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Abstract:

The greatest obstacle in the treatment of glioblastomas is the blood-brain barrier (BBB),
the endothelial cells that line the vessels of the brain and are stitched together into a barrier by
tight junction complexes. One approach to overcoming this barrier is encapsulating drugs in
nanoparticles whose surfaces are engineered (usually, with the addition of ligands) to promote
binding to various receptors of the BBB, thus triggering transcytosis and allowing the
nanoparticle and its drug contents to cross the BBB. Previous research has shown that
electrostatic absorption (as opposed to covalent functionalization) is a quick and effective
method for attaching cationic, tumor-penetrating peptides to anionic nanoparticles synthesized
through an iterative layer-by-layer (LbL) approach.

Here, 1 demonstrate that LbL nanoparticles functionalized with Angiopep-2, a
BBB-penetrating peptide, can penetrate the BBB to deliver their contents to the brain.
Peptide-functionalized particles were screened in an in vitro transwell model of the blood-brain
barrier, and particularly promising candidates were screened in a mouse model through intravital
imaging, leading to a conclusion that the combination of a poly-L-aspartate outer layer and
Angiopep-2 leads to significant improvement in nanoparticle uptake in the brain. Future work
will include in vivo experiments with peptide-functionalized LbL nanoparticles with a hyaluronic
acid (HA) outer layer, as HA particles have been shown to have in vivo transport properties not

reflected in in vitro transport experiments. !
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Chapter 1: Introduction and Literature Review

Glioblastoma multiforme (GBM) is an aggressive brain tumor that accounts for more
than 60% of all brain and central nervous system tumors.” The current standard of care (surgical
resection of the tumor followed by radiotherapy and chemotherapy) gives a median survival of
only 15 months, so there is a significant need for improved therapies for glioblastomas.® The
greatest obstacle in the delivery of cancer therapeutics to glioblastomas is the blood-brain barrier
(BBB), or the lining of the blood vessels of the brain. Consisting primarily of a collection of
endothelial cells that are stitched together into a barrier by tight junction complexes, the BBB is
designed to prevent pathogens and other foreign objects from entering the brain. The inability of
the BBB to distinguish between harmful substances and therapeutics leads to a fundamental
problem in brain drug delivery: at least 95% of recently discovered candidate therapies are
unable to enter the brain.* The need to develop drug delivery carriers for these therapies that are
capable of crossing the BBB is clear and urgent.

A possible strategy for improving drug delivery is temporarily increasing the overall
permeability of the BBB (e.g. through introducing small doses of vascular endothelial growth
factor).” While this approach accomplishes the goal of allowing chemotherapeutics into the
brainspace, unwanted pathogens and other chemicals can also enter the brain, since the BBB will
be unable to function as required. Avoiding this problem, another approach is encasing the drugs
in nanoparticles whose surfaces are engineered to promote binding to various receptors of the
BBB. This binding triggers transcytosis (the receptor-mediated mechanism by which particles
are transported across a cell), allowing the nanoparticle and its drug cargo to cross the BBB. This
approach has been implemented widely in the literature. Polymeric nanoparticles, including

those composed of poly (lactide-co-glycolic) acid (PLGA),® poly(ethylene imine),” and
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poly(allylamine) hydrochloride,® have been shown to improve delivery efficiency for treatments
of Alzheimer’s and other neurological diseases. Liposomes, or spherical nanoparticles consisting
of lipid bilayers, are often used to deliver gene therapies or chemotherapeutics, including
doxorubicin, erlotinib, and paclitaxel, to brain cancers.” Other delivery carriers include
dendrimers, micelles, and a variety of inorganic nanocarriers.’ At this time, none of these carriers
have advanced through clinical trials for glioblastoma treatment for a variety of reasons,
including poor accumulation in the brain.

Often, nanocarriers are modified with ligands to promote uptake by certain endothelial
cell protein receptors or sialic acid-containing glycosphingolipids called gangliosides.'® One
class of ligands that promote uptake by endothelial cells in the brain are BBB-penetrating
“shuttle” peptides, which enable any attached cargo to cross the BBB without damaging it."' A
number of known BBB shuttle peptides and their receptor targets can be found in the literature,
including Angiopep-2 (LRP1 receptor), RAP12 (LRPI receptor), B6 (Tfl receptor), G23 (GMI
ganglioside), and RVG29 (nAchR receptor).''® Angiopep-2, a 2.4 kDa, 19 amino acid, cationic
(+2 at physiological pH) peptide, is the most widely-used BBB shuttle peptide; it has been
conjugated to small molecules, polymeric nanoparticles, liposomes, dendrimers, and even
nanotubes to improve transport across the BBB.'™'7 In all of these cases, Angiopep-2 is
covalently linked to the cargo through a variety of chemistries, including EDC/NHS and
cysteine/maleimide reactions.'®?° While the resulting nanoparticles exhibit improvement in
transport across the BBB, conjugation efficiency of the Angiopep-2 to the particle is generally
low; Wang et al. report 50% conjugation efficiency and Figueiredo et. al. report 24% conjugation
efficiency with EDC/NHS chemistry.'”?' Luo et al. report 89% conjugation efficiency with

cysteine/maleimide chemistry, but only load 0.014 mg peptide per mg nanoparticle.” In addition,
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covalent conjugation often requires harsh chemicals, so lengthy dialysis purification is needed
before the peptide-conjugated nanoparticles can be placed into the body. Here, we explore
electrostatic adsorption of BBB shuttle peptides onto nanoparticles as a quick method for
improving peptide loading and conjugation efficiency.

In this work, I draw upon the layer-by-layer (LbL) nanoparticle platform for drug
delivery, which has been well-characterized by members of the Hammond Lab as well as
others.”” This platform involves sequentially electrostatically adsorbing (“layering”) charged
polymers onto oppositely charged nanoparticles. Often, chains of repeated charged amino acids
are used as the charged polymers in this platform due to their simplicity and biocompatibility.
Other biopolymers, like sodium hyaluronate, or polymers known to be biologically inert, such as
poly(acrylic acid) are also common. Previously, Boehnke et al. demonstrated that electrostatic
absorption (as opposed to covalent functionalization) is a quick and effective method for
attaching cationic, tumor-penetrating peptides to anionic nanoparticles synthesized through an
LbL approach.?® These peptides were chosen specifically to target tumor cells in high grade
serous ovarian cancer.! It was demonstrated that one of two cationic peptides tested did not
impact the stability of the particle under purification and physiological salt conditions.' Only one
of the four peptide-outer layer combinations demonstrated statistically significant improvement
in nanoparticle-cell association when compared to the peptide-free particles, but it was
hypothesized that this could be due to unique properties of the selected outer layers and that
peptides might still improve intracellular nanoparticle trafficking.'

In this work, I aimed to construct a similar series of peptide-functionalized nanoparticles
targeted to the BBB. The nanoparticle core is a fluorescently-labeled anionic liposome,

consisting of phospholipids and cholesterol. Poly-L-arginine (PLR), a cationic poly-amino acid
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that has been demonstrated to assist with endosomal escape of the nanoparticle, is then
electrostatically adsorbed to the core until the particle is fully charge-converted (zeta potential >
30 mV).”” Next, a polyanion layer is adsorbed until the particle’s outer surface is
negatively-charged (zeta potential < -30 mV) (we use poly-L-aspartate (PLD) and hyaluronic
acid (HA) to probe the effect of outer layer chemistry on transport across the BBB both in vitro
and in vivo). Finally, cationic BBB-penetrating peptides are adsorbed to the surface, although
charge conversion is not achieved; the peptide-functionalized nanoparticles are anionic.

Prior to the start of the thesis project, optimal layering ratios were determined for PLR
and polyanions. In addition, it was determined that up to 2 mg Angiopep-2-Cys (AP2) per mg
nanoparticle could be layered onto both HA and PLD nanoparticles without leading to
nanoparticle charge conversion or aggregation. Preliminary in vitro experiments were conducted
to probe the efficacy of electrostatically adsorbed AP2 on the transport of the nanoparticles in a
transwell model of the BBB, but results were inconsistent and nanoparticles seemed to be
unstable under physiological salt conditions. Originally, I planned to conduct molecular
dynamics simulations to probe whether the segment of Angiopep-2 that targets the LRP1
receptor was buried into the polyanion layer; however, I found that manipulating the pH of the
layering buffer for peptide adsorption led to consistent results both in vitro and in vivo. With this
success, [ continued with the original experimental plan, which included particle
characterization, in vitro experiments in a transwell model of the BBB, and in vivo intravital

imaging in mice.
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Chapter 2: Materials and Methods

Several components of this section are similar to the corresponding section of Lamson et al.' I
have reproduced the relevant sections below and supplemented them with methods specific to
this work.

2.1. Materials

1,2-distearoyl-sn-glycero-3-phospho-(1'-rac-glycerol) sodium salt (DSPG),
1,2-distearoyl-sn-glycero-3-  phosphoethanolamine  (DSPE), 1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N-(Cyanine 5) (DSPE-Cy5), 1,2-distearoyl-sn-glycero-3-phosphocholine
(DSPC) and cholesterol were purchased from Avanti. Chloroform was purchased from TCI.
Methanol, the hCMEC/D3 cell line, Accumax dissociation reagent, Type 1 rat tail collagen,
ascorbic acid, dimethyl sulfoxide (DMSO), Tris (2-carboxyethyl) phosphine (TCEP), 10X TBE
Bufter (Tris-borate-EDTA), and heparin sulfate were purchased from MilliporeSigma. Whatman
Nucleopore polycarbonate hydrophilic membranes (400, 200, 100 and 50 nm sizes) were
purchased from GE. 50/15 mL Falcon tubes, Protein LoBind tubes, Polystyrene semi-micro
cuvettes, microscope slides, coverslips, and slide sealer nail polish were purchased from VWR.
D02-E300-05-ND, 02-E100-05-N, and C02-E100-05-N tangential flow filtration filters were
purchased from Repligen. Poly-L-arginine hydrochloride (38.5 kDa) and poly-L-aspartic acid
(15 kDa) were purchased from Alamanda Polymers. Hyaluronic acid (40 kDa) was purchased
from LifeCore Biomedical. DTS 1070 folded capillary zeta cells were purchased from Malvern.
Tissue culture plasticware (T75, T25, clear and white 96 well plates), 24-well 1 pm pore
transwell plates, individual transwell inserts, Penicillin/Streptomycin and fetal bovine serum
(FBS) were purchased from Corning. EBM-2 cell culture media was purchased from Lonza.

Phosphate buffered saline (PBS), chemically defined lipid concentrate, 1 M bioreagent-grade
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HEPES, and basic fibroblast growth factor were purchased from Thermo Fisher. ABD-F was
purchased from Fisher Scientific. The Voltohmmeter and accompanying electrodes were
purchased from World Precision Instruments. Peptides were synthesized by the Biopolymers &
Proteomics core facility at the Swanson Biotechnology Center at the Koch Institute for
Integrative Cancer Research at MIT.

2.2. Nanoparticle Synthesis and Characterization

2.2.1. Liposome Synthesis
Cholesterol and DSPC stocks were prepared at 25 mg/mL in chloroform, DSPG stocks were
prepared at 25 mg/mL in 2:1 chloroform : methanol, and DSPE stocks were prepared at 5 mg/mL
in 2:1 chloroform : methanol. Cholesterol and lipid stocks were then combined in a round bottom
flask at a molar ratio of 31 Chol: 31 DSPC : 31 DSPG : 6.6 DSPE : 0.4 Cy5-DSPE. The lipids
were dried into a thin film using a BUCHI RotoVap system under heat (55°C) and vacuum (30
mBar) for one hour. Milli-Q deionized water heated to 65°C was added to the round bottom flask
to resuspend the lipid film to a 1 mg lipid/mL solution, thus forming liposomes. The solution was
sonicated three times for [1 minute on, 1 minute off] at 65°C. Liposomes were extruded with an
Avestin LiposoFast LF-50 liposome extruder, which was connected to a Cole-Parmer Polystat
Heated Recirculator Bath held at 65°C. Liposomes were extruded twice through 400 nm, 200
nm, and 100 nm nucleopore membranes, and once through a 50 nm nucleopore membrane until
the Z-average liposome size was less than 90 nm and the PDI was less than 0.200 (as determined
by dynamic light scattering (DLS)).
2.2.2. Layer-by-Layer Polymer Functionalization
Polyelectrolyte solutions were prepared in 50 mM HEPES (pH 7.4) and 40 mM NacCl, with the

exception of HA, which was prepared in 2 mM HEPES (as determined by Boehnke et al.).”®
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Weight equivalents (wt. eq.) of polyelectrolyte used with respect to liposome core were
optimized through a test batch protocol, wherein the amount of polymer needed to fully charge
convert the liposome was determined on the DLS by following the below procedure (minus
purification) with 50 uL of liposome solution and 50 ulL of polymer solution at a range of
concentrations between 0 wt. eq. and 2 wt. eq. Liposomes were layered by adding liposome
solution (0.5 mg/mL when layering HA, 1 mg/mL otherwise) to an equal volume of
polyelectrolyte solution at the optimal concentration under sonication at room temperature. The
mixture was sonicated for three seconds then vortexed for ten seconds. Layered particles were
incubated at room temperature for 10 minutes, then purified using tangential flow filtration.
2.2.3. Layer-by-Layer Peptide Functionalization

Peptide solutions were prepared in a fresh (less than 8 hours old) solution of 0.6 mg/mL TCEP
reducing agent in 20 mM HEPES (pH 7.4). TCEP is present as an agent to prevent disulfide
bonds from forming between cysteine residues of adjacent peptides.?® Cationic peptides were
electrostatically layered onto negatively-charged layer-by-layer liposomes at layering ratios low
enough to maintain the net anionic surface charge of the nanoparticles and preventing
aggregation by keeping the zeta potential under -30 mV. Protein Lo-Bind tubes were used for all
steps of the peptide layering process to minimize peptide loss. The maximum layering ratio for
peptides was determined through a series of test batches similar to the outer layer test batches
described above wherein 50 uLL of nanoparticle solution (1 mg/mL with PLD-layered particles,
0.5 mg/mL with HA-layered particles) were combined 50 ul. of peptide solution at a range of
concentrations between 0 wt. eq. and 4 wt. eq. The maximum peptide layering ratio was
determined by the maximum amount of peptide that was layered onto the nanoparticles without

the zeta potential exceeding -30 mV.
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2.2.4. Tangential Flow Filtration
Samples to be purified were connected to a Spectrum Labs KrosFlo II filtration system using
Masterflex, Teflon coated tubing. D02-E100/E300-05-N filters were used for batch volumes < 12
mL and C02-E100-05-N filters were used for batch volumes > 12 mL. A 300 kDa molecular
weight cutoff was used for HA purification and a 100 kDa molecular weight cutoff was used for
all other purifications. For all purifications, the filter was pre-treated using a mock sample of free
polymer (or peptide), to saturate adsorption sites on the membrane walls. Samples were filtered
at 13 mL/min for small batches or 80 mL/min for large batches, with a Milli-Q water inlet line to
replace 1:1 the volume of waste permeate. After at least 5 sample volume equivalents of waste
collection, the sample was concentrated, removed from the filter by reversing the pump
direction, and brought back to 1 mg/mL nanoparticle concentration for PLR and PLD
nanoparticles, 0.5 mg/mL nanoparticle concentration for HA nanoparticles, and 0.4 mg/mL for
peptide nanoparticles by backflushing a defined volume of Milli-Q water through the filter and
into the sample.
2.2.5. TEM

Nanoparticle images were taken using a JEOL 2100 field emission gun (FEG) TEM. Samples
were frozen in DI water and sent to the Koch Institute Nanotechnology Materials Facility.
Specifically, 3 uL LbL NP sample in DI water was deposited on a 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 mounted on a Gatan 626 single tilt cryoholder equipped
in the TEM column. The specimen and holder tip were cooled by liquid nitrogen. Imaging on the
JEOL 2100 FEG microscope was done using the minimum dose method to avoid sample damage

under the electron beam. The microscope was operated at 200 kV and with a magnification of
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10,000 to ~60,000 for assessing particle size and distribution. All images were recorded on a
Gatan 2kx2k UltraScan charge-coupled device camera.

2.2.6. Liposome Characterization
Nanoparticle hydrodynamic size, polydispersity, and zeta potential were measured using
dynamic light scattering (Malvern ZS90 Particle Analyzer, A= 633 nm). 50 ug of each
nanoparticle was diluted into Milli-Q water (if nanoparticle sample was already in a salt solution)
2 mM NaCl (if nanoparticle sample was not in a salt solution) to give a total volume of 800 uL,
then transferred to polystyrene cuvettes (size measurement) or DTS1070 folded capillary
cuvettes (zeta potential measurement) for DLS.

2.2.7. Stewart Assay for Liposome Concentration Determination
Ammonium ferrothiocyanate solution (Stewart’s reagent) was prepared by dissolving 27.03 g
ferric chloride hexahydrate and 30.4 g ammonium thiocyanate in DI water and volumizing to 1
L. 0.060 mg of each liposome sample was brought up to 1 mL of volume with chloroform, then
added to 1 mL of Stewart’s reagent. 1 mg/mL solution of phospholipids and cholesterol at the
ratio listed in section 2.1 was prepared in 2:1 chloroform : methanol; amounts ranging from 0 mg
to 0.1 mg of the lipid solution were subjected to the steps above for the standard curve. Each tube
was vortexed for 20 seconds, then centrifuged for 10 minutes at 1000 rpm (300 g). Samples were
taken from the lower chloroform layer and plated in a polypropylene 96-well plate. The samples
were then read for absorbance at 485 nm on a Tecan Infinite M200 Pro plate reader, and particle

concentrations were determined relative to the standard curve.

2.2.8. Peptide Quantification Through Detection of Free Thiols with ABD-F
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This protocol is modified from that given by Boehnke et al.?® Nanoparticle concentrations were
standardized via fluorescence. Nanoparticle samples were diluted 1:1 with 1x Tris-borate-EDTA
buffer, pH 8.0, containing 2 mM TCEP. Standard curve samples prepared with Angiopep-2 were
prepared in the same buffer. Sample solutions diluted 1:1 with 1x Tris-borate-EDTA buffer, pH
8.0, containing 1 mM ABD-F. Vials were heated for 5 minutes at 50°C in a sonicator bath, then
cooled in an ice bath. 100 mM HCI aqueous solution was added to each vial to stop the reaction.
Samples were transferred to a black 96-well plate, then read for fluorescence on a Tecan Infinite
M200 Pro plate reader (excitation: 389 nm, emission: 513 nm). Peptide concentrations were
calculated based on standard curve fluorescence readings.
2.3. Cell Culture

2.3.1. Maintenance
hCMEC/D3 cells were cultured according to manufacturer specifications in EBM-2 media
supplemented with 5% FBS, 1 ng/mL bFGF, 1.4 uM hydrocortisone, 1% pen/strep, 1%
chemically defined lipid concentrate, 10 mM HEPES, and 5 pg/mL ascorbic acid. Cells were
cultured in flasks coated with 12 pg/cm2 rat tail collagen and split twice per week at a ratio
between 1:4 and 1:6 using Accumax dissociation reagent, to maintain cells below approximately
90% confluency. Between maintenance and experiments, cells were incubated at 37 °C and in a
100% humidity and 5% CO2 atmosphere. Cells were tested monthly for mycoplasma, with all
results coming back negative for contamination.

2.3.2. Cell Monolayers for Uptake Experiments
hCMEC/D3 cells were suspended in media and seeded at a density of 2 x 10° cells/cm?® in
collagen-coated (12 pg/cm?) transwell supports. The cells were incubated for 6-8 days, with

media replacement every 2-3 days. The TEER (expressed as resistance of transwell filters with
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cells minus transwell filters without cells) was monitored to confirm proper barrier formation
before use in any experiments.
2.4. Transport Experiments

2.4.1. General Protocol
Cell monolayers in transwells were transferred to 24-well plates containing 1 mL/well media.
Nanoparticles were added to the apical chambers at 20 ug/cm?” in media; negative control wells
received fresh media. Extra treatments for each experiment were used to make fluorescence
calibration curves. At 4, 8, and 24 hours after treatment addition, the monolayers were
transferred to new basal plates. Media from the basal plates was sampled for fluorescence
measurements on a Tecan Infinite M200 Pro plate reader, with 100 uL/well sample in a black
96-well plate, and applied to the calibration curves to calculate percent of nanomaterial
transported.

2.4.2. DMSO Breakup and Reread for Liposomes
To homogenize fluorescent liposome containing samples, 100 uL of sample (nanoparticles in cell
culture media) per well was supplemented with 100 pL/well DMSO and 50 pL/well of heparin
sulfate (1 mg/mL in PBS). The plate was placed on an orbital shaker at 300 RPM for 15 minutes
before repeating the fluorescence measurements.
2.5. Animal Studies

2.5.1. Animal Care and Use
All animal experiments were approved by the Massachusetts Institute of Technology Committee
on Animal Care (CAC, protocol number 0919-056-22) and were conducted under the oversight
of the Division of Comparative Medicine (DCM). C57BL/6 mice were purchased from Taconic,

and were housed in cages of no more than five animals with controlled temperature (25 °C), 12 h
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light—dark cycles and free access to food and water. Both female and male mice were used in this
study, and the mice were 35-40 weeks old at the time of experiment. leading to one group 3
female mice and one group of 2 female + 1 male mice, with 1-3 measurements per animal.
2.5.2. Intravital Imaging

Mice underwent head hair removal up to 24 hours before the imaging procedure occurred. One at
a time, animals were injected with 70 kDa FITC-labeled dextran (2 mg/mL in PBS, sterile
filtered) and red fluorescent nanoparticles (1 mg/mL in 5% dextrose), both as 150 pL
retro-orbital injections. To create the cranial window, the skull was exposed, and a high-speed
hand drill (Dremel) was used to thin the skull until the dura mater was exposed over the right
frontal cortex. The mice were then secured to a microscope coverslip for imaging. Multiphoton
imaging was performed on an Olympus FV-1000MPE multiphoton microscope (Olympus) using
a 25x%, numerical aperture 1.05 objective. Excitation was achieved by using a femtosecond pulse
laser at 840 nm, and emitted fluorescence was collected by photomultiplier tubes with emission
filters of 425/30 nm for Collagen 1, 525/45 nm for fluorescein isothiocyanate-labeled dextran,
607/45 nm for red polystyrene nanoparticles, and 672/30 nm for Cy5 (PLGA and liposome)
nanoparticles. Collagen 1 was excited by second harmonic generation and emitted as polarized
light at half the excitation wavelength. The collagen 1 signal was used to identify the dura, such
that the vessels imaged were within the cortex. 19 Images were acquired every 2 minutes for 12
minutes for analysis, and up to three image sessions per mouse were run. Mice were maintained
under anesthesia for the duration of the imaging and then humanely euthanized. Acquired images
from intravital imaging were then thresholded and segmented by using the Fiji distribution of
Imagel and the Trainable Weka Segmentation plugin. Vessels below the dura and arteries were

examined to ensure that these represent BBB capillaries in the mouse brain. The
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microvasculature filled with dextran (dextran channel) was used to generate a three-dimensional
mask of the BBB mouse vessels. This mask was employed to calculate vessel surface area, as
well as dextran and nanoparticle signal both inside and outside the blood vessels. After masking,

analysis of nanoparticle or dextran transport was performed as previously described.

Chapter 3: Nanoparticle Characterization

All nanoparticles tested consisted of an anionic liposome, a cationic poly-L-arginine
(PLR) second layer (0.4 mg PLR per mg liposome core), and an anionic outer layer (either
poly-L-aspartate (PLD), with a layering ratio of 0.8 mg PLD per mg liposome core, or
hyaluronate (HA), with a layering ratio of 1.2 mg HA per mg liposome core). These optimal
layering ratios were determined prior to this work, and Stewart assays were performed at each
step to determine nanoparticle concentration so that layering ratios were accurate. All peptides
chosen were cationic, linear peptides. Peptides were layered onto PLR-PLD and PLR-HA
liposomes without fully covering the surface of the nanoparticle such that the overall surface

charge remained negatively charged. A schematic of the LbL assembly is shown in Figure 1.
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Liposome core (-)
Polycation layer (+)
*  Poly-L-arginine (PLR)

Polyanion layer (-)
*  Poly-L-aspartate (PLD)
*  Hyaluronate (HA)

Peptides (+)

Figure 1: Schematic of LbL liposomal nanoparticle. Electrostatic layer-by-layer adsorption of cationic peptides
allows for functionalization of the surface of liposomal nanoparticles.

A series of linear cationic peptides (with sequences, charges, and masses shown in Table
1) were obtained from the Koch Institute’s Biopolymers and Proteomics core. Cyclic peptides
were excluded from this study due to Boehnke et. al.’s findings that cyclic peptides were less
effective at forming polyion complexes and completely covering the surface of the nanoparticle
than linear peptides.”® Peptides were selected to have a mass between 1.0 and 3.5 kDa and a
charge between +1 and +4 at physiological pH (7.4) to enable electrostatic attraction between
peptides and anionic layers without fully charge converting the nanoparticle. Cysteine residues
were added to peptides that did not already contain them (Angiopep-2, RAP12, and Substance P)
for easy peptide quantification via a thiol-based detection assay. Cysteine placement at the
C-terminus was shown to not affect BBB-penetrance of Angiopep-2 and RAP12, and addition of

a thiol group to the N-terminus of Substance P also did not affect BBB-penetrance.'**°
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Peptide Name Sequence Mass (kDa) Charge at pH
7.4
Angiopep-2-Cys TFFYGGSRGKRNNFKTEE (2.4 +2
(AP2-Cys) YC
RAP12-Cys EAKIEKHNHYQKC 1.6 +1.1
RVG29 YTIWMPENPRPGTPCDIFT | 3.3 +2
NSRGKRASNG
G23 HLNILSTLWKYRC 1.6 +2
Peptide drug G - anti G | CGNKRTRGGGLFDIIKKIA (2.4 +3
(pGaG) ESF
Cys-Substance P CRPKPQQFFGLM 1.4 +2
(Cys-SubP)
B6 CGHKAKGPRK 1.0 +4

Table 1: Characteristics of peptides used in this study. To determine charge at pH 7.4, amino acids D (aspartate)
and E (glutamate) were assigned -1 charge, and amino acids K (lysine) and R (arginine) were assigned +1 charge. As

Test batches were conducted to determine how layering cationic peptides at different

ratios onto nanoparticles with PLD and HA outer layers affects nanoparticle size and zeta

per Tu et al., H (histidine) was assigned +0.05 charge.’!

potential (interpreted as an analog to nanoparticle surface charge). As per Correa et al., we

consider nanoparticles with Z-average size less than 200nm and absolute zeta potential greater
than 30 mV to be colloidally stable; however, HA particles have demonstrated stability with

measured zeta potential as high as -25 mV.** DLS measurements (Z-average size and zeta

potential) were recorded both before and after peptide adsorption under the same salt conditions

(10 mM HEPES + 0.3 mg/mL TCEP). The results are shown in Figure 2.
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Figure 2: Optimal layering ratio of cationic peptides onto anionic LbL nanoparticles depends on
peptide charge-to-mass ratio and anionic outer layer chemistry. The seven different peptides included in test
batches are shown in Figures 2A-G.
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Adsorption of small peptides with highly concentrated charge (B6, pGaG, Cys-SubP, and
(G23) led to aggregation of PLD nanoparticles at fairly low layering ratios (0.25 wt. eq. or lower),
while HA nanoparticles functionalized with these peptides were stable up to much higher
layering ratios (0.5 wt. eq. for B6, the peptide with the highest charge-to-mass ratio (Figure 2D),
1 wt. eq. for Cys-SubP and pGaG (Figures 2F and 2C, respectively), and 2 wt. eq. for G23
(Figure 2E)). This difference could be due to the high capacity of HA for cationic charge
shielding due to its loose chain packing and high chain interspersion. I hypothesized that HA
chains would prevent small cationic peptides from accessing the surface of the nanoparticle,
which may prevent improvement in BBB transport efficiency from peptide-functionalized HA
nanoparticles. AP2- and RVG29-functionalized nanoparticles were stable on both PLD and HA
nanoparticles at all peptide layering ratios tested (Figures 2A and 2G, respectively), and
nanoparticles functionalized with RAPI12-Cys (the tested peptide with lowest charge at
physiological pH and an intermediate charge-to-mass ratio) were stable up to 0.5 wt. eq. of
peptide added (Figure 2B).

Based on these test batches, AP2-Cys was chosen for further testing, since it layered
stably onto both PLD and HA particles in the entire range of layering ratios, and its
BBB-penetrance and lack of cytotoxicity are well characterized in the literature; AP2-linked
drugs are currently in clinical trials.** In addition, the interactions between RAP12-Cys and LbL
nanoparticles were further characterized, since particles functionalized with 1 wt. eq.
RAPI12-Cys aggregated despite RAP12-Cys having a relatively low charge-to-mass ratio at
physiological pH.

Batches of AP2-Cys-functionalized (0.2 wt. eq. and 2 wt. eq.) PLD and HA particles

were synthesized and purified, and an ABD-F-based free thiol detection assay was conducted to
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quantify the amount of peptide that remained post-purification (Figure 3AB). Since greater than
80% of the peptide remained on the nanoparticle post-purification for both outer layers, I
concluded that AP2-Cys layering is highly efficient even at high weight equivalents. I also
performed peptide quantification on RAP12-Cys-functionalized PLD and HA particles at 0.5 wt.
eq. (the highest layering ratio at which the particles were stable in test batches) synthesized in
layering buffers titrated to pH 5.5 (close to the pKa of histidine, meaning that RAP12-Cys should
carry +2 charge) and pH 7.4 (physiological pH, where RAP12-Cys carries approximately +1.1
charge). (Figure 3C). I originally hypothesized that layering efficiency would decrease with
increasing pH due to weaker charge interactions between the peptides and the anionic outer
layers, but this effect was not observed (although experiments to confirm and investigate this
behavior are ongoing).

In order to evaluate the effect of peptide adsorption on the colloidal stability of LbL
nanoparticles in salt solutions, PLD, PLD-AP2-Cys (2 wt. eq. peptide), HA, and HA-AP2-Cys (2
wt. eq. peptide), were incubated in NaCl solutions ranging from 7.8 mM to 1.0 M for eight
hours. Nanoparticle size was measured at the end of the interval through DLS (Figure 4).
Adsorbing AP2-Cys to PLD-coated nanoparticles limits the ability of the nanoparticle to
withstand high salt concentrations: PLD particles were stable up to 125 mM NaCl, whereas
PLD-AP2-Cys nanoparticles were only stable up to 31.3 mM NaCl. Because
PLD-AP2-Cys-coated nanoparticles I’ have a less negative zeta potential than PLD-coated
nanoparticles, lending less electrostatic colloidal stability, they are more likely to aggregate when
exposed to salt conditions. HA-coated nanoparticles were less resistant to high salt
concentrations and were only stable up to 15.6 mM NaCl; however, adsorbing AP2-Cys did not

further limit stability in salt solution. This further supports the previous hypothesis that HA
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chains prevent AP2-Cys from accessing the surface through a charge screening mechanism, as

stability in salt solutions is highly dependent on surface properties of the nanoparticle.
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Figure 3: Results of ABD-F free thiol detection assay on AP2-Cys- and RAP12-Cys-functionalized particles.
Figure 3AB: retention of Angiopep-2-Cys (0.2 wt. eq. and 2 wt. eq. layered) on PLD- and HA-layered nanoparticles.
Figure 3C: retention of RAP12-Cys (0.5 wt. eq.) on PLD- and HA-layered nanoparticles.

While physiological NaCl concentration in serum (150 mM) is higher than the NaCl
concentration at which the nanoparticles are stable, it is hypothesized that peptides and proteins
present in serum can provide additional colloidal stability to nanoparticles.*® To test this, the four

nanoparticle samples subjected to the salt screen were incubated in hCMEC/D3 media (EBM-2
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media supplemented with 5% FBS, 1 ng/mL bFGF, 1.4 uM hydrocortisone, 1% pen/strep, 1%
chemically defined lipid concentrate, 10 mM HEPES, and 5 pg/mL ascorbic acid) for eight
hours, then measured for Z-average size on the DLS. None of the four samples exhibited
aggregation (zeta potential remained below -30 mV and Z-average diameter remained under 200

nm), indicating that the nanoparticles would be stable in physiological salt conditions.
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Figure 4: Results of salt screen (incubation of nanoparticle samples in NaCl solutions ranging from 7 mM to
1000 mM) for eight hours for AP2-functionalized and unfunctionalized PLD and HA particles. Figure 4A:
PLD-coated nanoparticles demonstrate stability in stronger salt solutions than PLD-AP2-Cys-coated nanoparticles.
4B: HA-coated and HA-AP2-Cys-coated nanoparticles demonstrate stability in similar salt conditions.
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As a final confirmation that the LbL nanoparticles used in this study retained their
properties throughout the layering process, Cryo-TEM was performed to compare PLD-coated
nanoparticles with PLD-Ap2-Cys-coated nanoparticles. Representative images are shown in
Figure 5. There are no noticeable conformation differences between AP2-Cys-functionalized
nanoparticles and unfunctionalized nanoparticles, as expected. Further analysis with ImageJ will

be performed in order to quantify any differences in size distribution.

/

Figure 5: Representative cryo-TEM images of PLD (5A) and PLD-AP2-Cys (5B) nanoparticles. No clear
differences between nanoparticle samples were observed through visual inspection, although further quantitative
analysis is needed to determine any differences in nanoparticles size distributions.
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Chapter 4: Screening of Nanoparticles in Cell Culture and Mouse Models of the BBB

Due to their endothelial phenotype and classic BBB protein expression (including the
LRP1 receptor, which is the receptor for AP2), human-derived hCMEC/D3 immortalized
microcapillary endothelial cells were chosen for in vitro experiments. To probe the efficacy of
electrostatically adsorbed BBB-penetrating peptides in improving the BBB transport of LbL
nanoparticles, a transwell model of the BBB was used (depicted in Figure 6). To ensure a
balance between allowing for diffusion of 100 nm-200 nm nanomaterials through the membrane
while avoiding significant media leakage over the course of the experiment, 1 um pore polyester

transwell filters were chosen.

Transwell | transport

Figure 6: Transwell-supported membranes allow for growth of BBB-mimicking monolayers of
hCMEC/D3 cells and subsequent evaluation of the ability of fluorescent nanoparticles to penetrate the cell
monolayer.

PLD- and HA-coated particles were each functionalized with 2 wt. eq. of AP2-Cys as

described in the previous section. In addition, to ensure that any improvement in transport was
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due to receptor recognition of AP2-Cys and not modification of surface charge due to the
adsorption of cationic peptides, a randomly generated scramble peptide of AP2-Cys
(Scram-AP2-Cys) was synthesized (amino acid sequence: GRYRNTYGFKSTFFENGEKC).
PLD-Scram-AP2-Cys and HA-Scram-AP2-Cys particles were also synthesized, each with two
wt. eq. of peptide adsorbed to the nanoparticles. As shown in Figure 7A, PLD-coated
nanoparticles functionalized with AP2-Cys appear to exhibit higher transport across the
transwell-supported hCMEC/D3 monolayers than unfunctionalized PLD-coated nanoparticles
and Scram-AP2-Cys functionalized nanoparticles, although due to biological variance between
experiments (including variation between six and eight days of cell growth time before
transwells were seeded with particles and variation of passage number of the cells at the time of
the experiment).

To further investigate the effect of AP2-Cys while controlling for biological variance, a
delta transport value for PLD-coated, PLD-AP2-Cys-coated, and PLD-Scram-AP2-Cys-coated
nanoparticles was calculated for each plate by subtracting the average transport of the given
sample from the average transport of PLD-coated nanoparticles on that plate. Thus, the delta
transport value for a given nanoparticle sample on a given transwell plate. is equivalent to the
improvement in transport demonstrated by that sample as compared to PLD-coated nanoparticles
on the same transwell plate. These delta transport values were tabulated for all transwell
experiments performed and compiled in Figure 7B. While differences between PLD,
PLD-AP2-Cys, and PLD-Scram-AP2-Cys nanoparticles are nonsignificant at the 4 hour and 8
hour time points due to high variability, at 24 hours, the PLD-AP2-Cys nanoparticles
demonstrate a significant transport advantage (p < 0.05) over both the PLD and

PLD-Scram-AP2-Cys nanoparticles.
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Figure 7: In vitro transport experiments including PLD-coated nanoparticles demonstrate
AP2-Cys-mediated improvement in BBB penetration. 7A: Transcellular transport was measured in 3 biologically
distinct transwell plates, and results did not indicate statistically significant improvement in transport from addition

of AP2-Cys. 7B: Delta (% transport) was calculated by subtracting percent transport from the mean percent of

PLD-coated particles transported within each biological replicate; here, a statistically significant improvement

resulting from addition of AP2-Cys can be seen (as determined by a one-tailed t-test for samples with unequal
variances).
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Figure 8: In vitro transport experiments including HA-coated nanoparticles do not demonstrate
AP2-Cys-mediated improvement in BBB penetration. 8A: Transcellular transport was measured in 3 biologically
distinct transwell plates, and results did not indicate statistically significant improvement in transport from addition

of AP2-Cys. 8B: Delta (% transport) was calculated by subtracting percent transport from the mean percent of
PLD-coated particles transported within each biological replicate; no improvement was observed from addition of
AP2-Cys.

In contrast to PLD-coated nanoparticles, HA-coated nanoparticles do not demonstrate
improvement in in vitro transport experiments when functionalized with either AP2-Cys or
Scram-AP2-Cys (Figure 8A). When delta transport values were calculated, there remains no

improvement in transport from peptide-functionalized particles (Figure 8B). This development
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further supports the hypothesis that HA shields cationic peptides from the nanoparticle surface,

thus severely limiting the bioactivity of the peptides.

The effect of nanoparticle size on efficacy of peptide-enhanced transport was also probed.

Three different sizes of liposomes were synthesized; the first set (Lipo200) was extruded twice

through 400 nm and 200 nm filters (Z-average diameter of 130.6 nm), the second set (Lipo100)

was extruded twice through 400 nm, 200 nm, and 100 nm filters (Z-average diameter of 113.8

nm), and the third set (Lipo50) was extruded twice through 400 nm, 200 nm, and 100 nm filters

and once through a 50 nm filter (Z-average diameter of 84.3 nm). Lipo50 is the set of liposomes

used for all other components of this study. Each set was subjected to the same layering

conditions: PLR, then PLD. Some of each sample was then functionalized with 2 wt. eq. of

AP2-Cys. The results of screening all six formulations through a single bioreplicate of the

transwell assay are shown in Figure 9.
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Figure 9: Modulating particle size between 85 nm (Lipo(50)) and 130 nm (Lipo(200)) does not appear
to change the effect of electrostatically-adsorbed BBB-penetrating peptides on BBB permeability of the
nanoparticles. Nanoparticles depicted here were synthesized from the same lipid and polymer aliquots and the same

batch of AP2-Cys.
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No significant differences in peptide-mediated improvement were found between the
nanoparticle samples of different sizes. Thus, it is likely that electrostatically adsorbing peptides
onto LbL systems with a variety of core diameters is possible, which is promising for future
systems which might involve chemotherapy loading or different cores such as lipid nanoparticles
(LNPs).

Since AP2-Cys-functionalized PLD-coated particles demonstrated improved in vitro
BBB penetrance, I aimed to determine whether this effect was retained in vivo. To this end,
nanoparticles were examined for BBB permeability with intravital imaging through a cranial
window in mice as discussed by Lamson et al.! Fluorescent dextran signal from the first
two-photon microscopy imaging time point is used to generate a mask to differentiate blood
vessels from brain parenchyma. The remaining images in the series are compared, using the
Imagel] software, to the mask in order to determine the permeability of the nanoparticles, relative
to that of the dextran, across the BBB (Figure 10A). As observed in in vitro transwell
experiments, PLD-coated particles functionalized with AP2-Cys (2 wt. eq.) exhibited higher
BBB permeability in vivo than un-functionalized PLD-coated particles (Figure 10B). Due to
time and resource limitations, the study only featured six mice (three for each treatment group),
so it was not possible to screen PLD-coated particles functionalized with Scram-AP2-Cys or to

determine statistical significance.
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Figure 8: Intravital imaging allows for comparison of nanoparticle permeability across a mouse model of the
blood brain barrier. From a series of z-stack images, a mask of 70 kDa FITC-dextran is created to visualize the
placement of blood vessels in the brain. Nanoparticle signal outside of this mask is then quantified and used as a
measure of nanoparticle permeability. Only three mice were used for each treatment group, so statistics were not

applied to calculate significance of the improvement in permeability resulting from adsorption of AP2-Cys.

Chapter 5: Conclusions and Future Work

This work demonstrates that electrostatic adsorption of cationic BBB-penetrating
peptides to the surface of anionic LbL nanoparticles is an effective strategy for improving BBB
transport of nanocarriers. Nanoparticles functionalized with Angiopep-2-Cys are adequately
stable under physiological salt conditions, and demonstrate improved transport across an in vitro
model of the BBB. In addition, within the 85 nm-130 nm Z-average diameter range, nanoparticle
core size was shown to not affect the improvement derived from BBB-penetrating peptides, so
this approach can be extended to larger nanoparticle cores if necessary for a particular

application. In preliminary intravital imaging studies in mice, peptide-functionalized
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nanoparticles also demonstrate improved BBB penetrance when compared to unfunctionalized
nanoparticles.

Ongoing work includes repeating the intravital imaging experiments with HA- and
HA-AP2-Cys-coated nanoparticles and repeating the intravital imaging experiment with
PLD-coated nanoparticles with the addition of PLD-Scram-AP2-Cys nanoparticles and more
mice so conclusions about statistical significance can be drawn.

In the future, to compare the effectiveness of electrostatic adsorption of peptides with
other chemistry-based strategies on the LbL nanoparticle platform, I will conjugate maleimide
groups to the ends of the chains of the outermost polymer layer, then functionalize them with
AP2-Cys through a Cys-maleimide bioconjugation reaction. I will then use this functionalized
polymer as the final layer of the LbL nanoparticle, and compare its transport with the
electrostatically functionalized nanoparticles. Experiments will also be repeated with liposomes
loaded with common brain-targeted chemotherapies, such as doxorubicin or erlotinib, to ensure
that this proposed method for nanoparticle functionalization does not break down once drugs are
loaded into the liposome.

Future bioassays will include a cytotoxicity assay (although both AP2-Cys and LbL
nanoparticles have been demonstrated to be non-cytotoxic, so we do not expect to see toxicity)
and a biodistribution assay. In addition, uptake into glioma cells (rather than healthy hCMEC/D3
cells) will be assessed to determine whether glioma cell phenotype affects the impact of
AP2-Cys. Finally, in vivo intravital imaging experiments will be repeated in

immunocompromised mice.
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