 (HMW) (e), and quantitation of extracellular IL-12 median 

fluorescence intensity (MFI) of HM-1 cells dosed with LMW and HMW LbL-NPs across various 

NP concentrations (f). 

 

 

To further compare the NP binding and IL-12 presentation efficiency of PLR/PLE LbL-

NPs composed of either LMW (PLR50PLE100) to the HMW (PLR700PLE800), we dosed various 

concentrations of NPs to HM-1 cells and then stained for extracellular IL-12 and analyzed NP and 

IL-12 fluorescence via flow cytometry. As expected, HMW LbL-NPs increased both NP 

association and total IL-12 presented (Figure 7.3e). This effect increased the total IL-12 presented 

in the cell surface by 2-4 fold for all NP concentrations (Figure 7.3f), confirming that the use of 

HMW polymers can improve cancer cell binding and extracellular presentation of IL-12. 

 

7.3.4 High MW polymers increase the half-life of LbL-NPs on cancer cell surfaces 

In addition to inhibiting initial NP endocytosis upon binding to cancer cells, PLE-NPs are 

efficiently retained at the cell surface.6 We hypothesized that the polymer size might also affect 

the long-term retention of IL-12 LbL-NPs on cancer cell membranes. To measure the cell 

membrane half-life of LbL-NPs, HM-1 cells were exposed to NPs for 4 hours to associate with 

cancer cells. Afterward, the NP-bound cells were washed, and fresh cell culture medium was 

added. The cells were then incubated with fluorescent anti-IL-12 antibodies at 0, 24, or 48 hours 

after the removal of unbound NPs. The total IL-12 antibody staining at each time point was used 

to calculate the half-life. Increasing both PLR and PLE sizes increased the surface half-life of IL-

12 (Figure 7.4a), with HMW polymers yielding an almost 3-fold increase in IL-12 half-life 

compared to LMW LbL-NPs (Figure 7.4b). Analysis of HM-1 cells dosed with either LMW or 
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HMW LbL-NPs for 48 hrs and then visualized via confocal microscopy showed a clear increase 

in total IL-12 presented extracellularly (Figure 7.4c). 

 

 
Figure 7.4. HMW polyelectrolyte LbL films increase the half-life of IL-12 on cancer cell 

membranes. (a-b) Fluorescently labeled NPs were dosed to HM-1 cells in vitro. Four hours after 

dosing, cells were washed, and fresh cell culture media was added. After 0, 24 or 48 hrs after 

removing unbound NPs, cells were stained with anti-IL-12 monoclonal antibody, washed, and total 

IL-12 fluorescence associated with cells was evaluated on a fluorescence plate reader to determine 

an IL-12 fluorescence half-life. Shown are the derived IL-12 half-life for the panel of PLR and 

PLE MW films (a) and the decay curves comparing the LWM (PLR50PLE100) to the HMW 

(PLR700PLE800) film. (c) Fluorescently labeled NPs were dosed to HM-1 cells in vitro. Two days 

(48 hrs) after dosing, cells were washed, fixed, and then stained with wheat germ agglutinin (cell 
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membrane stain), Hoechst 33342 (nucleus stain), and anti-IL-12 antibody. Cells were then 

visualized via confocal microscopy. Shown are representative confocal microscopy images of 

HM-1 cells treated with LMW or HMW LbL-NPs. 

 

 

7.3.5 HMW-LbL-NPs increase association with tumor tissues in metastatic ovarian cancer 

model 

Having discovered that the polymer size could significantly augment in vitro NP association and 

IL-12 extracellular presentation on cancer cells, we next sought to evaluate its effectiveness in 

targeting cancer tissue in vivo. Mice were inoculated with peritoneally disseminated HM-1 cells 

engineered to express mCherry and luciferase to track tumor cells in vivo. Two weeks after 

inoculation, animals were treated intraperitoneally (i.p.) with free IL-12, UL-IL-12 NPs, or LbL-

IL-12-NPs assembled with either LMW or HMW polymers (Figure F3a). The cellular fraction 

from ascites was harvested and processed for flow cytometry whereas organs were extracted to 

quantity total NP fluorescence and tumor bioluminescence intensity (BLI) ex vivo using an In Vivo 

Imaging System (IVIS).  

Even though cells in the ascites were primarily immune cells (~70% CD45+) and there was 

only a minor portion of cancer cells (~1% CD45-mCherry+, Figure F3b), the LbL coating was 

able to selectively increase NP uptake by cancer cells (Figure 7.5a), and not immune cells (Figure 

7.5b). Moreover, HMW LbL-NPs increased total NP fluorescence on cancer cells ~2-fold 

compared to LMW LbL-NPs. Assessment of the percentage of NP-positive immune cells and 

cancer cells confirmed the selectivity of LbL-NPs towards cancer cells with HMW-LbL NPs 

achieving ~95% NP-positive cancer cells compared to ~75% and ~25% for LMW and UL NPs, 

respectively (Figure 7.5c). Staining with anti-IL-12 antibodies showed that only LbL-NPs could 

present IL-12 on the surface of cancer cells, with HMW-LbL NPs showing a stronger IL-12 signal 

(Figure 7.5d-e). A small (~10%) fraction of immune cells was also found to have IL-12 presented 

on their surface which could enable sustained IL-12 activation of immune cells in the ascites.   

As expected, ex vivo NP fluorescence signal showed that both LbL-NPs strongly associated 

with tissues with the most metastatic tumor burden (i.e., the omentum and urogenital tract, UGT, 

Figure 7.5f). However, HMW-LbL-NPs significantly outperformed LMW-LbL NPs, as the 

optimized formulation achieved a 10-fold and 3-fold increase in association with the omentum and 
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UGT compared to UL whereas LMW-LbL NPs increased association 3-fold and 2-fold, 

respectively. To confirm that LbL-NPs achieved systemic targeting of disseminated tumor burden, 

we evaluated the correlation between every tissue’s NP signal and BLI. Only mice treated with 

LbL-NPs had strong (r~0.8) and significant (p<0.05) correlation between NP and BLI (Figure 

7.5g-h). Thus, HMW-LbL-NPs could increase NP accumulation in disseminated cancer tissues 

while maintaining or improving the targeting properties of LbL-NPs compared to LMW-LbL-NPs. 

 
Figure 7.5. HMW polyelectrolyte LbL films increase cancerous tissue NP targeting and 

increase total IL-12 presentation. (a-h) B6C3F1 mice (n=4-5/group) inoculated with 106 HM-1-

mCherrry-luc tumor cells on day 0 were administered fluorescently-tagged NPs carrying 20 µg IL-
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12 (or an equivalent dose of free IL-12) on day 14. Four hours after dosing, animals were 

sacrificed, ascites was collected and processed for flow cytometry whereas tissues were analyzed 

ex-vivo via IVIS. Shown are the median fluorescence intensity (MFI) of NP signal in cancer cells 

(CD45-mCherry+, mean ± s.d., a) and immune cells (CD45+, mean ± s.d., b), the percentage of 

immune cells and cancer cells that were NP-positive (mean ± s.d., c), representative flow 

cytometry plot of NP and extracellular IL-12 fluorescence of tumor cells (d), the percentage of 

immune cells and cancer cells that were IL-12-positive (mean ± s.d., e), the weight-normalized 

tissue NP fluorescence (mean ± s.e.m., f), Pearson's correlation coefficient between weight-

normalized tissue NP fluorescence and BLI 4 hours after dosing (g), and the significance of the 

correlation estimates (h).  

 

 

7.3.6 HMW-LbL-NPs improve the therapeutic efficacy of LbL-NPs in a metastatic model of 

ovarian cancer 

To access the therapeutic impact of the optimized LbL film from HMW-LbL-NPs, we 

inoculated the i.p. space of mice with HM-1 cells expressing luciferase (HM-1-luc). After 7 and 

14 days, mice were treated with 20 µg of IL-12 as a free cytokine or in NP formulations (Figure 

7.6a). We evaluated UL-NPs, LMW-LbL-NPs (PLR50PLE100), HMW-LbL-NPs (PLR700PLE800), 

and a medium MW LbL-NP formulation which had matched in vitro HM-1 association but without 

increased IL-12 presentation efficiency (PLR200PLE200, see Figure 7.3). Moreover, we tested the 

efficacy of a single 20 µg dose of HMW-LbL-NPs administered on day 7. All IL-12 treatments 

yielded drastic reductions in tumor BLI (Figure 7.6b). However, only LbL-NP formulations 

showed reduced BLI readings compared to free IL-12. A single shot of HMW-LbL-NPs had 

similar performance as two-dose regimens of other LbL-NPs. When given the two-dose regimen 

of HMW-LbL-NPs, the tumor was controlled for over 26 days whereas all other treatments had 

rebounded by the same time. 
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Figure 7.6. HMW polyelectrolytes increase LbL-NP treatment efficacy in a metastatic model 

of ovarian cancer B6C3F1 mice (n = 10/group) inoculated with 106 HM-1-luc tumor cells on day 

0 were treated on days 7 and 14 with 20 µg of IL-12 as a free cytokine or conjugated to LbL-NPs. 

Shown are the experimental timeline (a), in vivo IVIS whole-animal i.p. BLI readings (mean ± 

s.e.m., b), and overall survival (c). 

 

While mice treated with dextrose survived for only 20 days, IL-12 or UL-NP 

administration extended survival for one week to ~27 days (Figure 7.6c). All LbL-NP treatments 

could significantly improve survival for at least one more week to ~34 days. This extension in 

survival could be achieved with a single dose administration of HMW-LbL-NPs. On the other 

hand, two doses of HMW-LbL-NPs extended the median survival to 47 days, significantly 

outperforming all other treatment groups and leading to the only treatment with long-term 

survivors (~30% alive on day 70). Notably, PLR700PLE800 LbL-NPs significantly outperformed 

PLR200PLE200 NPs consistent with the required improved surface presentation of IL-12 and not 

only increasing cellular association. 
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7.4 Conclusion 

The surface chemistry of NPs modulates its interactions with biological systems. Assembly of LbL 

films on the surface of NP enables control over these interactions.6 While the effects of solution 

conditions and polymer length are well described in the literature for 2-D LbL films19,20, little has 

been done to explore their properties in LbL-NPs. 

Here we show that LbL films achieved by the adsorption of polymers in the presence of 

buffered solutions with mild ionic strength are more stable. However, the resulting increased film 

thickness diminished the effectiveness of IL-12 delivery from LbL-NPs due to reduced IL-12 

bioavailability and lipid release. On the other hand, longer polymer chains during film assembly 

in DI increase film and NP stability without hindering IL-12 bioavailability and lipid release from 

LbL-NPs. Employing the HMW-LbL-NPs improved in vitro and in vivo tumor accumulation and 

IL-12 presentation from LbL-NPs compared to LMW polymer films. These enhanced properties 

allowed for a significant boost in the therapeutic efficacy of HMW-LbL-NPs over LMW-LbL-

NPs. Taken together, this work presents novel insights into how LbL film assemblies of the same 

chemistry may be used to modulate their interaction with biological systems. 
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CHAPTER 8 
 

Chemically crosslinked layer-by-layer nanoparticles for enzyme-triggered 

release 

 

8.1 Introduction 

Engineered nanoparticles (NP) are promising drug delivery vehicles for disease treatment and 

diagnosis.1 Nanomaterials could help overcome many issues with conventional systemic drug 

therapy such as biodistribution, bioavailability, pharmacokinetics, and cellular uptake. In doing so, 

NPs have the potential to make treatments more effective and less toxic which has been extensively 

demonstrated in preclinical models.2 However, the number of clinically approved nanomedicines 

has been drastically below projections.1,2 The lack of clinical success of nanomedicines has been 

partially attributed to the reliance on passive tissue accumulation of NP.1,3 Thus, there has been 

extensive efforts to design nanoparticles with more rational design by inclusion of active targeting 

and stimuli-responsive materials.1,3,4 Active targeting enables increased accumulation at target 

tissues whereas stimuli-responsive materials promote site-specific drug exposure.3 

One promising approach to promote NP targeting to select tissues has been through altering 

its surface chemistry via the layer-by-layer (LbL) technique.5,6 This surface modification has 

minimal effect on NP size, shape, and rigidity allowing for facile design of optimal drug carriers.7–

9 However, there has been limited strategies that demonstrate stimuli-responsive LbL-NPs. We 

have previously designed LbL-NPs with stimuli-responsive properties based on the swelling 

properties of LbL films at different pH, or via the release of polyethylene glycol (PEG) groups due 

to pH changes or enzymatic cleavage.10–12 However, these approaches may still lead to nonspecific 

effects due to polymer detachment from LbL-NPs independent of the stimuli trigger. Further, while 

we have seen differences in the loading of nucleic acids on LbL-NP films upon changes in buffer 

ionic strength during layering, the effects of layering solution ionic strength on LbL-NP colloidal 

stability and film architecture still needs to be evaluated.7 

In this work, we designed a LbL-NP structure in which we vary the film architecture on 

the NP surface by altering the layering buffer ionic strength and chemically crosslink the outer-

layer polyelectrolytes using enzyme-cleavable peptides to generate a single network of polymers 

on the NP surface. To generate surface-crosslinked LbL-NPs (scLbL-NPs), we absorbed peptides 
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with N- and C-terminus azide groups onto LbL-NPs which could create interconnections between 

alkyne-grafted PLE polymers via copper(I)-catalyzed alkyne-azide cycloaddition (CuAAC). By 

varying the net charge on the peptide used for adsorption onto LbL-NPs, we find that low net 

charges induce the least disturbance on the LbL-NP stability. Surprisingly, even zwitterionic 

peptides were found to absorb onto LbL-NPs. Polymer deposition in the presence of salts yielded 

LbL-NPs which had increased stability in the presence of physiological saline levels compared to 

DI-assembled polymer LbL-NPs. Similarly, addition of chemical crosslinks increased colloidal 

stability of LbL-NPs at physiological saline levels, yielding LbL-NPs stable even at 500 mM NaCl. 

When delivered to a target tissue, enzyme-mediated cleavage of the peptides enables site-

specific polymer detachment. We generated LbL-NPs with a polyelectrolyte bilayer composed of 

poly-L-arginine (PLR) and poly-L-glutamate (PLE) which has previously been shown to target 

cancer cells and promote NP accumulation on the cell membrane.6,13–15 We performed layering of 

polymers under both low ionic strength (deionized water, DI-LbL) and mild ionic strength (20 mM 

sodium chloride, 25 mM HEPES, salt-LbL) to alter the polymer film architecture on the NP surface 

prior to the addition of chemical crosslinks.  

 

8.2 Methods 

8.2.1 Materials 

1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC), 1,2-dioleoyl-sn-glycero-3-

phosphoethanolamine-N-[4-(p-maleimidophenyl)butyramide] (sodium salt) (18:1 MPB-PE), 1-

palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1’-rac-glycerol) (sodium salt) (POPG), and cholesterol 

were purchased from Avanti Polar Lipids. PLR50, PLE100, and PLE100 with 10% alkyne 

modification were purchased from Alamanda Polymers.  

 

8.2.2 Recombinant single-chain IL-12 production 

Single-chain IL-12 sequence20 was synthesized as a genomic block (Integrated DNA 

Technologies) and cloned into gWIZ expression vector (Genlantis). Plasmids were transiently 

transfected into Expi293 cells (ThermoFisher Scientific). After 5 days, cell culture supernatants 

were collected and protein was purified in an ÄKTA pure chromatography system using HiTrap 

HP Niquel sepharose affinity column, followed by size exclusion using Superdex 200 Increase 

10/300 GL column (GE Healthcare Life Sciences). Endotoxin levels in purified protein was 
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measured using Endosafe Nexgen-PTS system (Charles River) and assured to be <5 EU/mg 

protein. 

 

8.2.3 Liposome synthesis 

A lipid solution was prepared by mixing (all mole %)  65% DSPC (25 mg/mL), 24% cholesterol 

(25 mg/mL), 6% POPG (25 mg/mL) and 5% 18:1 MPB-PE (5 mg/L) then formed into a thin film 

using a rotary evaporator (Buchi). Lipid films were allowed to further dry overnight in a desiccator, 

then were hydrated at 0.5-1 mg/mL using deionized water and sonicated for 3-5 minutes at 65 °C 

then extruded (Avestin Liposofast LF-50) once at 65 °C through a 100 nm membrane (Cytiva 

Nuclepore) then 3X through 50 nm membranes (Cytiva Nuclepore) . Extruded liposomes were 

added to an ice bath. 

For covalent linkage of scIL-12 to Mal-liposomes, the solution pH of MPB-PE liposomes 

was adjusted to pH 5 with hydrochloric acid prior to lipid film hydration, and following membrane 

extrusion, liposomes at 0.33 mg/mL were adjusted to pH 7.0 with 10 mM HEPES prior followed 

by addition of scIL-12 containing a terminal cysteine residue at a molar ratio of 25:1 of MPB-PE 

lipid to protein for at least 12 hours at 4 °C in a rotating mixed. Any remaining maleimides were 

quenched with a 100-fold molar excess of L-cysteine (Sigma) for 1.5 hrs on ice. Particles without 

IL-12 were generated with the same composition and processing, but no IL-12 was added during 

overnight incubation in 10 mM HEPES (pH 7.0). Lipid concentration was determined with the 

Stewart Assay21 and IL-12 content was determined via ELISA (Peprotech). Unaltered or LbL-NPs 

were dissociated in 1% triton-X100 for IL-12 ELISA quantification. 

 

8.2.4 Layer-by-Layer (LbL) film deposition onto NPs 

Assembly of DI-LbL layers was performed by adding unlayered particles to a diH2O solution with 

0.3-0.4 weight equivalents (wt.eq.) of PLR relative to lipid in a glass vial under sonication and 

incubating on ice for at least 30 min. Excess PLR polymer was purified by TFF through a 100 kDa 

mPES membrane (Repligen) pre-treated with a 10 mg/mL solution of free PLR. For the terminal 

PLE layer, purified particles coated with PLR were added to a diH2O solution with PLE in a glass 

vial under sonication at 1 wt.eq. of polymer to lipid. LbL particles were then purified by TFF on a 

separate 100 kDa mPES membrane (Repligen) to remove any excess PLE. For assembly of salt-

LbL layers, polymer solutions were made in 50 mM HEPES (pH 7.4) with 40 mM NaCl at wt. eq. 
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of 0.5 for PLR and 2 for PLE. Polymers were mixed with 1:1 volume of NPs then purified via TFF 

using diH2O as the replacement buffer. 

 

8.2.5 Characterization of particle preparations 

Dynamic light scattering (DLS) and zeta potential measurements were made on a Zetasizer Nano 

ZSP (Malvern). Nanoparticle micrographs were acquired using Transmission Electron Microscopy 

(TEM) on a JEOL 2100F microscope (200 kV) with a magnification range of 10,000-60,000X. All 

images were recorded on a Gatan 2kx2k UltraScan CCD camera. Negative-stain sample 

preparation was performed by adding 10 µL of NPs on a 200 meshes copper grid coated with a 

continuous carbon film and allowing for sample adsorption for 60 seconds. Excess solution was 

then removed by touching the grid with a kimwipe. The grid was then quickly washed by adding 

10 µL of negative staining solution, phosphotungstic acid (PTA), 1% aqueous solution then 

removing excess by touching the grid with a kimwipe. Then, the grid was mounted on a JEOL 

single tilt holder equipped in the TEM column for image capture. 

 

8.2.6 Peptide synthesis 

The peptides +1, +2, and +3 peptides of sequence K(N3)GGPVGLIGGK(N3), 

K(N3)GGPVGLIGRK(N3), and K(N3)RGPVGLIGRK(N3), respectively, were made with a C-

terminus amid in the Koch Institute Biopolymer and Proteomics core using the Intavis Model 

MultiPep multiple peptide synthesizer and purified via reverse phase high-pressure liquid 

chromatography. The zwitterionic peptide had the sequence K(N3)GGPVGLIGGK(N3)G, with a 

C-terminus carboxylic acid. Large-scale peptide production was also done via solid-state peptide 

synthesis for the +1 peptide. 

 

8.2.7 Peptide adsorption 

Nanoparticles were mixed with peptide solution under sonication in either deionized water or in 

the 50 mM HEPES (pH 7.3) and 40 mM NaCl. Samples were left to incubate for 10 min prior to 

DLS characterization. 
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8.2.8 LbL crosslinking 

To perform the copper-catalyzed click chemistry reaction, particles were mixed with 1 mM copper 

sulfate, 2 mM tris(benzyltriazolylmethyl)amine (THPTA), and 20 mM sodium ascorbate. Samples 

were left at 25 °C for 5 hrs then left overnight at 4 °C. To quench the reaction, 0.5mM of 

ethylenediaminetetraacetic acid (EDTA) was added. For IL-12 scLbL-NPs, particles were then 

purified via TFF on 100 kDa mPES membrane (Repligen) using DI as replacement buffer. 

 

8.2.9 LbL-NP salt stress test 

LbL-NPs were diluted in 15 mM HEPES (pH 7.3) to 0.1 mg/mL in a 1.5 mL disposable cuvette 

(Fisherbrand). A 2 M NaCl stock solution was then used to increase the ionic strength of the 

solution. Samples were allowed to incubate for 15 min prior to measuring particle size via DLS. 

After DLS readings, the concentration of NaCL was increased and the process was repeated until 

particles had coalesced (> 1 µm in diameter). 

 

8.2.10 Cell Culture 

HEK-Blue IL-12 (InvivoGen) cells were cultured and used for IL-12 bioactivity assessment 

according to the manufacturer’s instructions. Cell media was also supplemented with 10% FBS 

and penicillin/streptomycin with cells incubated in a 5% carbon dioxide humidified atmosphere at 

37 °C. All cell lines were murine pathogen tested and confirmed mycoplasma negative by Lonza 

MycoAlert™ Mycoplasma Detection Kit. 

 

8.2.11 MMP-9 cleavage 

To cleave peptides crosslinked on purified scLbL-NPs, samples were mixed with 12.5 nM of 

preactivated human MMP-9 (Sigma) and incubated at 37 °C for 5 hrs. The bioactivity of IL-12 on 

the scLbL-NPs was measured on samples after incubation with or without MMP-9 to determine 

the effect of MMP-9. 

 

8.2.12 Statistical Analysis 

GraphPad PRISM 10 was used to perform statistical analyses. Comparisons between two groups 

was performed via unpaired t-tests. For multiple groups or multiple variable analysis, one-way, or 
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two-way ANOVAs were used with Tukey’s posthoc correction for time-based analysis or Sidak 

posthoc for other ANOVA analysis. 

 

8.3 Results and Discussion 

8.3.1 Polyelectrolyte adsorption in water or in presence of mild ionic strength yield layer-

by-layer nanoparticles with varied film architecture. 

To chemically crosslink the film on LbL-NPs, we used a PLE polymer in which 10% of the 

glutamate residues were replaced by an alkyne group. A bilayer film composed of PLR and the 

alkyne-grafted PLE was assembled onto negatively charged unlayered (UL) liposomes. The film 

conformation was altered by layering in deionized water (DI) or mild ionic strength and buffering 

capacity (salt, Figure 8.1a). We have previously shown that under salt conditions, the LbL film is 

thicker and more stable. As expected, assembly under both conditions yielded LbL-NPs with 

similar size and low polydispersity (Figure 8.1b-c). The presence of a thicker LbL film was 

apparent when particles were imaged via negative-stain transmission electron microscopy (NS-

TEM, Figure 8.1d).  
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Figure 8.1. Solution conditions during LbL assembly control film thickness. (a) Diagram of 

LbL assembly either in deionized water (DI) or in the presence of a mild ionic strength solution 

(salt). (b) Particle hydrodynamic size (Z-avg) and polydispersity index (PDI) during LbL 

assembly. (c) Zeta potential of particles during LbL assembly. (d) Negative stain transmission 

electron microscopy of unlayered (UL), DI-LbL, or salt-LbL NPs.  
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8.3.2 Peptide charge regulates maximum loading capacity onto LbL-NPs. 

To achieve the chemical crosslinks between alkyne-grafted PLE polymers, we employed a bi-

functionalized peptide containing azide groups at the N- and C-terminus. In between the azide 

groups, a matrix metalloprotease IX (MMP-9) cleavable peptide sequence (PVGLIG)16 was added 

owing to the high expression of this enzyme in many cancerous tissues.17 We generated a library 

of peptides with varying charges by altering the number of added arginine residues (Figure 8.2a). 

When adsorbed onto the surface of the DI-LbL NPs in DI (Figure 8.2b), high peptide loadings 

increased the zeta potential consistent with the expected added positive charges to the LbL film 

(Figure 8.2c). At the high peptide loadings, it was possible to destabilize the NPs as indicated by  

an increase in the particle size. Moreover, using peptides with increased charge densities led to 

changes in the zeta potential and particle destabilization at lower peptide loadings.  Surprisingly, 

even the zwitterionic peptide increased the zeta potential suggesting that this peptide could also 

adsorb onto the LbL-NPs. The zwitterionic peptide was found to have a greater destabilizing effect 

than even +1 peptide since at the 20 µmol peptide to mg lipid ratio it caused particle destabilization 

whereas the +1 peptide did not. When adsorbed under salt conditions onto salt-LbL NPs (Figure 

8.2d), most peptides did not cause significant effects on either the zeta potential nor the particle 

size suggesting an increased peptide adsorption capacity of these thicker films (Figure 8.2e). The 

lack of change in zeta potential is consistent with the measurement reflecting the adsorbed 

polyelectrolyte film Donnan potential and not the surface potential when performed on a thicker 

film at higher ionic strength.18,19  Indeed, high loadings of multivalent peptides increased particle 

size confirming the interaction of peptides with the salt-LbL-NPs.  
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Figure 8.2. Stable peptide loading onto DI-LbL and salt-LbL NPs depends on film 

conformation and peptide charge. (a) Schematic of peptides used in adsorption studies. (b) 

Diagram of peptide adsorption under DI conditions onto DI-LbL NPs. (c) Hydrodynamic size and 

zeta potential of DI-LbL NPs after peptide adsorption. (d) Diagram of peptide adsorption under 

salt conditions onto salt-LbL NPs. (e) Hydrodynamic size and zeta potential of salt-LbL NPs after 

peptide adsorption. 
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8.3.3 Peptide crosslinking confers increased LbL film stability 

Having found that peptides could adsorb on the LbL-NPs, we next sought to evaluate if they could 

be used to crosslink the PLE polymers on the NP surface. Given that higher molecular weight PLE 

polymers stabilize the LbL film and the NP stability at higher ionic strength, we theorized that we 

could use a salt stability stress test (Figure 8.3a) to evaluate for successful cross-linking. As found 

previously, salt-LbL NPs showed improved stability compared to DI-LbL NPs under this assay 

(Figure 8.3b). We first characterized the stability of DI-LbL NPs with varying amounts of peptides 

absorbed on the surface. Consistent with multivalent peptides facilitating bridging interactions, 

their adsorption reduced the particle stability in the salt-stress test (Figure 8.3c).  

We next performed the crosslinking reaction by exposing the LbL-NPs with varying 

amounts of peptides adsorbed on the surface to the reagents required to initiate the copper-

catalyzed click chemistry reaction between alkyne and azides (Figure 8.3d).  Particles were 

incubated overnight to generate surface-crosslinked LbL-NPs (sc-LbL-NPs) before quenching the 

reaction by adding 0.5 mM of EDTA. Except for high (>2-3 µmol peptide to mg lipid ) onto the 

salt-LbL NPs, all conditions tested yielded monodisperse particles that retained their size (<200 

nm, Figure 8.3e). Importantly, for both salt-LbL or DI-LbL NPs, peptide crosslinking could 

significantly improve the stability of the LbL-NPs. At peptide loadings above 2-4 it was possible 

to observe particles that did not crash (>1000 nm in size) during the full-time course of the 

experiment which we ended at supraphysiological ionic strength (400 mM NaCl). These particles 

instead showed indications of film swelling given their increase in size. However, only a few 

conditions yielded scLbL-NPs that were stable to these high ionic strength conditions after 

allowing them to equilibrate overnight (Figure 8.3e blue curves). It was also possible to note that 

sc-salt-LbL-NPs had a more efficient use of the peptides as lower peptide-to-lipid ratios were 

required to yield a discernable difference in particle stability. For example, +0 peptide required 2-

3 ratio to yield a sc-DI-LbL-NP that behaved differently from uncrosslinked particles, whereas 

only 2-6 peptide crosslinked on salt-LbL NPs could already show increased stability. This 

observation could be due to the higher interpenetration of polymers when assembled in higher 

ionic strength facilitating polymer-to-polymer crosslinks.  
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Figure 8.3. The generation of chemical crosslinks on LbL-NPs yields greater film stability. 

(a) Diagram of salt stress test. (b) Z-avg size of DI-LbL and salt-LbL at various concentrations of 

NaCl during the salt stress test. (c) Salt stress test of DI-LbL with various peptide loadings. (d) 

Diagram of crosslinking polymers on the surface of LbL-NPs. (e) Salt stress curves from various 

scLbL-NPs assembled in either DI or salt conditions with varying amounts of peptides adsorbed 

on the surface. 

 

8.3.4 Crosslinking of LbL film assembled on IL-12 loaded NPs regulates surface exposure 

of IL-12 

PLR/PLE LbL-NPs are effective at delivering cytokines to the tumor microenvironment. 

We thus decided to employ this crosslinking strategy on liposomes with IL-12 conjugated to their 

surfaces (Figure 8.4a). To first validate that we could generate IL-12-scLbL-NPs, we adsorbed 

and crosslinked +1 peptide at ratios of 2-4, 2-3, and 2-1 to IL-12-LbL-NPs with films assembled in 

either DI or salt. The +1 peptide was selected given its ability to effectively crosslink and stabilize 

scLbL-NPs without significantly affecting LbL-NP properties. Similar to particles devoid of IL-

12, crosslinking showed a peptide-dependent effect on LbL film stability for both DI (Figure 8.4b) 

and salt (Figure 8.4c). However, it was apparent that the the crosslinking was not as effective at 

preventing particle coalescence given the large increased in size, potentially due to the surface-

bound IL-12 interfering with complete film coverage.    

We next evaluated the surface availability of IL-12 by dosing the NPs to a reporter cell line 

engineered to contain IL-12 receptors and response to IL-12 signaling. Crosslinking could 

significantly reduce the amount of available IL-12 from the surface of IL-12-scLbL-NPs 

assembled in either DI (Figure 8.4d) or salt (Figure 8.4e). Consistent with our prior experiments, 

salt-LbL-NPs could inhibit IL-12 bioavailability from the surface of NPs due to their thicker film 

(Figure 8.4f). Moreover, we found that IL-12-scLbL-NPs appeared to show a maximum reduction 

in IL-12 availability at 2-4 to 2-2 ratio suggesting that overloading of peptides may saturate alkyne 

residues and prevent efficient crosslinking (Figure 8.4g).  
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Figure 8.4. Increased film stability of scLbL-NP inhibit IL-12 recognition from the NP 

surface. (a) Schematic for IL-12-NPs, LbL-NPs, and IL-12-scLbL-NPs. Salt stability stress test in 

DI assembled (b) and salt-assembled (c) IL-12 scLbL-NPs. HEK-Blue IL-12 response curves from 
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DI-assembled (d) and salt-assembled (e) IL-12 scLbL-NPs. (f) Calculated IL-12 EC50 form UL 

NPs compared to DI and salt-assembled LbL-NPs. (g) Calculated IL-12 EC50 from all scLbL-NPs 

tested. 

 

8.3.5 Enzyme exposure recovers IL-12 bioactivity from scLbL-NPs 

We next sough to evaluate if exposure to the MMP-9 enzyme could recover some of the lost IL-

12 bioavailability by shedding of the LbL-film (Figure 8.5a). We exposed the IL-12-scLbL-NPs 

to MMP-9 for five hours and then evaluated the resulting bioactivity on the reporter cell line. Both 

IL-12 scLbL-NPs assembled in DI or in salt showed recovery of IL-12 bioavailability (Figure 

8.5b-e).  
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Figure 8.5. Exposure of IL-12 scLbL-NPs to MMP-9 recovers IL-12 bioactivity. (a) Diagram 

of MMP-9 effect on IL-12 scLbL-NPs. (b) HEK-Blue IL-12 curves of DI-scLbL-NP incubated 
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with or without MMP-9 enzyme. (e) HEK-Blue IL-12 curves of salt-scLbL-NP incubated with or 

without MMP-9 enzyme. (d) The change in EC50 of DI-assembled IL-12 scLbL-NPs incubated 

with or without MMP-9. (f) The change in EC50 of salt-assembled IL-12 scLbL-NPs incubated 

with or without MMP-9. 

 

8.4 Conclusion 

Here we show that crosslinking the polyelectrolytes on the surface of LbL-NPs significantly 

increases film stability allowing particles to remain in supraphysiological levels of ionic strength 

without coalescence. Moreover, using NP with IL-12 conjugated to its surface, we find that 

crosslinked LbL-NPs can prevent IL-12 recognition by IL12 receptors on reporter cell lines. This 

inhibition of IL-12 bioavailability was reversible by exposing scLbL-NPs to MMP-9 which could 

effectively cleave the peptides mediating the crosslinks. 

Future work is needed to better disassemble scLbL-NPs upon exposure to a stimuli in the 

tumor microenvironment as the current scLbL-NPs were not able to fully recover IL-12 

bioactivity. 
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CHAPTER 9 
 

Surface avidity of anionic poly(amino acids) enables targeted nanoparticle 

delivery to cancer-associated amino acid transporters 

 

9.1 Introduction 

Nanoparticles (NPs) are promising vehicles for drug delivery in part due to their ability to modulate 

drug bioavailability and pharmacokinetics.1,2 A key benefit of nanotherapeutics is its ability to 

accumulate at sites of disease through either passive or active targeting mechanisms.1,3,4 Passive 

NP accumulation occurs due to biological factors such as the reticuloendothelial system (RES) 

phagocytic capacity or tissue microvasculature alterations. NP properties such as particle shape, 

charge, and surface properties modulate passive uptake by altering RES uptake or preventing the 

adsorption of serum proteins. On the other hand, active NP uptake is attributed to the presentation 

of ligands that promote receptor-specific uptake of the nanocarrier, often in the form of surface-

conjugated antibodies. 

We have identified that surface modification of nanoparticles via the layer-by-layer (LbL) 

technique with carboxylated polyamino acid (i.e. polyglutamate and polyaspartate) enabled NP 

binding to cancer cells with high affinity and specificity.5,6 Unlike other LbL-NPs with high cancer 

cell affinity, such as hyaluronic acid (HA)-coated particles that target CD44 receptors and promote 

rapid receptor-mediated endocytosis, there are no known targets for these anionic polyamino acids. 

One potential mechanism of particle binding is through non-specific hydrogen bonding 

interactions of the carboxylic acids and glycoproteins on the surface of cancer cells. However, 

while only differing by a single carbon on the sidechain, poly-L-glutamate (PLE) coating promoted 

prolonged surface retention of NPs whereas a poly-L-aspartate (PLD) coating yielded a gradual 

internalization of NPs. Such specificity suggests that in addition to the high hydrogen-bonding 

potential of these coatings, the interactions of PLE and PLD with cancer cells may have distinct 

interaction partners that alter uptake pathways. 

Here we discovered the binding targets of PLE and PLD LbL-NPs. Through a combination 

of experimental approaches, data analytics, and artificial intelligence protein interaction modeling, 

we demonstrate that LbL film assembly allows for high avidity presentation of amino acid side 

chains that interact with amino acid transporters overexpressed in cancer tissues. Further, we show 

how PLE cell membrane retention is enhanced by surface receptor cluster formation. Lastly, we 
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find that we can use gene expression of amino acid transporters to predict efficient LbL-NP uptake 

and how PLD NPs interact with differing amino acid transporters than PLE.  

 

9.2 Methods 

9.2.1 Materials 

1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC), 1,2-dioleoyl-sn-glycero-3-

phosphoethanolamine-N-[4-(p-maleimidophenyl)butyramide] (sodium salt) (18:1 MPB-PE), 1-

palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1’-rac-glycerol) (sodium salt) (POPG), 1,2-dioleoyl-

sn-glycero-3-phosphoethanolamine-N-dibenzocyclooctyl (DOPE-DBCO), and cholesterol were 

purchased from Avanti Polar Lipids. Poly-L-arginine (PLR) with a molecular weight (MW) of 9.6 

kDa and poly-L-glutamic acid (PLE) with a MWs of 15 kDa (PLE100) or 120 kDa (PLE800) were 

purchased from Alamanda Polymers. BDP TMR azide (Lumiprobe) and BDP 630/650 azide 

(Lumiprobe) were conjugated to DOPE-DBCO in chloroform to generate fluorescently labeled 

lipids. Successful conjugation was validated via thin-layer chromatography which indicated <1% 

free dye.  Fluorescently-labeled carboxylated polystyrene particles were purchased from 

ThermoFisher. V9302 and TFB-TBOA, were purchased from MedChemExpress and L-γ-

Glutamyl-p-nitroanilide (GPNA) was purchased from Sigma. Anti-CD44 antibody (IM7, 

functional grade), and anti-GLUT-1 antibody were purchased from Invitrogen. For anti-SLC1A5, 

two clones directed at extracellular epitopes were purchased - AB_2806719 from Invitrogen and 

AB_2878679 from Proteintech. An intracellular epitope directed anti-SLC1A5 (AB_2756720) 

was purchased from Alomone Labs. Deionized water was of the ultrapure grade obtained through 

a Milli-Q water system (EMD Millipore). 

 

9.2.2 Recombinant single-chain IL-12 production 

Single-chain IL-12 sequence7 was synthesized as a genomic block (Integrated DNA Technologies) 

and cloned into gWIZ expression vector (Genlantis). Plasmids were transiently transfected into 

Expi293 cells (ThermoFisher Scientific). After 5 days, cell culture supernatants were collected and 

protein was purified in an ÄKTA pure chromatography system using HiTrap HP Niquel sepharose 

affinity column, followed by size exclusion using Superdex 200 Increase 10/300 GL column (GE 

Healthcare Life Sciences). Endotoxin levels in purified protein was measured using Endosafe 

Nexgen-PTS system (Charles River) and assured to be <5 EU/mg protein. 
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9.2.3 Liposome synthesis 

A lipid solution was prepared by mixing (all mole %) 70% DSPC (25 mg/mL), 24% cholesterol 

(25 mg/mL), and 6% POPG (25 mg/mL) and then formed into a thin film using a rotary evaporator 

(Buchi). Lipid films were allowed to further dry overnight in a desiccator, then were hydrated at 

0.5-1 mg/mL using deionized water and sonicated for 3-5 minutes at 65 °C then extruded (Avestin 

Liposofast LF-50) once at 65 °C through a 100 nm membrane (Cytiva Nuclepore) then 3X through 

50 nm membranes (Cytiva Nuclepore). Extruded liposomes were added to an ice bath. Lipid stocks 

were stored at -20 °C in amber vials in chloroform. For fluorescence labeling of liposomes, 0.2 

mol% of DSPC content was replaced by either DOPE-TMR or DOPE-630/650. Lipid 

concentration content was determined based on the fluorescence of the pre-extruded lipid sample 

of known concentration. 

 

9.2.4 IL-12 Liposome synthesis 

For covalent linkage of scIL-12 to liposomes, 5 mol% of DSPC was replaced with 5% of 18:1 

MPB-PE (5 mg/L) and dried in the same method as standard liposomes. For lipid film hydration, 

the solution pH of MPB-PE liposomes was adjusted to pH 5 with hydrochloric acid to prevent 

maleimide hydrolysis. Following membrane extrusion, liposomes at 0.33 mg/mL were adjusted to 

pH 7.0 with 10 mM HEPES followed by the addition of scIL-12 containing a terminal cysteine 

residue at a molar ratio of 25:1 of MPB-PE lipid to protein for at least 12 hours at 4 °C in a rotating 

mixer. Any remaining maleimides were quenched with a 100-fold molar excess of L-cysteine 

(Sigma) for 1.5 hrs on ice. Unlayered IL-12 liposomes were then purified via tangential flow 

filtration using a 100 kDa (mPES, Repligen) hollow fiber membrane for 7 diafiltration volumes. 

For fluorescence labeling of liposomes, 0.2 mol% of DSPC content was replaced by either 

DOPE-TMR or DOPE-630/650. IL-12 concentrations were measured via enzyme-linked 

immunoassay (ELISA) (Peprotech) and lipid content was determined based on the fluorescence of 

the pre-extruded lipid sample of known concentration. 

 

9.2.4 Layer-by-layer (LbL) film deposition onto nanoparticles 

Assembly of polyelectrolyte layers was performed by adding unlayered particles to a diH2O 

solution with 0.3-0.4 weight equivalents (wt.eq.) of PLR relative to lipid in a glass vial under 
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sonication and incubating on ice for at least 30 min. Excess PLR polymer was purified by TFF 

through a 100 kDa mPES membrane (Repligen) pre-treated with a 10 mg/mL solution of free PLR. 

For the terminal PLE layer, purified particles coated with PLR were added to a diH2O solution 

with PLE in a glass vial under sonication at 1 wt.eq. of polymer to lipid. LbL particles were then 

purified by TFF on a separate 100 kDa mPES membrane (Repligen) to remove any excess PLE. 

For high throughput LbL assembly onto carboxylated polystyrene particles or assembly of 

varied outer-layer chemistries of IL-12 liposomes, LbL assembly was performed through a 

microfluidics-based method. Briefly, polymer wt.eq. were titrated to core particles based on the 

amount of polymer required for the onset of the plateau point of zeta potential. Then the particle 

solution and titrated amount of polymer were mixed using a microfluidics cartridge (Precision 

Nanosystems). 

 

9.2.5 Characterization of particle preparations 

Dynamic light scattering (DLS) and zeta potential measurements were made on a Zetasizer Nano 

ZSP (Malvern).  

 

9.2.6 Grafted PLE-liposome assembly 

To generate liposomes with grafted PLE polymers, PLE100 with a C-terminus azide (PLE-N3) was 

purchased from Alamanda Polymers. A lipid solution in chloroform with 69.8 mol% DSPC, 30 

mol% cholesterol, 0.2 mol% DOPE-630/650 was allowed to dry overnight in a desiccator then 

suspended at 10 mg/mL in 10% MEGA-10. A separate solution with 10 mg/mL of DOPE-DBCO 

in 10% MEGA-10 was made and mixed with 2 molar excess of PLE-N3 and allowed to react 

overnight at 25 °C to generate DOPE-PLE. The two samples were mixed to generate a lipid 

solution containing 0.5 mol% of the DOPE-PLE and then liposome assembly was induced by 

diluting the sample with phosphate-buffered saline (10 mM, pH 7.4) to 0.01% MEGA-10. Samples 

were concentrated and purified from detergent via TFF in a 100 kDa mPES membrane. 

 

9.2.7 Fluorescent labeling of PLE polymers 

PLE100 or PLE800 at 10 mg/mL was labeled by reacting with 5 molar equivalents of sulfo-cyanine3 

NHS ester (Lumibrobe) in PBS adjusted to pH ~8.5 with 0.1 M sodium bicarbonate. Excess dye 

was removed via extensive 0.9 wt% NaCl dialysis followed by extensive diH2O dialysis using a 



294 
 

3 kDa regenerated cellulose membrane (Repligen) and the purified PLE-cy3 was lyophilized until 

use. For assembly of LbL films with fluorescently tagged PLE, the PLE layering solution was 

doped with 33% of PLE-cy3. 

 

9.2.8 Cell Culture 

OV2944-HM-1 cells were acquired through Riken BRC and were cultured in α-MEM 

supplemented with 10% FBS and 1% penicillin/streptomycin. Glioma stem cells and associated 

RNA sequencing data were provided by the Pollard and Carragher Laboratories at the University 

of Edinburgh.8  Glioma cells were cultured in DMEM/HAMS-F12 supplemented with N2, B27, 

10% glucose, 1% pen/strep, MEM nonessential amino acids, EGF (10 ng/mL) and FGF (10 

ng/mL). Culture vessels were coated with Cultrex Laminin (R&D Systems) for 3 h at 10 μg/mL 

before use. Laminin was added to cell culture media at a concentration of 2 μg/mL. Media was 

replaced twice weekly and passaged every 5–7 days at a ratio between 1:4 and 1:6 using Accutase 

(Sigma). Cells were incubated in a 5% carbon dioxide humidified atmosphere at 37 °C. All cell 

lines were murine pathogen tested and confirmed mycoplasma negative by Lonza MycoAlert™ 

Mycoplasma Detection Kit. 

 

9.2.9 In vitro cellular association 

HM-1 cells were plated on a tissue-culture 96-well plate at a density of 50K cells per well. The 

next day, wells were dosed with NPs and left for the target incubation time. For assessment of NP-

associated fluorescence in a fluorescence plate reader, the supernatant was removed from the well 

and diluted 10X with DMSO. Cells were then washed three times with PBS and disrupted with 

DMSO. The fluorescence of the NPs associated with cells was then normalized to supernatant 

fluorescence. The relative fluorescence of each formulation was then compared to an unlayered 

liposome control containing the same fluorophore. 

For analysis via flow cytometry, NPs were dosed at the indicated concentrations and 

allowed to incubate with cells at 37°C. Cells were washed with PBS then detached from the plates 

using 0.25% trypsin and stained with DAPI (15 min incubation) for viability assessment and fixed 

with 2% paraformaldehyde (30 min incubation) until analysis by flow cytometry using an LSR 

Fortessa (BD Biosciences). The EC50 of NP binding was determined based on a dose-response 

curve fit (Hill equation) of the percentage of NP-positive cells for each NP concentration. To 
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determine the number of glutamate residues in each particle, the wt.eq. of PLE polymers required 

to achieve the plateau of the zeta potential measurements was used combined with the particle size. 

For liposomes, an average lipid molecular weight of 800 Da was assumed and the total lipid per 

liposomes was estimated abased on the surface area of a unilamellar liposome with a lipid 

headgroup size of 0.71 nm2. For polystyrene particles, their mass was estimated based on a sphere 

volume with a polystyrene density of 1 g/cm3. 

 

9.2.10 siRNA depletion 

Knockdown of siRNAs was performed by plating HM-1 cells at 5k cells/well in a 96-well plate. 

The next day, cells were dosed with anti-SLC1A5 siRNA (ON-TARGETplus siRNA mouse 

Slc1a5, Horizon Discovery) or scramble siRNA (ON-TARGETplus Non-targeting Control Pool, 

Horizon Discovery) at 200 nM using Lipofectamine RNAiMAX (ThermoFihser) in Opti-MEM 

(ThermoFisher) medium according to manufacturer instructions. Four days after siRNA dosing, 

cells were washed with fresh HM-1 media and dosed with 10 µg/mL or NPs for 30 minutes prior 

to cell processing for flow cytometry. 

 

9.2.11 NanoPrism dataset analysis 

We rank-ordered cells based on their weighted average NP-cell association from cells incubated 

with NPs for 24 hrs. This metric is indicative of NP association with a cancer cell.9 The median 

gene expression of the top 100 and bottom 100 cells of the list was then calculated to derive a fold 

change in median gene expression. For each NP formulation evaluated, this fold change in gene 

expression was then used to perform gene set enrichment analysis (GSEA) with the Hallmark Gene 

Sets10 with WebGestalt 2019.11  

To mitigate NP core effects from the LbL coating, we assessed the fold change in gene 

expression relative to the unlayered (UL) nanoparticle core. The lists of upregulated genes for each 

LbL-NP formulation were then used to determine a list of genes that were upregulated on both 

PLE NP formulations, but not on HA or PAA-coated NPs. 

 

9.2.12 Confocal Microscopy 

For confocal imaging, 8-well chambered coverglasses (Nunc Lab-Tek II, Thermo Scientific) were 

coated with rat tail collagen type I (Sigma-Aldrich) per the manufacturer’s instructions. HM-1 
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cells were plated into the wells at a density of 10K/well and left to adhere overnight prior to NP 

treatment. After the desired incubation time with NPs, cells were washed 3x with PBS. After 

washing, cells were fixed in 4% paraformaldehyde for 15 minutes then washed (3x with PBS) and 

stained. For cell membrane staining, wheat germ agglutinin (WGA) conjugated to Alexa Fluor488 

(Invitrogen) was used. For cell membrane receptor staining, cells were permeabilized for 10 min 

with 0.1% saponin (Sigma), washed (3x PBS), and then incubated with primary antibodies directed 

at intracellular epitopes of SLC1A5 or GLUT-1 in 0.5% BSA for at least 3 hrs at 25 °C. Cells were 

then washed (3x PBS) and stained with secondary anti-rabbit IgG conjugated to Alexa Fluor488 

(Invitrogen) for 30 minutes (for anti-CD44 staining, anti-rat IgG AlexaFluor488 was used). 

Hoechst 33342 (Thermo Scientific) nuclear staining was included in all preparations following 

manufacturer’s instructions. Images were analyzed using ImageJ. Slides were imaged on an 

Olympus FV1200 Laser Scanning Confocal Microscope.  

 Confocal images of HM-1 cells at a 60x magnification were analyzed on ImageJ 

using the Correlation Threshold function to determine the correlation between receptor staining 

and NP fluorescence.  

For evaluation of the percentage of NP signal colocalized on the surface of HM-1 cells, an 

RO1 on the cell was used and the same function was applied to determine the Mander’s Coefficient 

between the NP signal and the wheat germ agglutinin cell membrane stain. 

 

9.2.13 Glioblastoma cell line NP association screen 

Glioblastoma cells were seeded on 96-well plates at a density of 15k cells per well in 100 μL of 

the appropriate culture media and allowed to adhere overnight. Fluorescent LbL-NPs and UL-NPs 

generated as described previously were dosed at 5 µg/mL.6  After 24 hrs of incubation, cells were 

washed three times with PBS and detached with 25 μL of trypsin-EDTA or Accutase. 200 μL of 

FACS buffer (PBS with 1% bovine serum albumin and 1 mM EDTA) with 1 μg/mL propidium 

iodide (Thermo Fisher) was used to quench the dissociation, and cells were pipetted vigorously to 

achieve a single-cell suspension. Cells were transferred to a new 96-well plate without any laminin 

or PLL coating, and samples were analyzed using a BD LSR II Flow Cytometer. 
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9.2.14 Public data set analysis 

The gene expression of SLC1A5 in tumor, metastatic, and normal ovarian tissues was obtained 

from TMNplot.12 The gene expression of SLC1A5 and SLC1A3 from human ovarian cancer cell 

lines and the primary non-cancerous tissues were obtained from the Human Protein Atlas.13,14 The 

fold change in gene expression of SLC1A5 in human cancers compared to normal tissues was 

derived from Gene Expression Profiling Interactive Analysis (GEPIA).15 

 

9.2.15 AlphaFold 3 Artificial Intelligence Modeling 

The AlphaFold Server running AlphaFold 3 was used to predict the interaction of four residue-

long polyamino acids with the human protein sequences of amino acid transporters. Four sodium 

ions were included in the model to ensure amino acid transporters had the required amount of 

sodium ions. The highest-ranking model predicted for each job in which the polyaminoacid was 

docket to the outward-facing binding pocket was used. The highest overall ranking prediction was 

used if none of the five predictions yielded attachment to the binding pockets. Each amino acid 

transporter pair was modeled five times and the output inter-chain ipTM between the 

polyaminoacid and the transporter was extracted.  

 

9.2.16 Statistical Analysis 

GraphPad PRISM 10 was used to perform statistical analyses. Comparisons between two groups 

was performed via unpaired t-tests. For multiple groups or multiple variable analysis, one-way, or 

two-way ANOVAs were used with Tukey’s posthoc correction for time-based analysis or Sidak 

posthoc for other ANOVA analysis. 

 

9.3 Results 

9.3.1 Mode of surface polyelectrolyte presentation and avidity regulates binding affinity 

We first sought to characterize if the LbL film was required to yield the high-affinity binding of 

carboxylated polyamino acids to cancer cells. We compared the cell-associated NP fluorescence 

after incubation of the ovarian cancer cell line OV2944-HM1 (HM-1) with either unmodified 

liposomes or liposomes that contained PLE in either an LbL film or grafted onto phospholipids of 

the liposome bilayer (Figure 9.1a). While the PLE-LbL increased NP binding ~10-fold, grafted 

PLE polymers reduced binding by a similar magnitude, suggesting that the mode of polyamino 
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acid presentation from the NP surface was critical for cellular interactions (Figure 9.1b). We next 

evaluated the cancer cell affinity of two PLE polymers with varying degrees of polymerization 

(PLE100 or PLE800) to that of the PLE100 polymers assembled on a LbL-NP. While increasing the 

polymer chain length PLE100 to PLE800 residues increased EC50 ~9-fold, comparing PLE100 to 

PLE100 on a LbL-NP increased the affinity 50000-fold (Figure 9.1c). Comparing the estimated 

number of glutamate (E) residues per particle to the observed cellular affinity yielded a clear log-

log relationship indicating that the high surface avidity of glutamate residues from the LbL film 

drove the high-affinity interactions (Figure 9.1d). 
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Figure 9.1. LbL film enables high-affinity binding to cancer cells. (a) Diagram of different 

surface modifications with PLE. (b) Fluorescently labeled NPs were dosed to HM-1 cells in vitro. 

Four hours after dosing, cells were washed and NP fluorescence associated with cells was 

measured on a fluorescence plate reader. Shown are the normalized fluorescence readings relative 

to an unlayered negatively charged liposome. (c) PLE labeled with a fluorescence tag was dosed 

to HM-1 cells either in the LbL-film on an NP (PLE100 was used to assemble film on NP) or as 

free polymers at a degree of polymerization of 100 or 800. Cells were washed and suspended to 

read via flow cytometry for the percentage of PLE+ cells. Shown are the results of the experiment 

with varying PLE concentrations. Curve represents dose-response fit. PLE-NP concentration 

indicates the number of PLE-coated NPs. (d) Relationship between estimated number of glutamate 

(E) residues per particle and the derived EC50 from the experiment in (c) and EC50 of NP+ cells 

dosed with PLE-coated carboxylate-modified polystyrene (PS) NPs of varying diameters (40 nm, 

100 nm, and 200 nm). (e-f) Data from NanoPrism was used to rank cell lines based on their uptake 

of NPs, the median gene expression of the top 100 cell lines was compared to the median 

expression of the bottom 100 cell lines to derive the fold chance in gene expression for each 

formulation that was then used to perform gene-set enrichment analysis (GSEA) against the 

hallmark gene sets. Shown are the volcano plot for liposomal PLE-NP and UL-NP with the top 20 

Hallmark gene sets hits (e), GSEA enrichment plot of liposomal PLE-NP against the epithelial-to-

mesenchymal transition (EMT) Hallmark gene set. (g-h) The fold change in gene expression for 

PLE, HA, and PAA LbL coated NPs made with either liposomal or polylactic-co-glycolic acid 

(PLGA) cores were normalized to their unlayered cores to derive gene expression signatures that 

corresponded to high LbL-film binding, but low binding towards the unlayered cores. Upregulated 

genes were compared to find genes specific towards PLE-coated NPs of either liposomal or PLGA 

cores. Shown are venn diagram of genes upregulated on cells high for LbL-NP binding relative to 

UL-NPs for the indicated NP formulations (g) and calculated Z-score of extracellular cell 

membrane genes shared between PLE_LIPO and PLE_PLGA NPs (h). 

 

To understand what cellular changes promote the binding of avidity glutamate residues on 

the surface of cancer cells, we next mined the nanoPRISM dataset which screened for the 

interaction of various NPs with or without LbL assembly with 488 pooled human cancer cell lines.9 

For each NP formulation, we quantified the fold change in median gene expression of the top 100 
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cell lines interacting with that NP to the bottom 100 cell lines. This rank-ordered gene set was then 

used to perform Gene Set Enrichment Analysis (GSEA) against the Hallmark gene sets. While 

unlayered (UL) liposomes showed no major hits, PLE-coated liposomes yielded many significant 

gene set hits, mostly related to inflammatory responses (Figure 9.1e). Oxidative phosphorylation 

was negatively enriched suggesting higher uptake by highly proliferative cells. Moreover, cells 

with high PLE-liposome association had a genetic signature indicative of epithelial-to-

mesenchymal (EMT) transition indicating a strong potential of PLE coating to target highly 

metastatic cancers (Figure 9.1f). Consistent with prior experiments, STAT3 signaling was a 

significant hit for increasing the uptake of PLE-liposomes.16 While indicative of overall PLE-

liposome uptake, these genetic signatures were not specific as similar hits were observed for 

liposomes coated with hyaluronic acid (HA) which can target CD44 overexpression in cancer cells 

(Figure G1a). However, non-specific carboxylated polymers such as polyacrylic acid (PAA) did 

not present with strong gene signature hits, confirming the unique targeting ability of only certain 

polymeric coatings (Figure G1b).  

Similar gene set hits were obtained for PLE-coated poly(lactic-co-glycolic acid) (PLGA) 

NPs (Figure G1c) to that of PLE-liposomes, but some could be attributed to the PLGA core 

(Figure G1d). Thus, to minimize core effects, we quantified a relative fold-change in gene 

expression which could remove gene signature hits from the unlayered NP while maintaining ones 

for the LbL coating (Figure G1e). To search for potential specific cellular alterations that drive 

PLE-NP binding, we then used the relative fold change in gene expression over UL NPs to 

determine upregulated genes that were shared for PLE-PLGA and PLE-liposomes but not 

upregulated in cells with high uptake of PAA or HA-coated NPs. Only 25 genes met this criterion 

of which we focused on the 9 transmembrane proteins which could interact with the extracellular 

environment to mediate NP uptake (Figure 9.1g). Of these 9 hits, the highest upregulated gene 

was SLC38A2, an amino acid transporter that regulates net glutamine uptake in cancer cells 

(Figure 9.1h). 17,18 The accumulation of intracellular amino acids through SLC38A2 drives the 

transport of other key amino acids through obligatory exchange transporters such as SLC1A5 and 

SLC7A5, commonly overexpressed in cancer cells.17–19 Consistent with a greater amino acid 

uptake activity, a second selectively upregulated gene for high PLE-NP binding cells was another 

net importer of amino acids - SLC43A2.20 These results indicated that cells with higher amino acid 
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demand preferentially bound to PLE-NPs suggesting a role of the polymer amino acid constituency 

in mediating cellular targeting. 

 

9.3.2 The association of poly-L-glutamate (PLE) coated LbL-NPs is blocked by glutamine 

transport inhibitors 

Cancer cells often become dependent on certain amino acids such as glutamine or aspartate.21–24 

To sustain the intracellular amino acid pool requirement, cancer cells modulate a network of over 

60 highly redundant transmembrane proteins that mediate cellular amino acid transport.25 Based 

on our analysis of the NanoPrism dataset, we theorized that the polyamino acid composition of 

PLE-NPs confers the targeting ability of these LbL-NPs through interactions with amino acid 

transporters overexpressed on cancer cells. Thus, we sought to evaluate if amino acid uptake 

inhibitors could prevent PLE-NP binding to cancer cells. Before NP dosing, HM-1 cells were 

pretreated with various concentrations of glutamine uptake inhibitors - L-γ-Glutamyl-p-

nitroanilide (GPNA) and V9302 – or glutamate uptake inhibitors - TFB-TBOA. To evaluate the 

specific effect of the increased uptake due to PLE coating, the data was normalized to the uptake 

of UL-NPs. While the potent glutamate uptake inhibitor TFB-TBOA did not affect PLE-NP 

binding even at concentrations 1000x higher than its reporter IC50 (~10-100 nM), both glutamine 

uptake inhibitors could prevent PLE-NP binding at concentrations above their IC50 (Figure 9.2a). 

To confirm the specificity of glutamine transporter blockers on PLE-NPs, we repeated the 

experiments with HA, PAA, or dextran-sulfate (DXS) coated NPs. GPNA (Figure 9.2b) and 

V9302 (Figure 9.2c) had a dose-dependent blocking of only PLE-NPs binding but not other LbL-

coated NPs. 
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Figure 9.2. Association of PLE-coated NPs is blocked with glutamine transport inhibitors. 

(a-c) HM-1 cells were plated in 96 wells at a density of 50k cells/well and left to adhere overnight. 

Cells were then treated with varying concentrations of amino acid transport inhibitors for 15 

minutes before NP dosing at 50 µg/mL (a) or 25 µg/mL (b-c) per well. Four (a) or two (b-c) hours 

after NP dosing, wells were washed twice with PBS and total NP fluorescence associated with 

cells and remaining in supernatant was measured in a fluorescence plate reader to determine total 

NP uptake. Shown are the normalized NP uptake of PLE-coated NPs relative to UL at different 
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inhibitor concentrations of GPNA, TFB-TBOA and V9302 (a), the normalized NP uptake of 

various outer layer LbL-coated NPs relative to UL at different inhibitor concentrations of GPNA 

(b), and the normalized NP utpake of various outer layer LbL-coated NPs relative to UL at different 

inhibitor concentrations of V9302 (c). Arrows indicate IC50 for inhibitors derived from literature. 

(d-i) HM-1 cells were plated in 96 well plates at 50 k cells/well and left to adhere overnight. Cells 

were then treated with 100 µM of V9302 for 15 minutes prior to NP dosing at varying 

concentrations. Two hours after NP treatment, cells were washed with PBS, and suspended for 

flow cytometry analysis of NP uptake. Shown are representative NP fluorescence histograms of 

HM-1 cells dosed with 30 µg/mL of PLE-NPs (d), UL-NPs (e), or HA-NPs (f) with or without 100 

µM of V9302 compared to untreated cells, and the percentage of NP-positive cells in PLE-NP 

treated (g), UL-treated (h), or HA-NP treated (i) HM-1s with or without 100 µM of V9302 across 

a range of NP concentrations. 

 

To further evaluate the effect of transport blockage NP uptake, we preincubated HM-1 cells 

with a dose of V9302 shown previously to block more than 90% of glutamine uptake (100 µM26) 

and then dosed with varying concentrations of either PLE-coated, UL, or HA-coated NPs and then 

quantified the percentage of NP-positive HM-1 cells. While V9302 could significantly inhibit PLE 

binding across all concentrations of NPs, there was no effect of the inhibitor on the association 

with either UL or HA-coated NPs (Figure 9.2d-i). These results confirmed the role of amino acid 

transporters in regulating PLE-NP binding. 

 

9.3.3 Availability of SLC1A5 glutamine transporter modulates PLE-LbL NP binding to 

cancer cells 

Both GPNA and V9302 can block glutamine import by acting on various glutamine transporters 

known to be overexpressed on cancer cells including SLC38A2 and SLC1A5.26,27 While we had 

identified SLC38A2 expression as a specific driver of PLE-NP uptake (Figure 9.1h), we theorized 

that its expression drove an increased activity of SLC1A5 since SLC38A2 has limited activity in 

most cancer cells grown in amino acid-rich media.28  Indeed, the inclusion of a system A specific 

amino acid transporter inhibitor, α-(methylamino)isobutyric acid (MeAIB), did not affect PLE-NP 

uptake (Figure G2). Moreover, glutamate is known to be transported by SLC1A5 which is 

overexpressed in most cancer types, suggesting that PLE-NPs may specifically target SLC1A5.29–
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32 To selectively block SLC1A5, we dosed HM-1 cells with antibodies directed against the 

transporter before dosing with either PLE-NP, UL-NPs, or HA-NPs. As a cell membrane receptor 

control Ab, we also evaluated the effect of an anti-CD44 Ab. Only anti-SLC1A5 and not anti-

CD44 Abs could dramatically reduce PLE-NP association (Figure 9.3a-d). However, blockage of 

SLC1A5 with Abs did not affect UL or HA-NPs association, confirming the specificity of PLE-

NP binding to the glutamine transporter (Figure 9.3a-d).  
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Figure 9.3. Modulation of SLC1A5 availability regulates PLE-NP binding. (a-d) HM-1 cells 

were plated in 96 well plates at 50 k cells/well and left to adhere overnight. Cells were then treated 

with antibodies (Abs) against either CD44 or two extracellular epitopes of SLC1A5 for 1 hr. After 

Ab treatment, cells were dosed with 10 µg/mL of NPs for 15 minutes, washed with PBS, and 

suspended for flow cytometry analysis of NP uptake. Shown are representative histogram plots of 

NP fluorescence for cells treated with PLE-NPs (a), UL-NPs (b), and HA-NPs (c) in the presence 
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of anti-SLC1A5 antibody or control treatments, and the percentage of NP+ cells with or without 

Abs for PLE, UL and HA NPs. (e-i) HM-1 cells were plated in 96 well plates at 5 k cells/well and 

left to adhere overnight. The next day, cells were treated with either anti-SLC1A5 siRNA or 

scramble siRNA at 200 nM for 96 hrs. Cells were then washed with fresh complete media and 

dosed with 10 µg/mL of NPs for 30 min. After NP incubation, cells were washed with PBS, and 

suspended for flow cytometry analysis of NP uptake. Shown are representative flow cytometry of 

total anti-SLC1A5 Ab staining in cells treated with either scramble of anti-SLC1A5 siRNA (e), 

quantitation of median fluorescence intensity (MFI) of total anti-SLC1A5 staining (f), 

representative flow cytometry histograms of NP fluorescence of HM-1 cells with partial SLC1A5 

knockdown for PLE-NP (g) and HA-NP (h) treatments, and the percentage of NP positive cells 

with partial SLC1A5 RNA knockdown treated with PLE-NP or HA-NP (i). 

 

To confirm the specificity of PLE-NP binding to SLC1A5, we performed a transient 

knockdown of SLC1A5 gene expression via siRNAs to partially reduce total SLC1A5 levels in 

HM-1 cells (Figure 9.3e-f). Dosing of PLE-coated HA-coated LbL-NPs to these HM-1 cells with 

reduced SLC1A5 protein levels showed a significant reduction in uptake of PLE-NPs without 

affecting HA-NP binding (Figure 9.3g-i). Thus, the LbL coating on PLE-NPs is capable of directly 

binding to SLC1A5. 
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9.3.4 Clustering of SLC1A5 on the cell surface prolongs surface retention of PLE-NPs  

Having discovered a direct binding target of PLE-NPs, we theorized that the SLC1A5 interaction 

could contribute to the high cell surface retention of PLE-NPs. We have previously successfully 

used this property of PLE-NPs to deliver interleukin-12 (IL-12) to the tumor extracellular 

microenvironment. We thus generated fluorescently labeled IL-12-NPs with or without PLE-

coating and dosed them to HM-1 cells. After particle incubation, we visualize their interaction 

with SLC1A5 via confocal microscopy. While unlayered (UL) NPs were rapidly endocytosed with 

no signs of interaction with SLC1A5, PLE-coated NPs formed clusters on the cell surface of HM-

1 cells that showed strong staining towards SLC1A5 (Figure 9.4a). The correlation of NPs with 

cell surface receptors was specific towards SLC1A5 as neither CD44 nor GLUT-1 colocalized 

with PLE-NPs (Figure 9.4a, Figure G2a). Quantification of signal correlation between NP signal 

and receptor staining showed a clear effect of PLE-coating in promoting NPs attachment to 

SLC1A5, but not GLUT-1 or CD44 (Figure 9.4b). We confirmed this correlation was specific to 

PLE NPs as other LbL-NP coatings did not show a signal correlation even when the NPs were 

found on the surface of cancer cells (Figure 9.4c, Figure G2b). PLD NPs had a small level of 

correlation when on the cell surface, but that appeared to be lost potentially due to NP 

internalization, suggesting that a polyaspartate coating may have similar interactions to PLE-NPs  
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Figure 9.4. PLE-NPs colocalize with SLC1A5 transporters on the cell surface. (a-c) HM-1 

cells were plated in 8-well glass chamber slides at 10 k cells/well and left to adhere overnight. 

Cells were dosed with 1.5 µg/mL of NPs for 2 hrs. After NP treatment, cells were washed with 

PBS, fixed with PFA, and then rapidly permeabilized with saponin. Cells were then treated with 

primary antibodies for 3 hours followed by secondary antibody for 30 minutes. Shown are high 

magnification images of HM-1 cells treated with UL-NPs stained against SLC1A5 and HM-1 cells 

treated with PLE-NPs stained against either SLC1A5 or GLUT-1 transporters (a), correlation 

analysis between NP signal and cell membrane transporter stain (b), and correlation analysis 

between varied NP formulations and SLC1A5 staining (c). (d) HM-1 cells were plated in 96-well 

plates at 50 k cells/well and allowed to adhere overnight. Cells were then dosed with varying 

concentration of PLE-IL12 NPs. Four hours after dosing, cells were processed for flow cytometry. 

Shown are the percentage of NP-positive cells for each concentration of NP dosed. (e) The same 

process as (a-c) was followed but various concentrations of LbL-NPs were tested. Shown are the 

correlation between NP signal and SLC1A5 stain.  (f) The same protocol of (d) was followed but 

prior to cell fixing, cells were incubated with anti-IL-12 antibody for 1 hr at 4 °C and washed. 

Shown is the extracellular IL-12 presentation efficiency (ratio between extracellular IL-12 stain to 

total NP uptake at 24 hrs compared to the same ratio at 4 hrs after dosing). (g-h) HM-1 cells were 

plated in 8-well glass chamber slides at 10 k cells/well and left to adhere overnight. Cells were 

dosed with 1 µg/mL of NPs for 4 hrs. After NP treatment, cells were washed with PBS, fixed with 

PFA, and then stained with Hoechst 33342 and wheat germ agglutinin (WGA) and visualized on 

a confocal microscope. Shown are representative HM-1 cells dosed with 20 nm PLE-PS particles 

(g) and the quantification of the fraction of NP pixels colocalized with cell membrane pixels (h). 

 

While SLC1A5 itself has a low internalization rate (half-life 20-60 hrs33,34) which could 

aid in the surface retention of PLE-NPs, we theorized that the cell surface SLC1A5-NP clusters 

could contribute to the high cell surface retention property of PLE-NPs similar to certain galectin 

lattice structures.35 To evaluate the effect of clustering, we dosed increasing concentrations of NPs 

to HM-1 cells and either imaged cells via confocal microscopy or quantified NP uptake via flow 

cytometry. Below the NP EC50, we could observe a clear increase in the correlation between PLE-

NPs and SLC1A5 signal (Figure 9.3d-e), suggesting an increase in cluster size or clustering 

efficiency. However, NP doses above the EC50 reduced SLC1A5 clustering without affecting the 
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total fraction of NP binding to the cell surface (Figure 9.3d-e, Figure G3a-b), likely due to the 

saturation of SLC1A5 receptors on the cell surface (i.e., lack of multiple receptors for a single 

particle to bind to). To determine if the reduced clustering would affect the rate of NP 

internalization, we compared the extracellular IL-12 staining signal to the total NP signal from 

flow cytometry at 4 and 24 hrs after dosing with NPs. At or below the EC50, NPs were effectively 

presented on the cell surface with ~50% of the IL-12 signal remaining extracellularly at 24 hrs at 

low doses, consistent with a ~20 hr half-life34 of SCL1A5 (Figure 9.3f). Strikingly, there was little 

to no NP uptake near the EC50 as the ratio of external IL-12 to total NP remained constant (value 

~1). On the other hand, doses above the EC50 were readily internalized, suggesting that the lack of 

receptor clustering may facilitate NP internalization.  

While surface retention of PLE-NPs is desirable for the delivery of drugs targeting the 

extracellular space, certain drug delivery applications may benefit from rapid NP internalization. 

Consistent with clustering-induced surface retention of PLE-NPs, we have previously shown that 

the addition of a co-polymer of PLE with polyethylene glycol (PEG) to the LbL film prevented 

surface retention of NPs in cancer cells.6 PEG may act to sterically inhibit cluster formation at the 

cell surface and potentially allows for other interactions at the cell surface. To avoid employing 

PEG on PLE-NPs to promote internalization, we theorized that the faster internalization kinetics 

of small NP may avoid cluster assembly.36 Moreover, as SLC1A5 has been previously shown to 

colocalize with caveolin-1, small PLE-NPs may readily fit into caveola pits for rapid 

internalization.37,38 We thus coated carboxylated polystyrene NPs of either 20 nm or 100 nm in 

diameter with a PLE LbL film. As found previously5, 100 nm PLE-NPs accumulated on the cell 

surface (Figure G4). However, when we dosed HM-1 cells with 20 nm PLE-NPs, we could readily 

observe internalized PLE-NPs within 4 hours after dosing (Figure 9.4g). Quantification of total 

NP localization with the cell membrane confirmed that small PLE-NPs had higher internalization 

than larger NPs (Figure 9.4h). 

 

9.3.5 PLE-NP association correlates with SLC1A5 expression  

To further verify the interaction and selectivity of PLE towards SLC1A5, we turned to computation 

modeling via AlphaFold 3.39 We provided the human protein sequences of either SLC1A5 or 

SLC38A2 combined with small (n = 4) polymers of glutamine (PLQ), glutamate (PLE), or a 

control amino acid with low SLC1A5 interaction – phenylalanine (PLF).40 Given the ability of 
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Alpha Fold 3 to include ions and the requirement of sodium by these transporters, they were 

included in the model.41,42 Model prediction was evaluated five times, and the chain-pair interface 

predicted template modeling (ipTM) score was extracted from the top-ranked prediction. The 

ipTM score is used to rank a specific interface between two chains, with values above 0.8 

representing confident high-quality predictions, values above 0.6 suggesting potential interactions, 

and below 0.3 as non-interacting.39,43 Both PLQ and PLE were found inside the binding pocket of 

SLC1A5 with ipTM scores indicative of binding (~0.6, Figure 9.5a, Figure G5a). Unlike PLE, 

PLQ often resulted in the highest-ranking prediction binding to SLC1A5 on the inward-facing side 

(Figure G5a), but these were not included in the analysis. On the other hand, PLF had significantly 

reduced ipTM scores and was found outside any known pocket (Figure G5b). Unfortunately, 

AlphaFold is unable to account for pH effects as it does not predict the pKa or charged states of 

titratable residues.44 Given that glutamate binding to SLC1A5 is favored at acidic pH, our results 

likely underestimated the interactions between PLE and SCL1A5.29 pH sensitivity analysis of the 

outward-open SLC1A5 crystal structure (6MP6) shows that a critical aspartate residue (Asp46445) 

in the binding pocket is protonated at acid (pH=6.0), which explains its higher affinity towards 

glutamate (Figure G5c).46 Performing the same analysis on SLC38A2 with PLQ and PLE showed 

that PLQ could interact favorably (ipTM>0.6) with the binding pocket, whereas PLE had 

significantly lower ipTM scores and did not bind to a known pocket of SLC38A2 (Figure 9.5b, 

Figure G5d) which agreed with the lack of the SLC38A2 inhibitor on PLE-NP binding (Figure 

G2). 

SLC1A5 is overexpressed in human cancers and acts as a biomarker for poor 

prognosis.17,32,47–49 Moreover, in line with PLE-NPs binding with cells an inflammatory gene 

expressing signature (Figure 9.1e), tumor samples with high SLC1A5 show similar inflammatory 

GSEA Hallmark gene set enrichments.48 Thus we theorized that SLC1A5 expression could be 

predictive of PLE-NP binding. We previously screened a library of LbL-NPs including PLE-NPs 

on various human ovarian cancer cell lines and primary non-cancerous tissues.5 To confirm 

SLC1A5 overexpression in human ovarian cancer, we analyzed bulk RNA sequencing data of 

human ovarian cancer tissue from public data sets. Indeed, there was a clear increase in SLC1A5 

in ovarian cancer tumors compared to normal tissue which was further increased in metastatic 

ovarian cancer samples (Figure 9.5c). To determine if these genetic markers could predict binding 

to PLE-NPs we correlated the expression levels of SLC1A5 in the human ovarian cancer cell lines 
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to their preference towards PLE-NPs over other NPs (PLE-NP Z-score).  Except for one cell line 

(OVCAR4), we observed a strong relationship between PLE-NP binding and its SLC1A5 

expression level (Figure 9.5d). This was a surprising result as these transporters may be restricted 

intracellularly until certain environmental contexts induce surface trafficking and the redundancy 

of glutamine transporters.50–54 Further, a hypoxia-induced isoform of SLC1A5 is a known 

mitochondrial transporter restricted to the intracellular space.55 Indeed, the outlier OVCAR4 has a 

hypoxia-like gene signature based on analysis of the expression level of hypoxia-induced genes 

(Figure G6).  
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Figure 9.5. AlphaFold artificial intelligence model predicts PLE binding to SLC1A5 and its 

expression correlated with PLE-NP association. (a) Representative AlphaFold 3 model 

structure of SLC1A5 and PLE and the calculated chain-pair ipTM scores between SLC1A5 with 

PLQ, PLE and PLF. (b) Representative AlphaFold 3 model structure of SLC38A2 and PLE and 
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the calculated chain-pair ipTM scores between SLC38A2 with PLQ and PLE. (c) SLC1A5 

expression from human samples from normal, tumor, or metastatic tissue (data from TMNplot) 

showing increased SLC1A5 expression in cancerous and metastatic tissues. (d) Analysis of PLE-

NP Z-scores from NP screen against various human ovarian cancer cell lines and primary healthy 

tissues as a function of SLC1A5 RNA expression (RNA expression of human cell lines derived 

from Protein Atlas). R2 from linear fit and p-value from non-zero slope test. Dashed lines represent 

95% confidence interval of curve fit. (e) Fold increase in SLC1A5 RNA expression between tumor 

and healthy samples across various cancer types and highlighting high fold-changes in brain-

derived cancers (data from GEPIA). (f) Fold increase in PLE-NP association relative to UL NPs 

in a library of glioblastoma cells lines against SLC1A5 gene expression. R2 from linear fit and p-

value from non-zero slope test. Dashed lines represent 95% confidence interval of curve fit. 

 

In addition to ovarian cancer cells, we previously showed that PLE-NPs are highly 

selective towards glioblastoma in vitro and in vivo.6 Consistent with these experimental 

observations, brain tumors are one of the cancers with the highest fold change in SLC1A5 gene 

expression compared to healthy tissue (Figure 9.5e).48 Thus, we sought to validate the effect of 

high SLC1A5 expression on PLE-NP binding using glioblastoma cell lines. We dosed six 

glioblastoma cell lines with PLE or UL liposomes and quantified total NP fluorescence via flow 

cytometry. There was a clear relationship between the enhancement in NP uptake due to PLE 

coating and the expression levels of SLC1A5 in the tested glioblastoma cell lines (Figure 9.5f). 

 

9.3.6 Poly-L-aspartate coating enables affinity towards anionic amino acid transporters  

Having established a binding target for PLE, we next sought to find a mechanism for the 

differences between PLE and PLD-coated NPs. The partial association of PLD and SLC1A5 seen 

via confocal microscopy (Figure 9.4c) indicated that PLD may bind to similar amino acid 

transporters overexpressed in cancer cells. Indeed, analysis of PLE and PLD NP uptake from cell 

line screening data showed a clear correlation between the two NPs suggesting that similar cell 

line traits promoted their uptake (Figure 9.6a-b). Thus, we tested if the glutamine uptake inhibitor 

V9302 could also inhibit PLD-NP binding to HM-1 cells. We found that, like PLE, PLD binding 

was inhibited by V9302 in a dose-dependent manner (Figure 9.6c). However, when we evaluated 

the effect of the anionic amino acid transport inhibitor (TFB-TBOA), it could block PLD NP 
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binding but did not affect PLE NP binding (Figure 9.6d). Thus, unlike PLE, PLD coating 

maintains binding to anionic amino acid transporters, potentially due to PLE's larger side chain 

residue. 

  

 

 
Figure 9.6. PLD-coated NPs associate both glutamine transporters and anionic amino acid 

transporters. (a) Log-log plots of fold increase in PLE and PLD coated LbL-NPs relative to UL 

NPs in a library of ovarian cancer cells lines and primary healthy cells. R2 from linear fit and p-

value from non-zero slope test. Dashed lines represent 95% confidence interval of the curve fit. 
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(b) same as (a) but on the library of glioblastoma cell lines. (c-e) HM-1 cells were plated in 96 

well plates at 50 k cells/well and left to adhere overnight. Cells were then treated with either V9302 

or TFB-TBOA for 15 minutes before NP dosing at varying concentrations. Two hours after NP 

treatment, cells were washed with PBS, and suspended for flow cytometry analysis of NP uptake. 

Shown are the percentage of NP-positive cells in PLD-treated HM-1s with 10 µM of V9302, 100 

µM of V9302 or without V9302 (c), and the percentage of NP-positive cells in PLE-NP treated 

(d), or PLD-NP treated (e) HM-1s with or without 1 mM of TFB-TBOA. (f) Representative 

AlphaFold 3 model structure of SLC1A3 and PLE and SLC1A3 with PLD focused on the binding 

pocket indicated by the dark shading. (g) AlphaFold 3 calculated chain-pair ipTM scores between 

SLC1A5 with PLD, SLC1A3 with PLD, and SLC1A3 with PLE. (h-i) The NP median fluorescence 

intensity (MFI) of PLD-NP treated cells was normalized to the MFI of PLE-treated cells and 

plotted against SLC1A3 expression of the cel line. Shown are the plots of the NP screen against 

ovarian cancer cells and primary healthy tissue (h) and on glioblastoma cells lines (i). R2 from 

linear fit and p-value from non-zero slope test. Dashed lines represent 95% confidence interval of 

the curve fit. 

 

Of the various anionic amino acid transporters, SLC1A3 has been implicated as a major 

contributor to cancer progression and is overexpressed in many solid tumors.56–59 We used the 

human sequence of SLC1A3 to evaluate PLD and PLE binding to this transporter via AlphaFold 

3. As SLC1A3 also requires sodium ions for transport activity, these were included in the model.60 

Consistent with our expectation of PLE’s side chain size hindering binding, AlphaFold predictions 

showed that PLE could bind near the pocket, but did not fit inside (Figure 9.6f). On the other hand, 

PLD was predicted to bind inside the pocket. Indeed, quantification of chain-pair ipTM scores 

showed that PLD had favorable binding to both SLC1A5 and SLC1A3, but PLE had a significantly 

lower score towards SLC1A3 (Figure 9.6g). 

We next decided to explore if the expression of SLC1A3 could predict the binding of PLD 

over PLE NPs. There was a clear correlation between the preference for PLD over PLE NPs from 

our cell line screening data sets and their SLC1A3 expression levels (Figure 9.6h-i). As hypoxia 

induces SLC1A3 expression61, consistent with the hypoxic-like state of OVCAR4, these cells had 

a high SLC1A3 expression and a high preference for PLD-NPs over PLE. These effects were also 

observed on primary non-cancerous cell lines since macrophages and monocytes which had similar 
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levels of SLC1A5 showed similar PLE-NP binding, but the higher SLC1A3 expression in 

monocytes showed higher PLD uptake. Importantly, the ability of PLD NPs to bind to SLC1A3 

explains the increased rate of PLD over PLE endocytosis since anionic amino acid transporters 

have a much shorter surface half-life (<1 hr62,63) compared to SLC1A5 (20-60 hrs33,34). Further, 

consistent with prior reports of caveolin-mediated PLD-NP trafficking, the uptake of anionic 

amino acid transporters mediated through caveolin.62,64 

 

9.4 Discussion 

Targeted NPs widen the therapeutic window of drugs and enable effective bioimaging approaches. 

Modulation of surface chemistry via the LbL technique is a successful strategy to afford NPs with 

targeting motifs. While anionic polyamino acid LbL coatings have shown successful in vivo 

targeting of cancerous tissues and allowed for control over NP internalization rates, their targets 

have remained unknown. Here we report that anionic LbL polyamino acid coatings confer 

targeting of amino acid transporters overexpressed in cancerous tissues. PLE coating showed a 

strong specificity towards a glutamine transporter SLC1A5 whereas PLD interacted with SLC1A5 

and SLC1A3, an anionic amino acid transporter. 

We demonstrate that the high affinity of LbL-NPs to cancer cells was directly correlated 

with the avidity of amino acid presentation enabled by the LbL technique and that cancer cells 

with higher expression of net amino acid importers associate with more PLE-NPs. We validated 

the association of PLE with SLC1A5 via small molecule transport inhibitors, antibody blocking, 

and genetic silencing. Moreover, we confirm PLE binding to the pockets of SLC1A5 using the 

artificial intelligence model of AlphaFold 3 which predicts their direct interaction. We also 

discovered that PLE-NP binding to SLC1A5 induces cell membrane cluster formation, hindering 

NP internalization. PLD-coated particles, however, not only attach to glutamine transporters but 

also to anionic amino acid transporters such as SLC1A3, which helps explain their faster 

internalization compared to PLE-NPs. Analysis of LbL-NP screens with cell lines demonstrates 

that SLC1A5 expression correlated with PLE-NP uptake and that the preference for PLD-NPs was 

related to the expression of SLC1A3. 

Prior work has aimed at developing polymers to target SLC1A5, by grafting glutamine 

residues to the polymer.65,66 However, as we show here, through the LbL coating we can achieve 

dramatically higher affinity towards cancer tissues. Interestingly, glutamate has been used as a 
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control compared to glutamine with little discussion on the potential glutamate-SLC1A5 

interaction.65,66 Glutamate attachment via the side chain carboxylic acid has also been employed 

but such an approach led to no interaction with SLC1A5 and unclear binding partners, likely due 

to the presentation of the amino and carboxyl groups present on all amino acids.67,68 Grafting of 

glutamine residues onto branched polyethylenimine (PEI) for polyplexes has also been used.69 

However, glutamine residues are more likely to interact with other glutamine transporters such as 

SLC38A2 (Figure 9.5b). Moreover, unlike PLE-LbL-NPs, these particles were readily 

internalized, suggesting alternative interactions of the NP such as those from its positive charge. 

Taken together the data presented here provides the first demonstration that high avidity 

presentation of anionic amino acids from LbL-NPs enables targeting to overexpressed amino acid 

transporters. These insights may guide future applications of these LbL-NPs as well as allow for 

future rational design of next-generation polymeric coatings 
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CHAPTER 10 
 

Thesis Summary and Future Directions 

 

10.1. Thesis Summary 

The ultimate goal of this thesis was to engineer layer-by-layer nanoparticles (LbL-NPs) for 

the delivery of the potent immunostimulant IL-12 and to explore scalable production methods for 

NP-based drug delivery vehicles. We have advanced LbL-NPs' application in cancer 

immunotherapy and scalable production in the following directions: 

On the scale-up side, we developed a scalable approach to generate lipidic adjuvant 

nanoparticles which has enabled Phase 1 clinical trials. With a similar approach, we discovered 

methods to control the shape and size of lipid-based nanocarriers. Lastly, we created a simple 

approach to rapidly and assemble LbL coatings on NPs at clinically relevant scales.  

On the LbL-NP side, we discovered the mechanism of IL-12 delivery from LbL-NPs 

gaining key insights on how the LbL film and the liposomal NPs behave in physiological 

environments. Moreover, we discovered how the polymer conformation on the NP surface can 

regulate the exposure of the underlying lipids and conjugate cytokines which can hinder the 

delivery of IL-12. On the other hand, increasing film stability through higher molecular weight 

polymers yields LbL-NPs with increased cancer cell association and improved LbL-NP properties. 

Lastly, we discover the targets on cancer cells of anionic polyamino acid coatings on LbL-NPs. 

 

10.2. Future Directions 

Based on the advancements made, future work could focus on optimizing CND 

formulations and further exploring LbL-NPs for cytokine delivery. CNDs are promising drug 

delivery vehicles especially when combined with the LbL-NP coating. Thus, using LbL-CNDs as 

a platform for delivering lipid-conjugated therapeutics (such as small molecules or proteins) could 

yield meaningful improvements over current strategies. For example, one could use CNDs with 

surface conjugated IL-12 and coated with high molecular weight poly-L-arginine (PLR) and poly-

L-glutamate for increased tumor penetration and association in disseminated ovarian cancer. 

Moreover, combining the IL-12 LbL-NPs with current standard-of-care chemotherapy regimens 

may yield improvements compared to the single treatment modalities. Future work may also 

explore the optimization of lipid composition to control the rate of IL-12 lipid conjugate release 
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from the LbL-NPs. Lastly, the known targets of PLE and PLD also allow for a more rational 

selection of cancer types that could yield efficient targeting from these coatings. Moreover, 

targeting these amino acid transporters could have benefits for the delivery of drugs inhibiting 

amino acid metabolism in cancer cells. 
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Appendix A 
 

 

Table A1: RP-HPLC conditions and gradient. 
Column Jupiter C4 Accucore C8 

Column Temperature 40 °C 40 °C 

ELSD Temperature 40 °C 40 °C 

Aqueous Phase (A) 0.1% TFA Water  0.1 M TEAA Water 

Organic Phase (B) 0.1% TFA Acetonitrile 0.1 M TEAA 2-propanol 

Flow Rate 1 ml/min  

Gradient 

Time %B Time %B 

0 30 0 5 

5 30 5 5 

13 45 10 40 

17 45 15 40 

20 70 20 55 

27 85 30 55 

31 85 32.5 65 

41 95 36 65 

46 95 40 85 

47 30 45 85 

51 30 50 90 

 70 95 

75 95 

75.05 5 

80 5 
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Table A2: Staggered dilution steps for QS-21 SMNP assembly. 

Dilution Step 
Dilution Factor Relative 

to Starting Material 

Equilibration 

Time (min) 

1 10X 10 

2 25X 45 

3 30X 20 

4 35X 20 

5 40X 10 

6 45X 10 

7 50X 10 

8 60X 10 

9 75X 10 

10 85X 10 

11 100X 10 

 

Table A3: Critical Quality Attributes (CQAs) of SMNPs. 

Appearance Colorless to whitish, clear to slightly 
opalescent suspension 

QS-21:cholesterol:DPPC:MPLA mass 
ratio 10 : 2 ± 0.3 : 1 ± 0.3 : 1 ± 0.3 

Particle size (Zavg) 40 – 80 nm 

Polydispersity index (PDI) ≤ 0.25 

Residual MEGA-10 ≤ 1 µg/mL 

Particle morphology Cage-like as characterized via negative 
stain TEM 
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Figure A1: Protocols for generation of Quil-A based SMNPs fail to form ISCOMs when 

saponin is substituted for QS-21. (A) Chemical structure of the major isomer of QS-21. (B, C) 

DLS Z-avg, vol-avg, number-avg and PDI for attempts using dTFF (B) and low detergent dTFF 

(C) – error bars omitted for clarity. (D) DLS intensity-based and number-based distribution for 

standard dTFF and low detergent dTFF. (E) TEM micrographs of samples for standard dTFF 
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before (top) and after (bottom) TFF process. (F) TEM micrographs of final product from low 

detergent dTFF. 

 

 
Figure A2: Rapid dilution of lipid/QS-21/MEGA-10 mixture enables formation of large 

aggregates. TEM micrograph of sample rapidly diluted to below CMC. 
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Figure A3: Reverse-phase (RP) high-pressure liquid chromatography (HPLC) coupled with 

a evaporative light scattering detector enables quantification of each component in QS-21 

SMNPs. (A) Representative chromatogram of QS-21 SMNP particles separated on a Jupiter C4 

column with acetonitrile gradient ranging from 30 to 95%. (B) Representative chromatogram of 

QS-21 SMNP particles separated on a Accucore C8 column with ispopropanol gradient ranging 

from 5 to 95%. 

 

 
Figure A4: TFF with 100 kDa membranes is an effective method for removal of MEGA-10 

from QS-21 SMNPs. (A) Standard curve generated based on MEGA-10 absorbance at 205 nm. 

(B) Concentration of MEGA-10 in permeate from three independent batches of QS-21 SMNPs. 

Dashed lines indicate 95% confidence interval from fitted curves. 
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Figure A5: Room temperature (RT) QS-21 SMNPs can lead inhomogeneous preparations. 

(A) Diagram for QS-21 SMNP synthesis at room temperature (RT) through continuous dilution. 

(B) DLS Z-avg, and PDI for RT QS-21 SMNP samples from two independent batches. Serum IgG 

titer curves at week two (C) and week four (D) for particles generated via dialysis, dTFF with 

heating of QS-21 and two independent batches of dTFF SMNPs with QS-21 at room temperature 
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for mice immunized with 2 μg of N332-GT2 trimer and 5 μg of SMNP. (E) Summary of serum 

IgG titers at week 2 and 4 from (C) and (D). (F) TEM micrograph showing SMNPs generated at 

RT with presence of lipidic vesicles. White arrows indicate lipid nanoparticles. 
 
 

 
Figure A6: Staggered dilution enables proper assembly of QS-21 ISCOMs devoid of MPLA. 

A sample with 7.5% MEGA-10 and 5 mg/mL of QS-21-ISCOM components (QS-21, cholesterol 

and DPPC at a 5:1:1 mass ratio) was either rapidly diluted to final MEGA-10 concentrations or 

diluted via the staggered protocol of Table S2. DLS intensity-weighted size (Z-avg) and PDI were 

measured after overnight incubation for the fast diluted samples or after the appropriate incubation 

time for the staggered dilution protocol. 
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Appendix B 
 

 

 

Figure B1. The chemical structure of components used to generate liposomes from dilution. 
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Figure B2. Representative cryo-TEM micrographs of 200 nm liposomes formed in region iii. 

 

 
Figure B3. Detergent concentration after dilution controls the equilibrium size of liposomes. (A) 

DLS intensity-weighted size (Z-avg) and PDI after overnight incubation of a 10 mg/mL of 6:3:1 

molar mixture of DSPC:cholesterol:POPG in 10% MEGA-10 diluted to various final detergent 
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concentrations. (B) DLS intensity-weighted size (Z-avg) and PDI after overnight incubation of a 

20 mg/mL of 6:3:1 molar mixture of DSPC:cholesterol:POPG in 10% octylglucoside diluted to 

various final detergent concentrations. (C) Effect of dilution samples equilibrated at 0.1% or 

0.04% MEGA-10 overnight to 0.01% MEGA-10 on particle size (Z-avg) and PDI; samples were 

allowed to equilibrate at 0.01% overnight.  

 

 
 
 

 

 

 

 
Figure B4. TFF of assembled lipid vesicles enables efficient removal of MEGA-10. (A) ELSD 

chromatogram of MEGA-10 at increasing concentrations. (B) ELSD of final purified particles 

incubated at either 0.1%, 0.02%, or 0.004% MEGA-10. Shaded regions indicate MEGA-10 elution 

times. 
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Figure B5. Characteristics of liposomes generated from lipid film hydration followed by extrusion 

with a 50 nm pore sized membrane. (A) DLS intensity-based and number-based size distribution. 

(B) Z-avg, number-average, and PDI. (C) Representative cryoTEM micrograph from liposomes 

generated via thin film hydration followed by extrusion on a 50 nm pore-sized membrane. (D) 

CryoTEM micrograph of extruded liposomes showing large (>50 nm) vesicles. (E) CryoTEM 

micrograph analysis of particle size from the extruded sample. Parenthesis indicates the total 

number of particles quantified and PDI based on the measured particle sizes from cryoTEM. (F) 

Normalized histograms of samples generated from detergent dilution into 0.1%, 0.02%, and 

0.004% MEGA-10 then purified via TFF compared to liposomes generated via thin-film hydration 

followed by extrusion through 50 nm pore membrane. 
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Figure B6. Analysis of lipid exchange via FRET reveals that assembled liposomes in region iv are 

stable whereas particles in region iii have high rates of lipid exchange even after no change in 

particle size. Normalized FRET efficiency from samples containing 1mol% of dye diluted with 

PBS to various concentrations of MEGA-10 and mixed after set incubation periods. 
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Figure B7. Assessment of liposome assembly via cryo-TEM. (A-D) Cryo-TEM micrographs of 

10 mg/mL 6:3:1 DSPC:Chol:POPG sample in 10% MEGA-10 rapidly diluted to 0.1% MEGA-10 

with 10 mM HEPES 150 mM NaCl and frozen 5 minutes, 2 hours, 5 hours and 24 hours after 

dilution, respectively. 
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Figure B8. Diagram of the experimental protocol to determine the percentage of liposome 

fluorescence associated with macrophages. 
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Appendix C 
 

 

Figure C1. Chemical structure of components used for particle self-assembly. 
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Figure C2. Characterization of lisCNDs and high POPG composition diluted with PBS. (A) 

Representative chromatograms from high-pressure liquid chromatography (HPLC) coupled with 

an evaporative light scattering detector (ELSD) for PBS only, 0.025 mg/mL sample in PBS, and 

samples allowed to be assembled at 0.1% MEGA-10 in 0 mM NaCl or 200 mM NaCl buffers then 

purified via TFF. (B) Z-avg, #-avg and PDI of purified samples allowed to assemble at 0.1% 

MEGA-10 in 200 mM NaCl, 0 mM NaCl, or 0 mM NaCl then exposed to 1X PBS after 

purification. (C) CryoTEM micrographs of purified samples from dilution of lipid/detergent 

micelles using 0 mM NaCl, but then added 1X PBS. (D) Size and PDI of lipid/detergent micelles 
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with 3:3:4 molar ratios of DSPC:cholesterol:POPG diluted to 0.05% MEGA-10 then purified via 

TFF. Error bars represent SEM. 

 

Figure C3. Characteristics of LbL-CNDs and LbL-lisCNDs. (A) Zeta potential of liposomes 

and CNDs upon layering with PLR and PLE. (B) Size and zeta potential of lisCNDs upon layering 

with PLR and PLE. (C) In vitro HM-1 association of NPs relative to liposomes 24 hrs after dosing 

cells. Error bars represent SEM. Statistical comparisons in C was performed using one-way 

analysis of variance (ANOVA) with Tukey’s multiple-comparisons test. Asterisks denote p-

values: ****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05.  
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Appendix D 
 

 
Table D1: Lipid composition of nanoparticles and summary characteristics. 

Lipid or trait Nickel-
headgroup 

Maleimide-
headgroup 

DSPC; 1,2-distearoyl-sn-glycero-3-phosphocholine 65 mol% 65 mol% 
Cholesterol 23.9 mol% 23.9 mol% 
POPG; 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-
(1'-rac-glycerol) (sodium salt) 6.1 mol% 6.1 mol% 

18:1 DGS-NTA(Ni); 1,2-dioleoyl-sn-glycero-3-[(N-
(5-amino-1-carboxypentyl)iminodiacetic 
acid)succinyl] (nickel salt) 

5 mol% 0 mol% 

18:1 MPB-PE; 1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine-N-[4-(p-
maleimidophenyl)butyramide] (sodium salt) 

0 mol% 5 mol% 

Diameter (Z-avg) unlayered (UL) 86.3 nm 87.7 nm 
Diameter (#-avg) unlayered (UL) 60.2 nm 57.8 nm 
PDI unlayered (UL) 0.08 0.14 
Zeta potential unlayered (UL) -58 mV -63 mV 
Diameter (Z-avg) PLR-PLE (LbL) 121.3 nm 122.5 nm 
Diameter (#-avg) PLR-PLE (LbL) 84.7 nm 81.2 nm 
Zeta potential PLR-PLE (LbL) -63 mV -63 mV 
PDI PLR-PLE (LbL) 0.11 0.13 

 
 
 
 
 
 
 

Table D2: Lipid composition of SAT NPs. 
Lipid SAT NPs 

(mol%) 
DSPC; 1,2-distearoyl-sn-glycero-3-phosphocholine 65% 
Cholesterol 23.9% 
DSPG; 1,2-distearoyl-sn-glycero-3-phospho-(1'-rac-
glycerol) (sodium salt) 6.1% 

16:0 MPB-PE; 1,2-dipalmitoyl-sn-glycero-3-
phosphoethanolamine-N-[4-(p-
maleimidophenyl)butyramide] (sodium salt) 

5% 
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Figure D1. Headgroup-modified lipids for IL-12 conjugation. a, Chemical structure of headgroup-modified lipids 

with either chelated nickel or N-aryl maleimide. N-aryl maleimide was employed to prevent potential thiosuccinimide 

retro-Michael addition and subsequent thiol-exchange, as this headgroup favors thiosuccinimide hydrolysis into 

sTable Duccinamic acid thioethers. b, IL-12 crystal structure derived from PDB 1F45 showing C-terminus used to 

engineered terminal poly-histidine (polyHis) tag and terminal cysteine. c, Reaction pathway for irreversible 

maleimide-based conjugation with thiols. 
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Figure D2. Synthesis of LbL-NPs conjugated with IL-12 via either maleimide-cysteine reaction or nickel-

histidine interaction yield similar particle biophysical properties. a, Intensity-weighted hydrodynamic size (Z-

avg), number average size (#-avg), and polydispersity index (PDI) of NPs during synthesis as measured via dynamic 

light scattering (mean ± s.d.). b, Zeta potential of NPs during synthesis as measured via electrophoretic mobility in 

deionized water (mean ± s.d.). c, Yield and weight loading of IL-12 for unlayered and layered particles with nickel-

histidine linker (Ni-UL and Ni-LbL) and unlayered and layered particles with a maleimide-cysteine bond (Mal-UL 

and Mal-LbL) (mean ± s.e.m.). d-e, Negative-stain (NS) transmission electron microscopy (TEM) with 

phosphotungstic acid of particles during synthesis with nickel-containing lipids (d) and maleimide-containing lipids 

(e)  - scale bars represent 200 nm. Unlayered (UL) NPs without IL-12 presented the typical low-contrast micrographs 

of liposomes. When conjugated with IL-12, however, a dark rim around the liposomes could be observed which 

became diffuse after LbL deposition, suggesting successful IL-12 conjugation and LbL coating. Data are presented as 
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mean values ± error with n = 3 independent batches of NPs. Statistical comparisons in c were performed using two-

way analysis of variance (ANOVA) with Tukey’s multiple-comparisons test. 

 

 
Figure D3. Polyelectrolyte film is partially released in buffers with physiological ionic strength and does not 

block IL-12 availability in LbL-NPs. A, Measurement of PLE or PLR release from LbL film on NPs incubated at 

37 °C in 15 mM HEPES 150 mM NaCl (HEPES), 10%, or 100% FBS (mean ± s.e.m). b, Schematic for monoclonal 

antibody capture of NP-bound IL-12 and detection in varying buffer conditions. c, HEK-Blue IL-12 reporter cell line 

response to IL-12 in various formats (n>100 points per curve from 7 independent particle batches). (d) Calculated IL-

12 EC50 from HEK-Blue IL12 response curves (mean ± s.e.m). 
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Figure D4. Characterization of metastatic ovarian cancer model - OV2944-HM1.  a-b, B6C3F1 mice were 

inoculated with 106 HM-1-luc tumor cells i.p. on day 0 (n = 40) or left as naïve healthy animals (n = 10). Shown are 

representative, intestine, lung, omentum and UGT ex-vivo IVIS BLI images (a) and quantitation of BLI signal in 

healthy organs compared to organs two weeks after tumor inoculation (mean ± s.e.m, b). Statistical comparisons in b 

were performed using the nonparametric Mean-Whitney test with correction for multiple comparisons based on a false 

discovery rate of 1% (q=0.0136). 
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Figure D5. Mice with complete remission of metastatic ovarian cancer demonstrate strong immune memory 

induction upon i.p. luc-HM-1 rechallenge. a-b, B6C3F1 mice (n = 10/group) inoculated with 106 HM-1-luc tumor 

cells on day 0 were treated on days 7 and 14 with 20 µg of IL-12 as a free cytokine or conjugated to NPs. On day 100, 

surviving Mal-LbL mine (n = 3) or naïve (n = 2) were injected with 3x105 luc-HM-1 cells i.p. Shown are in vivo IVIS 

whole-animal i.p. BLI readings (mean ± s.e.m., b), and overall survival (c). 
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Figure D6. Intraperitoneal dosing of 20 µg of Mal-LbL NPs does not cause systemic toxicity. a-e, B6C3F1 mice 

inoculated with 106 HM-1 tumor cells on day 0 were treated on days 10 with 20 µg of IL-12 as a free cytokine or 

conjugated to Mal NPs (UL and LbL). Two days after dosing blood (n = 6/group) and spleens (n = 4/group) were 

harvested and sent for a complete blood panel or processed for flow cytometry analysis, respectively. Shown are serum 

levels of liver damage markers (alanine transaminase – ALT - and aspartate aminotransferase - AST) compared to 

healthy mice controls (n = 4, a), complete blood count panel (b), quantitation of live leukocyte (CD45+) counts in 

spleen (c), and percentage of macrophage (d) and NK (e) cell in splenocytes. Statistical comparisons performed using 

two-way (a,b) or one-way (c,d,e) analysis of variance (ANOVA) with Tukey’s multiple-comparisons (liver enzyme 

measurement was compared to healthy controls). 

 

 



353 
 

 
Figure D7. Immune phenotyping of cells in ascites fluid and tumor tissues. a-j, B6C3F1 mice inoculated with 106 

HM-1 tumor cells on day 0 were treated on days 10 with 20 µg of IL-12 as a free cytokine or conjugated to Mal NPs 

(UL and LbL). Two days after dosing ascites (n = 6/group) and i.p. tumor nodules (primarly omentum tissue, n = 
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4/group) were harvested and processed for flow cytometry analysis. Shown are total counts of M1-like and M2-like 

macrophages (a), logarithmic of M1-like to M2-like macrophages ratio (b), and total counts of PMN-MDSC (c), M-

MDSC (d), and NK cells (e) in ascites fluid. Also shown are total counts of PMN-MDSC (f) and M-MDSC (g), 

logarithmic of M1-like to M2-like macrophages ratio (h), and total counts of M1-like and M2-like macrophages (i), 

and NK cells (j) in tumor nodules. Statistical comparisons were performed using two-way (a,i) or one-way (b,c,d,e,h,j) 

analysis of variance (ANOVA) with Tukey’s multiple comparisons (liver enzyme measurement was compared to 

healthy controls). 

 
 

 



355 
 

Figure D8. Characterization of Mal IL-12 NPs composed of saturated (SAT) lipids. a, Illustration of liposome 

bilayer composition effect on lipid exchange rate with serum proteins. b, Intensity-weighted hydrodynamic size (Z-

avg), number average size (#-avg), and PDI of NPs during synthesis as measured via DLS (mean ± s.d.). c, Zeta 

potential of NPs during synthesis as measured via electrophoretic mobility in deionized water (mean ± s.d.). d, 

Association of NP fluorescence with HM1 cells in vitro relative to unlayered NPs after 4 and 24 hours of incubation 

(mean ± s.d.). e, Representative confocal microscopy images of HM-1 cells dosed with SAT-LbL for 4 hours. f, 

Calculated IL-12 EC50 of IL-12 compared to SAT-LbL NPs from HEK-Blue IL-12 assay (mean ± s.e.m.). g, 

Assessment of de-quenching from fluorophore detachment from unsat and SAT NPs when incubated with 100% FBS 

at 37 °C – curves represent the best fit of a two-phase decay model. h, Quantification of IL-12 retention with Mal-

LbL or SAT-LbL upon incubation with 100% FBS (mean ± s.e.m.) – curves represent the best fit of a two-phase decay 

model. Statistical comparisons performed in d using two-way analysis of variance (ANOVA) with Tukey’s multiple-

comparisons. Data are representative of at least two independent experiments. 

 

 

 
Figure D9. Confocal microscopy analysis of histological cryosections of omentum tumor nodules demonstrates 

both Mal-LbL and SAT-LbL penetrate tumor tissue. a-b, B6C3F1 mice were inoculated with 106 HM-1-luc tumor 

cells on day 0 were administered fluorescently-tagged Mal-LbL of SAT-LbL NPs carrying 20 µg IL-12 on day 14. 

One day after dosing, animals were sacrificed, and the omentum containing tumor nodules was frozen in optimal 

cutting temperature (OCT) compound then frozen sectioned and stained for confocal microscopy analysis. Shown are 

representative confocal images of omental tumor nodules from Mal-LbL (a) and SAT-LbL (b) treated animals. 
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Figure D10. Flow cytometry cell gating strategy. 
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Appendix E 
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Figure E1. Microfluidic fluid mixing chips enable homogeneous LbL-NP assembly in optimized buffer 

solutions. (a) Z-avg size and PDI of NPs layered with increasing PLR-to-NP wt. eq. in 25 mM HEPES and 20 mM 

NaCl. (b) Zeta potential of NPs layered with increasing PLR-to-NP wt. eq. in 25 mM HEPES and 20 mM NaCl. (c) 

Z-avg size, PDI, and zeta potential of NPs layered with PLR and PLE using small-scale bath sonication mixing of 

polymers and NPs. (d) Schematic, Z-avg size, PDI, and zeta potential of NPs layered with PLR and PLE using large-

scale bath sonication mixing of polymers and NPs. (e) Schematic, Z-avg size, PDI, and zeta potential of NPs layered 

with PLR and PLE using MCF mixing of polymers and NPs. 
 

Appendix F 
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Figure F1. Biophysical characterization of LbL-NP library assembled in DI or hNa. (a) Dynamic light scattering 

size and polydispersity index (PDI) measurements of LbL-NPs assembled either in deionized water (D) or in the 

presence of mild ionic strength (hNa). (b) Apparent surface zeta potential measurements of LbL-NPs assembled either 

in DI or hNa. (c) Diagram of salt stability assay. (d) HEK-Blue IL-12 derived EC50 of IL-12 in NP preparations. (e) 

Representative confocal microscopy image of HM-1 cells incubated with UL-NPs for 4 hrs. 
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Figure F2. Biophysical characterization of LbL-NP library composed of various polymer MWs. (a) Dynamic 

light scattering size and polydispersity measurements of LbL-NPs composed of various molecular weight (MW) 

polymers. (b) Apparent surface zeta potential measurements of LbL-NPs composed of low or high molecular weight 

(MW) polymers. (c) HEK-Blue IL-12 of panel of MWs. 
 

 

 
Figure F3. Biodistribution study. (a) Treatment timeline of mice bearing HM-1-mCherry-luc tumors for 

biodistribution study. (b) Assessment of cellular fraction immune cells and tumor cells of ascites in HM-1 mice. 
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Appendix G 
 

 

 
Figure G1. GSEA analysis of LbL-NP uptake. (a-d) Data from NanoPrism was used to rank cell 

lines based on their uptake of NPs, the median gene expression of the top 100 cell lines was 

compared to the median expression of the bottom 100 cell lines to derive the fold chance in gene 

expression for each formulation that was then used to perform gene-set enrichment analysis 

(GSEA) against the hallmark gene sets. Shown are the volcano plot for liposomal HA-NP (a), 

liposomal PAA-NP (b), PLE-coated PLGA NPs (c), and unlayered PLGA NPs (d) with the top 20 

Hallmark gene sets hist. (e) The fold change in gene expression for PLE-coated PLGA NPs were 

normalized to UL PLGA NPs derive gene expression signatures that corresponded to high LbL-

film binding, but low binding towards the unlayered cores. Shown are the volcano plot of PLE 

coated PLGA-NPs after normalization to UL PLGA NPs. 
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Figure G2. System A amino acid transport inhibitor MeAIB does not impair PLE-NP 

binding. HM-1 cells were plated in 96 well plates at 50 k cells/well and left to adhere overnight. 

Cells were then treated with 10 or 100 mM of MeAIB for 15 minutes prior to NP dosing at varying 

concentrations. Two hours after NP treatment, cells were washed with PBS, and suspended for 

flow cytometry analysis of NP uptake. Shown are the percentage of NP+ cells at each 

concentration of NP dosed. 
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Figure G3. PLE coating is required for high colocalization of SLC1A5 with LbL-NPs. (a-b) 

HM-1 cells were plated in 8-well glass chamber slides at 10 k cells/well and left to adhere 

overnight. Cells were dosed with 1.5 µg/mL of NPs for 2 hrs. After NP treatment, cells were 

washed with PBS, fixed with PFA, and then rapidly permeabilized with saponin. Cells were then 

treated with primary antibodies for 2 hours followed by secondary antibodies for 30 minutes. 
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Shown are HM-1 cells treated with PLE-NPs and stained with an anti-CD44 Ab or isotype control 

(a), and HM-1 cells treated with various outer layer LbL-NPs and stained with anti-SLC1A5 Abs 

(b). (c) The same protocol was followed as (a-b) but cells were treated with 13.5 µg/mL of PLE-

NPs. 
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Figure G4. PLE-NPs associate primarily on the cell membrane. (a-b) HM-1 cells were plated 

in 8-well glass chamber slides at 10 k cells/well and left to adhere overnight. Cells were dosed 

with varying concentrations of NPs for 4 hrs. After NP treatment, cells were washed with PBS, 

fixed with PFA, and then stained with Hoechst 33342 and wheat germ agglutinin (WGA) and 

visualized on a confocal microscope. Shown are representative confocal images of HM-1 cells 

treated with various concentrations of PLE-NPs (a) and quantification of the fraction of NP pixel 

colocalized with cell membrane pixels (b). 

 

 
Figure G5. 100 nm polystyrene PLE-NPs are retained at the cell membrane. HM-1 cells were 

plated in 8-well glass chamber slides at 10 k cells/well and left to adhere overnight. Cells were 

dosed with 1 µg/mL of NPs for 4 hrs. After NP treatment, cells were washed with PBS, fixed with 

PFA, and then stained with Hoechst 33342 and wheat germ agglutinin (WGA) and visualized on 

a confocal microscope. Shown is a representative HM-1 cell dosed with 100 nm PLE-PS particles. 
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Figure G6. Modeling predictions. (a) Representative AlphaFold 3 model structure of SLC1A5 

and PLQ bound to the outward or inward orientation of SLC1A5. (b) Representative AlphaFold 3 

model structure of SLC1A5 and PLF binding to a transmembrane region. (c) patcHwork prediction 

of change in ionization states of amino acids in SLC1A5 from pH of 7.4 to pH of 6.0. (d) 

Representative AlphaFold 3 model structure of SLC38A2 and PLQ. 
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Figure G7. Analysis of hypoxia-related gene expression in ovarian cancer cell lines. (a) Heat 

map of Z-score for each gene across the cell lines and the “overall” hypoxia metric determined by 

the product of gene expression for each gene. (b) Z-score of the overall hypoxia expression levels. 

Expression levels extracted from the ProteinAtlas. 
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