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Nanoparticle-mediated siRNA delivery is a complex process that
requires transport across numerous extracellular and intracellular
barriers. As such, the development of nanoparticles for efficient
delivery would benefit from an understanding of how parameters
associated with these barriers relate to the physicochemical
properties of nanoparticles. Here, we use a multiparametric ap-
proach for the evaluation of lipid nanoparticles (LNPs) to identify
relationships between structure, biological function, and biological
activity. Our results indicate that evaluation of multiple parameters
associated with barriers to delivery such as siRNA entrapment, pKa,
LNP stability, and cell uptake as a collective may serve as a useful
prescreening tool for the advancement of LNPs in vivo. This multi-
parametric approach complements the use of in vitro efficacy
results alone for prescreening and improves in vitro–in vivo trans-
lation byminimizing false negatives. For the LNPs used in thiswork,
the evaluation of multiple parameters enabled the identification of
LNP pKa as one of the key determinants of LNP function and activity
both in vitro and in vivo. It is anticipated that this type of analysis
can aid in the identification of meaningful structure–function–
activity relationships, improve the in vitro screening process of
nanoparticles before in vivo use, and facilitate the future design
of potent nanocarriers.

RNAi | thiol-yne | gene silencing | drug carrier

The successful development of siRNA therapeutics for the
treatment of human diseases via gene regulation hinges on

efficient delivery to the desired target site. Encapsulation of
siRNAs within nanoparticles offers numerous delivery benefits,
including protection from degradation by ubiquitous nucleases,
passive and active targeting, and evasion of endosomal Toll-like
receptors (1–3). To date, several polymeric, lipid, and dendritic
nanoparticles have been developed for the encapsulation and
delivery of siRNAs (4–9). Despite the delivery successes met by
some of these carriers, advances are necessary to allow the fullest
application of siRNA in the clinic.
Challenges to efficient delivery include nanoparticle dissocia-

tion via serum proteins (10, 11), cellular uptake (12), endosomal
escape (13), and appropriate intracellular disassembly (14, 15).
To address some of these challenges, single-parameter studies
that evaluate the effect of chemical structure on a single bi-
ological property or on delivery performance have been carried
out (16–21). Furthermore, high-throughput synthetic methods
have been exploited for the accelerated discovery of potent lipid
nanoparticles (LNP) and evaluation of structure activity rela-
tionships (SAR) (22, 23). Despite these efforts, the relationships
between physicochemical properties of nanoparticles and bi-
ological barriers, and that between biological barriers and gene-
silencing activity remain unclear. This lack of clarity is one of the
reasons for poor in vitro–in vivo translation. Due to the experi-
mental and resource limitations of in vivo experiments, many
researchers rely on in vitro predictability for in vivo activity.
However, the seminal work by Whitehead et al. (24) clearly
demonstrates that model in vitro experiments, such as the use of

in vitro nanoparticle formulations (complexes) or certain cell
lines for cell culture, often fall short at screening or predicting
potentially viable in vivo candidates.
Herein, we describe a systematic evaluation of multiple pa-

rameters associated with both the physicochemical properties
and biological barriers to delivery for a group of LNPs. Our
approach involves mapping out the entire delivery pathway and
evaluating the correlation between each property or delivery
barrier and gene silencing (Fig. 1A, steps 1–6). This systematic
approach presents two potential advantages. First, the correla-
tion of multiple physicochemical properties and biological bar-
riers for a large set of LNPs with gene silencing allows for
identification of relevant relationships between structure, bi-
ological function, and biological activity. Understanding these
relationships will help improve the design of future therapeutic
delivery vehicles. Second, a multiparametric evaluation with
LNPs may lead to the identification of parameters that can
complement in vitro gene knockdown as a prescreening tool for
the selection of LNPs for in vivo use.
To obtain accurate correlations and accelerate both synthesis

and evaluation, we developed a rapid and efficient two-step
synthetic route for the preparation of well-defined lipids that can
be formulated with siRNAs to produce LNPs. LNPs were used
in this study because they have been shown to facilitate effi-
cient delivery to hepatic and immune targets (23, 25–27). In
the past few years, LNPs formulated with siRNAs against
transthyretin (TTR) and proprotein convertase subtilisin/kexin
type 9 (PCSK9) in rodents and nonhuman primates have pro-
duced promising preclinical results and several clinical trials in-
volving LNPs are currently underway (28–30). Recently, clinical
trials involving administration of a single dose of LNPs with
siRNAs against TTR (ALN-TTR02) have shown robust knock-
down of serum TTR protein levels of up to 94% (31). In addition
to systemic delivery to hepatic and immune targets, LNPs have
also found use in the development of improved cellular vaccine
therapies for cancer treatment. LNPs formulated with siRNAs
against programmed death ligands (PD-L1 and PD-L2) were
recently shown to significantly boost the immunogenicity of
dendritic cell-based vaccines following ex vivo treatment (32). To
evaluate the potential barriers to LNP-mediated siRNA delivery,
we measured (i) cellular uptake, (ii) endosomal escape capability,
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and (iii) extracellular and (iv) intracellular LNP disassembly
(via FRET-labeled molecular siRNA probes) (14). All assays were
adapted to a 96-well plate format, allowing for rapid throughput.
Physicochemical properties of the LNPs such as size, siRNA en-
trapment, and pKa were correlated with both biological barriers
and gene-silencing activity.

Results
Lipid Synthesis via Thiol-Yne Chemistry. To generate meaningful
relationships between structure, biological function, and bi-
ological activity, we created a diverse set of lipids for formulation
with siRNAs into LNPs. Recent high-throughput screens of lipid-
like materials indicate that structures with multiple short alkyl
tails stemming from a polyamine core are able to facilitate ef-
ficient gene silencing (22, 23). To synthesize pure multitailed
structures with varying polyamine head-group architectures, we
designed a rapid and efficient two-step solvent-free synthetic
route that requires neither protection/deprotection steps nor the
use of costly and time-consuming chromatographic purification.
The first step involves a quantitative Michael addition between
a primary amine library (Fig. 1B) and propargyl acrylate. The
resulting bis-alkyne–modified amines are subjected to a thiol-
yne “click” photoaddition with decanethiol in the presence of
a photocatalyst. The thiol-yne reaction is rapid and efficient
and yields pure four-tailed lipid products in only 180 s after
methanol precipitation (see Dataset S1 for complete charac-
terization via MS and 1H NMR). This approach generates
a chemically pure library of lipids bearing the same number
and position of lipid tails with differing head-group archi-
tectures. Using this two-step synthetic route, the entire puri-
fied lipid library can be generated from start to finish in
parallel in less than 2 d.

In Vitro and in Vivo Gene-Silencing Evaluation of LNPs.Each member
of the lipid library was formulated into LNPs with co-lipids
[1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC), choles-
terol, and PEG-lipid] and antifirefly luciferase siRNA. HeLa
cells expressing both firefly and Renilla luciferase genes were
transfected with the LNPs in serum containing media for 24 h
and assayed thereafter. Renilla expression was monitored as an
internal control for LNP-related cytotoxicity. Transfection with
LNPs in vitro resulted in a hit rate of ∼40% (i.e., 40% of the
lipids achieved greater than 50% gene silencing) even at siRNA
doses as low as 10 ng (∼7 nM siRNA concentration). None of the

LNPs tested appeared toxic to cells at the doses tested (Fig. S1).
After further analysis of the LNP transfection data, several SARs
become apparent. We observed that structures containing aro-
matic (compounds 13, 20, 29, and 30) and bulky head groups
(compounds 4, 6, 21, 24, 29, and 30) as well as those with fewer
than two nitrogen atoms (compounds 18 and 26) gave poor gene
silencing (Fig. S2A). There was no difference in performance
between structures bearing acyclic head groups. However, lipids
with four- to five-membered rings in their head groups (with
a few exceptions) generally performed better than those with six-
to seven-membered rings in their head group (Fig. S2B). We also
observed that a subtle change in the group neighboring the
ionizable amine group (compounds 9 vs. 17 vs. 14) or a change in
the position of the ionizable amine group (compounds 9 vs. 16 vs.
15), leads to dramatic changes in gene-silencing performance
(Fig. S3 A and B).
LNP performance in vivo was evaluated using a mouse murine

clotting factor VII (FVII) model for monitoring hepatocyte-
specific delivery (5, 22). The FVII model was primarily chosen for
this evaluation because previous work from our laboratory and
others have demonstrated that ionizable LNPs, similar to those
prepared in this work, target liver hepatocytes presumably due to
interactions with endogenous lipoproteins (25). All 32 members
of the lipid library were formulated into LNPs with siRNA against
FVII and administered i.v. at a dose of 1 mg/kg because this dose
maximized the spread of the data. Knockdown results from these
experiments showed a hit rate of ∼40%, similar to the rate
obtained in vitro (Fig. S4). LNPs that show better than 50% gene
silencing in vivo are colored blue, and will be represented as
such throughout the paper. Furthermore, correlation between
these results and the in vitro transfection data (at 25 ng siRNA)
has an R2 = 0.53, with two false positives and three false neg-
atives (Fig. 2B). The former is expected as the barriers to de-
livery encountered in vivo are known to be more stringent that
those in vitro. The latter shows that potential in vivo hits may be
discounted and never discovered. To understand the mecha-
nism behind the uncovered SARs and in vitro–in vivo correla-
tions, we carried out an investigation into the physicochemical
properties of these LNPs as well as the barriers they need to
overcome to allow for efficient delivery of the siRNA payload.

Correlations Between Biological Barriers and Gene Silencing. One of
the early barriers (barrier 1 in Fig. 1A) encountered by nano-
particles en route to the target cell is serum protein binding and the

Fig. 1. (A) Schematic of cellular delivery pathway via LNPs. The most common barriers to delivery and the physicochemical LNP properties evaluated in this
manuscript are listed in parentheses. (B) Synthetic scheme for the preparation of 32 unique lipidoids via the 1,4-Michael addition of a small library of
primary amines (red) to propargyl acrylate followed by radical initiated thiol-yne photoaddition with 1-decanethiol. The entire lipid library was formulated
into LNPs and used to evaluate correlations between gene silencing and each barrier and physicochemical property listed in A.
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potential for premature nanoparticle disassembly in the extracellu-
lar milieu. As such, extracellular stability of the LNPs was measured
via a recently developed FRET-labeled siRNA probe technique
(14). The probe design is based on a FRET-labeled siRNA pair
(Alexa Fluor 594/647) that fluoresces because of the proximity of
the siRNA pair in the intact nanoparticle. A key advantage of this
technique is that the lipids do not need labeling, thus allowing the
entire library to be assayed and compared using the same probe
conditions. LNPs formulated with the FRET-labeled siRNA pair
were monitored in serum containing cell media at 37 °C for 4 h.
Fig. 3A shows the assembly state of the LNPs (represented by the
FRET signal) as a function of time. The data shows that LNPs
with near-complete disassembly (i.e., FRET values near 1) after 2
h had very poor gene-silencing activities (Fig. 3B).
Next, LNPs that remain stable in the extracellular milieu must

cross the cellular membrane barrier (barrier 2, Fig. 1A) to gain
entry into the cell’s endocytic compartment. As such, cellular up-
take of LNPs containing fluorescently labeled siRNAs was mea-
sured in HeLa cells via flow cytometry. The results in Fig. 3C
indicate that a certain uptake threshold exists below which gene
silencing is not observed. These results indicate that although up-
take is a critical barrier, it alone cannot guarantee efficient delivery.
LNPs must cross the cellular membrane as intact nanoparticles

and resist premature dissociation at the cell membranes via surface
proteoglycans (barrier 3, Fig. 1A) (33, 34). Because cellular uptake
is strictly a measure of total cellular–associated fluorescence, LNPs
that dissociate at the cell membrane or dissociated fluorophores
that are nonspecifically taken up by cells may be included as part of
the total cellular LNP count. To account for this non-LNP fluo-
rescence, intact LNPs were differentiated from free siRNAs by
measuring the FRET signal in HeLa cells soon after transfection
with LNPs containing FRET-labeled siRNA probes. Intracellular
FRET data at an early time point indicated that uptake of intact
LNPs was necessary for gene silencing (Fig. 3D). LNPs that
showed limited cellular uptake gave no intracellular FRET.
However, a few LNPs with relatively high uptake such as com-
pounds 4 and 28 (Fig. S5A) did not give an intracellular FRET
signal (Fig. S5B). This result suggests that these LNPs may dis-
sociate soon after cellular entry, thus explaining their high up-
take but limited gene-silencing performance.
Following cellular uptake, it is believed that LNPs residing in

the endocytic vesicles (Fig. S6) must escape this compartment
(barrier 4, Fig. 1A) to gain access to the RNAi machinery (35,
36). The relative capacity for LNP-mediated endosomal escape
was simulated using a RBC hemolysis assay. RBC hemolysis
was used as a surrogate assay for endosomal escape due to
similarities in their lipid bilayer (phospholipid and cholesterol)
and glycocalyx compositions (37). However, we note that this
model is limited in scope because the protein compositions of
endosomes and RBCs do differ and endosomes do not have
a membrane skeleton that is present in RBCs. This assay was
performed both at a physiological pH of 7.4 and endosomal pH
of 5.5 (38). Membrane lysis at pH 7.4 is an indication of toxicity,
and lysis at 5.5 is a model for the ability of the LNPs to escape
vesicular structures (e.g., endosomes/lysosomes) upon acidifica-
tion. All LNPs tested were nonhemolytic at physiological pH
(Fig. S7). However, at pH 5.5, a majority of LNPs induced
varying degrees of RBC hemolysis (Fig. S7). LNPs that showed
less than 10% hemolysis (after normalization to the negative
control) had very poor gene-silencing activities (Fig. 3E). Al-
though some LNPs appear to be hemolytic (e.g., LNPs 2 and 3),
large amounts of LNPs and siRNAs still appear to reside in the
endocytic vesicles (Fig. S6, punctate dot structures in cells).

Correlations Between Physicochemical Properties, Biological Barriers,
and Gene Silencing. We investigated three physicochemical prop-
erties of the LNPs including LNP size, siRNA entrapment,
and pKa. Of these three, the LNP pKa showed the strongest

correlation with biological barriers and gene silencing. LNP pKa
was measured using a well-known 2-(p-toluidino)-6-napthalene
sulfonic acid (TNS) assay (17, 39) by titrating the LNPs from pH
2.5–8.5. The pKa of each fully formulated LNP was determined
from the resulting fluorescence titration S-curve using a curve-fit
analysis. The advantage of this method is that LNP structure and
formulation are taken into account and thus the measured pKa
represents that of the LNP as a whole rather than just the individual
lipid (17). The measured pKa values (Fig. S8A) showed good
correlations with extracellular FRET and cellular uptake (Fig.
4B). This suggests that the charge state of the LNP has an in-
fluence on the stability and cellular uptake of LNPs. The pKa of
the LNPs also showed a nonlinear correlation with their hemo-
lytic ability at pH 5.5 (Fig. 4C). LNPs with strong hemolytic
ability (above 50% hemolysis) had pKa values between 6 and 7
(Fig. 4C). Finally, the pKa’s of the LNPs show a nonlinear cor-
relation with in vitro gene silencing (Fig. 4D). All of the top
performers in vivo (above 50% silencing, color coded blue in Fig.
4D) have pKa’s in the range of 6–7 and all lipids with pKa’s below
5.8 (14 out of 32 lipids) were unable to silence the target gene
both in vitro and in vivo. These results parallel those from a re-
cent publication showing that an optimal pH range between 6.2
and 6.5 is required for maximum activity of ester- and dioxolane-
based lipids (19).
The LNPs examined all had similar diameters as measured by

dynamic light scattering (Fig. S8B). The siRNA entrapment for
each LNP was measured via a Ribogreen exclusion assay (Fig.
S8B) and the results indicate that compounds with low-entrap-
ment efficiencies (under 50%) such as compounds 18, 24, and 26
are still able to form nanoparticles (see particle size in Fig. S8B),
but are unable to silence the target gene.

Discussion
To rationally design nanoparticles that can overcome the trans-
port barriers facing delivery of siRNAs, it is necessary to under-
stand the relationship between the physicochemical properties
of the nanoparticles and the biological barriers they face. For

Fig. 2. (A) Dose-dependent knockdown of firefly luciferase via LNP-siRNA in
a HeLa cell line expressing both firefly and Renilla luciferase. Results are
presented as the luciferase expression normalized to the Renilla expression;
(white bars) 50 ng siRNA, (gray bars) 25 ng siRNA, (black bars) 10 ng siRNA.
Error bars represent SD, n = 6. (B) Correlation between in vitro luciferase (at
25 ng siRNA) and in vivo FVII gene expression. Vertical error bars represent
SD, n = 6, horizontal error bars represent SD, n = 3. Dotted lines represent
the 50% in vitro and in vivo gene expression levels. (Top Left) False positives,
(Bottom Right) false negatives. Compounds that give better than 50%
knockdown in vivo are highlighted in blue.
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this reason, we set out to evaluate multiple parameters associ-
ated with the barriers to delivery and physicochemical proper-
ties of LNPs. Results from this evaluation suggest that most
barriers and properties present a certain threshold below which
efficient delivery is not realized. For example, LNPs showing
less than 10% hemolysis were inefficient at silencing the target
gene. Likewise, LNPs with pKa values less than 5.5 were unable
to silence the target gene in vitro and in vivo. We envisioned
that the collective of all of the measured parameters might
provide additional insight into the potential for in vivo activity
beyond what is inferred from in vitro gene silencing alone. To
do this, we condensed all of the measured parameters and prop-
erties into a simplified heat map and overlaid the heat map with
gene-silencing performance (Fig. 5).
Each row in the heat map represents a physicochemical prop-

erty or parameter associated with a cellular barrier (right y-axis)
and the color gradient (light orange to red) represents their re-
spective magnitude. For example, the red blocks in the first row in
Fig. 5 represent high siRNA entrapment values (80–100%), and
the light orange blocks represent low entrapment values (under
40%). The collective dataset in Fig. 5 indicates that LNPs capable
of overcoming most of the listed barriers (greater number of red
blocks) are able to silence the target gene in vivo. Prescreening
based on the collective data as a metric resulted in zero false
negatives and two false positives (LNPs 15 and 19). In contrast,
three false negatives (LNPs 17, 22, and 23) and two false positives
(LNPs 15 and 21) were obtained using in vitro gene silencing
alone as a screening parameter (cf. Figs. 2B and 5). As such, the
collective use of all of the in vitro parameters complements the
use of the in vitro transfection dataset alone for prescreening
and can help reduce the occurrence of false negatives.
The evaluation of multiple physicochemical properties and bi-

ological barriers can also aid design and optimization of future
LNPs through the recognition of relationships between structure,
biological function, and biological activity. An example in this
study involves the relationship between cellular barriers, LNP pKa,

and lipid structure. LNPs with low stability, cellular uptake, and
hemolysis and subsequently low gene silencing were shown to
possess low LNP pKa’s, between 3 and 6 (Fig. 4). The low LNP
pKa of some formulations can be predicted based on lipid struc-
ture. For example, lipid structures with electron-withdrawing
groups neighboring the amine in the head group are weak bases
(13, 20, 28, 29, and 30) and may thus lead to low LNP pKa’s. Other
formulations were less predictable. We observed that structures
with aliphatic bulky head groups (4, 6, 21, and 24) also resulted in
LNP formulations with low pKa values, which subsequently results
in low gene silencing. This discovery could be used to inform the
design of new lipid structures with specific head-group/tail ge-
ometries for the formulation of LNPs for siRNA delivery.
The “holy grail” for translation would be the development of

computational models for the analysis and optimization of the
complex pathway involved in the siRNA delivery process (i.e.,
in silico–in vitro translation). Studies involving computational
analyses via mass-action kinetic and compartmental models have
begun (40, 41), but are far from achieving true predictability due
to the lack of reliable physicochemical and kinetic parameters.
As such, the multiparameter analysis carried out in this work
based on quantitative methodologies may prove useful for
obtaining key parameters that can one day be used in an in-
tegrated-systems approach for the design and validation of
computational methods for siRNA delivery.
This body of work highlights the importance of evaluating

multiple parameters associated with both the physicochemical
properties and barriers to delivery for a group of nanoparticles.
For the LNPs studied in this work, correlations between their
physicochemical properties and biological barriers led to the
identification of LNP pKa as a key determinant to LNP function
and activity. Our results also indicate that evaluation of multiple
parameters associated with barriers to delivery such as siRNA
entrapment, pKa, LNP stability, cell uptake, and hemolysis as
a collective can serve as a reliable tool for prescreening LNPs
before in vivo use. This multiparametric approach complements
the use of in vitro results alone for prescreening and improves in
vitro–in vivo translation by minimizing false negatives. Overall,

Fig. 3. LNPs that give better than 50% knockdown in vivo are highlighted in
blue. (A) Extracellular FRET of all 32 LNPs as a function of time. (B) Correlation
between in vitro percent of gene expression and extracellular FRET (measured
after 2 h). Black vertical error bars represent SD, n = 6. (C) Correlation between
in vitro percent gene expression and cell uptake. Black vertical error bars
represent SD, n = 6. Horizontal error bars represent SD, n = 2. (D) Relationship
between in vitro percent gene expression and intracellular FRET; (+) and (−)
indicate the presence and absence of an intracellular FRET signal, respectively.
(E) Relationship between in vitro percent gene expression and hemolysis at pH
5.5. (+) and (−) indicate hemolysis greater or less than 10% (after normaliza-
tion to the negative control).

Fig. 4. (A) Correlation between the extracellular FRET signal after 2 h of
incubation in serum containing media and LNP pKa. (B) Correlation between
cell uptake of LNPs after 2 h incubation in serum containing media and LNP
pKa. (C) Correlation between LNP-mediated cell hemolysis at pH 5.5 and LNP
pKa. (D) Correlation between LNP pKa and in vitro gene expression after
transfection with 25 ng siRNA. LNPs that give better than 50% knockdown in
vivo are highlighted in blue. Vertical error bars represent SD, n = 6.
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we anticipate that this type of multiparametric analysis on
a group of nanoparticles, be it lipids, polymers, or dendrimers,
may aid in the identification of relevant relationships between
structure, biological function, and biological activity; improve the
in vitro screening process before in vivo use; and facilitate the
future design of potent nanocarriers.

Materials and Methods
A summary of experimental techniques is presented here. For full details and
methods including lipid and LNP characterization, please see the SI Materials
and Methods.

General Synthesis of Lipids. All lipids were synthesized in two steps starting
from commercially available amines 1–32 (Fig. 1). The first step involves the
reaction of an amine with 2.5 equivalents of propargyl acrylate neat at 45 °C
overnight. Excess unreacted propargyl acrylate was removed via a centri-
fuge evaporator (Genavac). The corresponding pure bis-alkyne products
(confirmed via 1H NMR and LCMS) were combined with 5.6 equivalents
decanethiol and 4% (wt/wt) 2,2-dimethoxy-2-phenylacetophenone and
subsequently UV irradiated for 180 s at 10 mW/cm2. The desired product
was precipitated with methanol and dried down with a centrifuge evaporator.
The final pure product was characterized via liquid chromatography–mass
spectrometry (L-CMS) and 1H NMR (SI Materials and Methods).

LNP Formulation for in Vitro and in Vivo Studies. Lipid nanoparticles were
formulated by mixing an equal volume of ethanolic lipid solution with a
siRNA solution in 10-mM citrate buffer at pH 3 to give a 5:1 synthesized lipid:
siRNA ratio. The resulting solution was then diluted in an equal volume of
1× PBS. The ethanolic lipid solution contained a mixture of synthesized lip-
ids, cholesterol (Sigma Aldrich), DSPC (Avanti Polar Lipids), and mPEG2000-
DMG (MW 2660, a gift from Alnylam Pharmaceuticals) at a molar ratio of
50:38.5:10:1.5 in 200-proof ethanol. For all studies, the ethanolic lipid and
siRNA solutions were hand mixed via pipette. The LNPs for in vivo use were
also dialyzed for 75 min against 1× PBS in 3500 MWCO cassettes (Pierce/
Thermo Scientific) before use.

In Vitro Transfection. In vitro transfection was performed on HeLa cells stably
modified to constitutively express both firefly and Renilla luciferase. Cells
were maintained at 37 °C in a 5% (vol/vol) CO2 atmosphere in high-glucose
Dulbelco-modified Eagles medium without phenol red (Invitrogen) supple-
mented with 10% (vol/vol) FBS (FBS, Invitrogen). Before transfection 15,000
cells were seeded in white 96-well plates and allowed to attach overnight.
On the day of transfection, the media was replaced with 90 μL of fresh
media. LNPs were formulated at a concentration of 10 ng/μL and diluted
with 1× PBS to obtain the desired concentration. For example, to achieve
a transfection of 25 ng of siRNA per well, the 10 ng/uL stock was diluted 1:4
to give 2.5 ng/μL, and 10 μL of this solution was added to the cells in 90 μL of
media. Lipofectamine (RNAiMAX) was used according to the manufacturer’s
instructions as a positive control. Relative firefly luciferase silencing was
assessed ∼24 h after LNP addition using a Dual-Glo luciferase assay kit
(Promega). The firefly luciferase values were normalized to the Renilla lu-
ciferase values to correct for potential toxicity and/or off-target effects. All
experiments were carried out in sextuplicates.

In Vivo FVII Gene Silencing. All animal experiments were conducted using
institutionally approved protocols. C57BL/6 mice (Charles River Laboratories)
were warmed under a heat lamp and weighed before receiving tail vein
injections of either PBS (negative control) or LNPs containing siRNA against
FVII at a dose of 1 mg/kg total siRNA. Two days postinjection, mice were
anesthetized via isoflurane inhalation and ∼200 μL of blood was collected
retroorbitally into microtainer tubes (BD Biosciences). Blood was centrifuged
at 4000 × g for 10 min, and the supernatant was analyzed for FVII using
a Biophen FVII assay kit (Aniara Corporation).

Extracellular/Intracellular FRET Assays and Cellular Uptake. LNPs containing an
equimolar mixture of siRNAs labeled with Alexa Fluor594 and Alexa Fluor647
were diluted to 10 ng siRNA per microliter with 1× PBS and added to a black
96-well plate preplated with 20,000 HeLa cells at 37 °C. Control wells con-
tained LNPs with 1% (vol/vol) Triton-X. To measure FRET, the samples were
excited at 540 nm and the fluorescence intensity was read at 690 and 620 nm
using a Tecan Safire2 Microplate reader at 37 °C. FRET was determined as the
ratio of the fluorescence intensities at 690/620 nm. FRET signals for all LNPs
were normalized to that of the control wells. For extracellular FRET
experiments, an identical experiment was carried out without cells and the
FRET data obtained was similar. For intracellular FRET studies, the media was
aspirated and cells were washed with calcium and magnesium free 1× PBS
and trypsinized with 30 μL of 0.25% trypsin-EDTA. The trypsined cells were
then neutralized with 120 μL of quenching media [25% (vol/vol) cell culture
media in 1× PBS] and transferred to a 96-well v-bottom plate and analyzed
via flow cytometry. For each sample, 10,000 events were monitored and
evaluated by a BD LSR II HTS flow cytometer (BD Bioscience). Samples were
excited with a 561-nm excitation laser and their emission was observed with
a 695/40-nm emission filter set. The emission signal obtained was normalized
to the emission signal obtained from the Alexa Fluor647 channel to nor-
malize for the total LNP uptake at each time point. In addition, each channel
was compensated for bleedthrough using single fluorophore controls. For
cell-uptake studies, LNPs formulated with just Alexa Fluor647 were analyzed
using settings for the Alexa Fluor647 channel: excitation via a 633-nm (red,
HeNe) laser and emission via a 660/20-nm filter.

Hemolysis Assay. Human RBCs (Innovative Research) were washed twice with
1× PBS and diluted in either 1× PBS or citrate buffer saline at pH 5.5 (CBS,
20 mM citrate buffer, 130 mM NaCl) to a 4% vol/vol RBC solution. In a v-bottom
96-well plate, 100 μL of blank LNPs formulated at an equivalent concentration of
23.75 ng siRNA/μL (however, no siRNA was used) were added to 100 μL of the
4% vol/vol RBC solution in either PBS or CBS and heated to 37 °C for 1 h. After
cooling, the plate was centrifuged at 4 °C at 1,000 × g for 5 min; 100 μL of the
supernatant was transferred into a clear 96-well assay plate and the UV ab-
sorption was read 540 nm. Positive and negative control experiments were
carried out with 0.1% Triton-X (100%) and buffer alone respectively.
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