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There is growing interest in PEGylation of cationic polymeric vehicles for gene delivery in order to improve
vehicle stability and reduce toxicity, but little is known about the effects of PEG coatings on transfection. We
used a polymer from the poly(amine-co-ester) (PACE) family blended with PEG-conjugated PACE at different
ratios in order to explore the effects of polyplex PEGylation on the transfection efficiency of plasmid DNA,
mRNA, and siRNA in vitro and mRNA in vivo. We discovered that concentrations of PACE-PEG as low as 0.25% by
weight improved polyplex stability but also inhibited transfection in vitro. In vivo, the effect of PACE-PEG
incorporation on mRNA transfection varied by delivery route; the addition of PACE-PEG improved local de-
livery to the lung, but PEGylation had little effect on intravenous systemic delivery. By both delivery routes,
transfection was inhibited at concentrations higher than 5 wt% PACE-PEG. These results demonstrate that excess
PEGylation can be detrimental to vehicle function, and suggest that PEGylation of cationic vehicles must be
optimized by PEG content, cargo type, and delivery route.

1. Introduction

Cationic polymer vehicles have been widely studied as a promising
alternative to viral vectors for gene therapy because of their non-
immunogenicity, scalability, and versatile chemistry, which can be
tuned to deliver diverse nucleic acids such as DNA, mRNA and siRNA [1,
2]. Positively charged polymers can efficiently condense nucleic acids
and mediate cellular uptake through interactions with the negatively
charged cell membrane [3,4]. Among cationic polymers, biodegradable
polymers—such as polyesters, polycarbonates, and poly-
urethanes—show promise as gene delivery vectors due to their
improved biocompatibility [5]. In recent years, researchers have
explored a number of approaches to improve vehicle stability and gene
delivery efficiency while minimizing cytotoxic effects of biodegradable
polymers. These strategies include screening monomer combinations [6,
71; conjugating end-capping groups to the polymer backbone [7,8];

incorporating degradable bonds such as disulfides [5]; and adding sur-
face coatings such as targeting ligands or poly(ethylene glycol) (PEG) [1,
9.

PEG coatings have become an integral part of polymer vehicle design
due to the numerous beneficial effects of PEG. PEGylation has been
shown to improve vehicle stability [10,11], extend in vivo half-life [12,
13], and reduce toxicity [2,14,15]. PEG coatings can also improve
nanoparticle (NP) penetration through mucus [16,17]. However, several
limitations of PEG-coated NPs have also been reported, such as
decreased transfection efficiency [18], decreased cellular uptake [19,
20], and the establishment of anti-PEG immunity after repeated doses in
vivo [21,22]. There are many potential benefits to PEGylating cationic
polymer NPs and polyplexes, such as decreased toxicity, improved sta-
bility, and enhanced tissue penetration; however, the effect of PEGyla-
tion on nucleic acid transfection efficiency remains unclear. In vitro,
some researchers have reported unchanged or improved transfection
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with PEG coatings [23], while others have reported that transfection is
inhibited [10,20]. Several studies have suggested that the transfection
efficiency of PEG-conjugated polymers can be optimized by adjusting
parameters such as PEG molecular weight (MW) and polymer to nucleic
acid N:P ratio [11,24-27]. Furthermore, in vitro screens frequently
correlate poorly with in vivo results. For example, Mastorakos et al.
found that PEG decreased transfection efficiency of poly(f-amino ester)
(PBAE) polyplexes in vitro but improved transfection via inhaled de-
livery in mice [28]. Williford et al. grafted PEG to polyethyleneimine
(PEI) to varying degrees and observed that transfection was inhibited at
lower PEG densities in vivo (IV delivery in mice) as compared to in vitro
experiments [29]. Apart from optimizing PEG coverage, many addi-
tional strategies have been investigated to overcome the “PEG
dilemma”; these approaches include attaching targeting ligands to the
vehicle surface and developing cleavable PEG coatings that detach in
response to specific stimuli such as temperature, pH, enzymes, or
reductive conditions [18,30]. Overall, these reports suggest that more
comprehensive studies—investigating cargo type, in vivo administration
route, and PEG content—are needed to understand and optimize the
advantages of PEGylation for gene therapy.

We have recently described a family of cationic polymers, poly
(amine-co-esters) (PACEs), that can effectively deliver a variety of
nucleic acids in vitro and in vivo [2,6]. PACE polymers are biodegradable
and highly customizable; by varying component monomers and lactone
content, we have created a library of materials with tunable character-
istics, such as hydrophobicity, thermal properties, MW, toxicity, and
transfection efficiency. When synthesized with lower lactone content
(10-20%), PACE polymers can be used to formulate polyplexes with
negatively charged nucleic acids. Synthesis of this versatile class of
polymers can also be modified to incorporate PEG groups, producing
PACE-PEG block copolymers. Here, we have comprehensively investi-
gated the effects of PEG content and nucleic acid cargo type on the ef-
ficacy of gene delivery. We formulated PACE polyplexes with a range of
PEG content by blending PACE with PEG-conjugated PACE (PACE-PEG)
in order to examine the effect of PEGylation on the transfection effi-
ciency, stability, and toxicity of PACE polyplexes for the delivery of
different nucleic acids in vitro and in vivo both locally and systemically.
PEGylation offers both advantages and disadvantages, and we explore
the intersection of these effects and how they can differ in vitro and in
vivo. We describe an approach to produce versatile, biocompatible, and
stable polyplexes encapsulating a wide size range of nucleic acids. This
study highlights the importance of testing and optimizing PEG coverage
of polymeric vehicles for gene therapy applications.

2. Materials and methods
2.1. Materials and reagents

PEG, 15-pentadecanolide (PDL), N-methyl diethanolamine (MDEA),
sebacic acid (SA), diethyl sebacate (DES), diphenyl ether, Novozym 435
catalyst, bovine serum albumin (BSA), Roche cOmplete EDTA-free
Protease Inhibitor Cocktail, and Immobilon-FL. PVDF membranes were
purchased from MilliporeSigma (Saint Louis, MO, USA). pcDNA3-EGFP
plasmid was obtained from Addgene (Watertown, MA, USA). CleanCap
EGFP mRNA and CleanCap FLuc mRNA were purchased from TriLink
Biotechnologies (San Diego, CA, USA). siRNA against nectin-1
(GGUUAAAAGGUGAGGCAGA) was synthesized by Horizon Discovery
(Waterbeach, United Kingdom). For cell culture, HeLa cells and Eagle’s
Modified Essential Medium (EMEM) were purchased from ATCC
(Manassas, VA, USA), and fetal bovine serum (FBS) was purchased from
R&D Systems (Minneapolis, MN, USA). Lipofectamine products, TrypLE
Express Enzyme, MOPS SDS running buffer, 10% NuPAGE Bis-Tris Gel,
nectin-1 monoclonal antibody (clone CK8), HRP-conjugated goat anti-
mouse IgG (H + L) secondary antibody, and the Pierce BCA Protein
Assay were obtained from Thermo Fisher Scientific (Waltham, MA,
USA). PE anti-human CD111 (nectin-1) antibody was purchased from
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BioLegend (San Diego, CA, USA). p-actin monoclonal antibody was
purchased from Proteintech Group (Rosemont, IL, USA). Clarity Western
ECL substrate was purchased from Bio-Rad Laboratories (Hercules, CA,
USA). CellTiter-Glo, Glo Lysis Buffer, and the Bright-Glo Luciferase
Assay System were purchased from Promega (Madison, WI, USA). Pre-
cellys hard tissue lysing tubes were obtained from Bertin Instruments
(Montigny-le-Bretonneux, France). RediJect D-Luciferin Substrate was
purchased from PerkinElmer (Waltham, MA, USA).

2.2. Polymer synthesis, purification, and characterization

PACE polymers were synthesized as described previously, with some
modifications [2,6]. Briefly, the monomers (PDL, MDEA, and SA) were
dissolved in diphenyl ether solvent with a lipase-based Novozym 435
catalyst. In the first stage, monomers were oligomerized at 1 atm under
argon for 18-20 h at 90 °C. This was followed by 48-72 h of polymer-
ization at 90 °C under vacuum (2 mmHg; Figure S1). Polymers were then
purified following previously described methods [2]. For the synthesis
of PACE-PEG, 5000 molecular weight (MW) PEG was added as an
additional monomer and DES was substituted for SA. The synthesis was
otherwise identical. 10 mol% PDL content was used for all polymers in
this study. To determine their composition, polymers were dissolved in
deuterated chloroform and analyzed via proton nuclear magnetic reso-
nance (1H NMR, Agilent DD2 400 MHz NMR Spectrometer). MW was
determined by GPC using the Ultimate 3000 UHPLC system (Thermo
Fisher Scientific).

2.3. Polyplex formulation and characterization

All PACE polyplexes were formed at a weight ratio of 100:1 polymer
to nucleic acid. Polymers were dissolved 100 mg/mL in DMSO overnight
at 37 °C while shaking. To make blends of PACE and PACE-PEG, the
dissolved PACE and PACE-PEG polymers were combined at the indi-
cated weight percentage. Intermediate dilutions were made as neces-
sary. Here, we refer to the PACE-PEG content of polyplex formulations,
but the theoretical PEG content can be calculated (Table S1). For char-
acterization and in vitro experiments, nucleic acids were diluted into
sodium acetate buffer (25 mM, pH 6) to a final concentration of 20 pg/
mL (pDNA and mRNA) or 1 pM (siRNA). Polymers were similarly diluted
into sodium acetate buffer (25 mM, pH 6) to a final concentration of 2
mg/mL (pDNA and mRNA) or 1.33 mg/mL (siRNA) and vortexed for 15
s. The polymer solution was then added to the nucleic acid solution at
1:1 vol ratio and vortexed for an additional 25 s. The polyplexes were
incubated at room temperature for 10 min before use (adding directly to
cell culture medium). Polyplex size and zeta potential were measured by
dynamic light scattering (DLS, Zetasizer Pro, Malvern Analytical). Size
and morphology were also confirmed by transmission electron micro-
scopy (TEM, FEI Tecnai Osiris 200 kV) using a tungsten stain for
visualization.

2.4. Polyplex stability assessment

To assess their stability over time, polyplexes were formulated in
sodium acetate buffer (25 mM, pH 6) to a final concentration of 2 mg/
mL and placed in a 37 °C incubator shaking at 200 rpm. For stability
assessments in serum, 10% FBS was added to the sodium acetate buffer
after polyplexes were formulated. Polyplex size was measured by DLS
(Zetasizer Pro, Malvern Analytical) at each time point (0 h, 0.5h, 1 h, 2
h, 4h,8h, 24 h, 48 h, 72 h) or until the PDI = 1 or multiple peaks were
observed. Polyplexes were diluted to 40 pg/mL in deionized water prior
to measurement.

2.5. In vitro toxicity studies

HeLa cells were grown in EMEM with 10% FBS and 50 pg/mL
gentamicin in a 37 °C incubator under 5% CO3. CellTiter-Glo was used to
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assess polyplex cytotoxicity in vitro. 24 h prior to treatment, HeLa cells
were plated in 96-well tissue culture plates at a concentration of 10,000
cells per well. PACE polyplexes were delivered at varying concentrations
(pDNA and mRNA: 0.313-10 pg/mL; siRNA: 6.25-200 nM). The Lip-
ofectamine controls (Lipofectamine 3000, Lipofectamine Messenger-
MAX, and Lipofectamine RNAiMAX) were formulated by following the
manufacturer’s recommended lipid to nucleic acid ratio and delivered at
the same nucleic acid concentrations. 24 h after delivery, the cell culture
medium was refreshed, 100 pL of CellTiter-Glo reagent was added to
each well, and plates were incubated at room temperature for 10 min.
Luminescence was then measured with a plate reader using an inte-
gration time of 0.5 s per well.

2.6. Invitro transfection of pDNA, mRNA, and siRNA

HeLa cells were grown in EMEM with 10% FBS and 50 pg/mL
gentamicin in a 37 °C incubator under 5% CO,. For all transfection
experiments, HeLa cells were plated at 50,000 cells per well in 24-well
tissue culture plates and grown until they reached 60-80% confluency
(approximately 24 h). pcDNA3-EGFP plasmid was used for plasmid DNA
transfection experiments. Cells were treated for 48 h with 1 pg of
plasmid per well using PACE polyplexes blended with PACE-PEG (con-
centrations: 0%, 0.01%, 0.025%, 0.05%, 0.1%, 0.25%, 0.5%, 1%, 2.5%)
or Lipofectamine3000 according to the manufacturer’s protocol as a
control. For mRNA transfection experiments, cells were treated for 24 h
with 1 pg of EGFP mRNA using PACE polyplexes, or Lipofectamine
MessengerMAX according to the manufacturer’s protocol as a control.
An siRNA against nectin-1 was used for siRNA transfection experiments.
Cells were treated for 72 h with 100 nM siRNA with PACE polyplexes, or
10 nM siRNA with Lipofectamine RNAiMAX according to the manu-
facturer’s protocol as a control.

2.7. Flow cytometry, microscopy, and western blot analysis

For flow cytometry analyses, cells transfected with EGFP pDNA and
mRNA were washed once with PBS, dissociated with TrypLE Express
Enzyme, resuspended in FACS buffer (2% BSA in PBS), and run directly
on the flow cytometer (Attune NxT). Cells treated with siRNA were
dissociated with TrypLE Express Enzyme and subsequently stained with
a PE anti-human CD111 (nectin-1) antibody in FACS Buffer for 30 min.
Cells were then washed twice, resuspended in FACS buffer, and nectin-1
expression was quantified by flow cytometry. For microscopy analysis
(Olympus LCPlanFl 20X, Olympus IX71), treated cells were washed
three times with PBS and fixed in 4% paraformaldehyde in PBS. For
Western blot analysis, protein extracts were prepared by lysing cells in
RIPA lysis buffer (50 mM Tris-HCl [pH 7.5], 150 mM NaCl, 0.1% SDS,
1% NP40, 0.5% sodium deoxycholate, 1 mM p-glycerophosphate, 2.5
mM sodium pyrophosphate, 10 mM sodium fluoride, 1 mM sodium
orthovanadate, 2.5 pM pepstatin A, 1 mM EDTA, and 1 mM EGTA)
supplemented with cOmplete EDTA-free Protease Inhibitor Cocktail.
Samples were run on a 10% NuPAGE Bis-Tris gel in MOPS SDS running
buffer and transferred to a PVDF membrane. The membrane was
blocked with 5% non-fat dry milk in tris buffered saline, and incubated
with an anti-human nectin-1 monoclonal antibody (clone CK8) followed
by a HRP-conjugated mouse secondary antibody. The membrane was
visualized using Clarity Western ECL and imaged using a ChemiDoc
imaging system (Bio-Rad). A p-actin antibody was used to probe for the
loading control. Western blot quantification was performed using Image
Studio Lite (LI-COR Biosciences).

2.8. In vivo mRNA delivery

All animal procedures were performed in accordance with the
guidelines and policies of the Yale Animal Resource Center (YARC) and
approved by the Institutional Animal Care and Use Committee (IACUC)
of Yale University. Male BALB/c mice, 7-12 weeks of age, were
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purchased from The Jackson Laboratory (Bar Harbor, ME, USA). For in
vivo experiments, PACE polyplexes were delivered either by intracheal
instillation (IT) or intravenously (IV). Polyplexes were prepared in so-
dium acetate buffer (25 mM, pH 5.8) to a final concentration of 10 mg/
mL polymer and 0.1 mg/mL FLuc mRNA (IT delivery) or 5 mg/mL
polymer and 0.05 mg/mL FLuc mRNA (IV delivery). For IT delivery,
mice were anesthetized under 3% isofluorane (Patterson Veterinary)
and suspended by the incisors. The tongue was retracted with tweezers,
and 50 pL of the polyplex formulations were administered to the back of
the mouth. The tongue was held in the retracted position for the dura-
tion of 10 breaths while polyplexes were inhaled. For IV delivery, mice
were similarly anesthetized under 3% isoflurane and then 100 pL of the
polyplex formulations were delivered via retro-orbital injection. After
24 h, mice were euthanized and heart perfused with 15 mL PBS. Organs
(IT: lung; IV: lung, spleen, liver, kidney) were removed, minced, and
transferred to 2 mL Precellys hard tissue lysing tubes with 1 mL Glo Lysis
Buffer. Organs were homogenized at 6500 rpm twice for 30 s (Precellys
24) and subsequently centrifuged at 21,000xg for 10 min to remove cell
debris. 20 pL of tissue lysates were combined with 100 pL Bright-Glo
luciferase substrate and luminescence was measured using an integra-
tion time of 10 s (Promega GloMax 20/20). The Pierce BCA Protein
Assay Kit was used to measure total protein concentration following the
manufacturer’s instructions. For IVIS experiments, luminesence was
measured 24 h after polyplex administration. 12 min prior to eutha-
nasia, mice were injected intraperitoneally with RediJect D-Luciferin
Substrate (150 mg/kg). Organs (heart, lung, liver, spleen, kidney) were
removed and luminescent signal was imaged by IVIS (IVIS Spectrum,
PerkinElmer).

2.9. Statistical analysis

Results were analyzed using GraphPad Prism (version 7.0a for Mac
OS X). Data are presented as mean + SD of at least three independent
experiments. One- and two-way ANOVA with Tukey’s multiple com-
parisons test were used where appropriate. Values were considered
significantly different at p < 0.05.

3. Results and discussion
3.1. Polymer synthesis and characterization

PACE was synthesized by the enzymatic co-polymerization of PDL,
MDEA, and SA as described previously [2]. Briefly, the monomers dis-
solved in diphenyl ether were combined with lipase catalyst and oligo-
merized under argon for 18-20 h. This was followed by 48-72 h of
polymerization under vacuum. For PACE-PEG synthesis, DES was
substituted for SA, and 5 kDa PEG was added to the synthesis (Fig. 1A).
Polymer characterization, including gel permeation chromatography
(GPQ) analyses (Table S2) and NMR (Figure S3, Table S3) can be found
in the supplementary information. Ten % PDL acid-ended PACE
(referred to here as PACE) and 10% PDL PEG-conjugated PACE
(PACE-PEG) were used for this study. In our experience, the synthesis of
PACE: is a straightforward, two-step process that can be readily modi-
fied by the introduction of other monomers or polymer blocks such as
PEG.

3.2. Polyplex formulation and characterization

We formulated PACE polyplexes to encapsulate pDNA, mRNA, or
siRNA with a range of PEG content by blending PACE with PACE-PEG
during assembly (Fig. 1B). PACE polyplexes were in a similar size
range as measured by DLS (pDNA: 190-440 nm; mRNA: 160-360 nm;
siRNA: 190-280 nm) (Fig. 2A-C). Polyplexes with 100% PACE-PEG
were much smaller and had a spherical shape and smooth morphology
by TEM, whereas non-PEGylated polyplexes exhibited an uneven
morphology (Fig. 1C, Figure S2). Additionally, the average size tended
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Fig. 1. Overview of PACE and PACE-PEG synthesis and polyplex formulation. (A) Schematic of PACE and PACE-PEG polymers with monomers pentadecanolide
(PDL, grey), methyldiethanolamine (MDEA, green), sebacic acid (SA, orange), diethyl sebacate (DES, pink), and polyethylene glycol (PEG, blue). (B) Schematic of
PACE polyplex formulation. PACE and PACE-PEG are blended and combined with nucleic acid to form polyplexes with varied PEG content. (C) Representative TEM
image of PACE blended with 0.5% PACE-PEG loaded with siRNA (scale bar, 2 pm; inset scale bar, 200 nm). (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)
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Fig. 2. PACE blended with PACE-PEG forms nanosized, stable polyplexes in the presence of nucleic acids. (A-C) Sizes of polyplexes loaded with (A) EGFP pDNA, (B)
EGFP mRNA, and (C) siRNA against nectin-1. Asterisk represents statistical difference from non-PEGylated polyplexes. (D-F) Zeta potentials of polyplexes loaded
with (D) EGFP pDNA, (E) EGFP mRNA, and (F) siRNA against nectin-1. (G-I) Stability of polyplexes in sodium acetate buffer (25 mM, pH 6.0) over 72 h loaded with
(G) EGFP pDNA, (H) EGFP mRNA, and (I) nectin-1 siRNA. (J-L) Toxicity of PACE polyplexes compared to Lipofectamine for delivery of (J) EGFP pDNA, (K) EGFP
mRNA, and (L) nectin-1 siRNA. Asterisks represent statistical differences between both PACE groups and Lipofectamine. *p < 0.05, ****p < 0.0001.

to decrease with the addition of PACE-PEG. The polyplex zeta potentials incorporation into polyplexes was confirmed by NMR analysis
ranged from —3.1 mV to —22 mV (Fig. 2D-F), and there was no signif- (Figure S3, Table S3). These results confirm that PACE blended with
icant difference in zeta potential between non-PEGylated and PEGylated PACE-PEG forms uniform polyplexes with low polydispersity indices
polyplexes, which is likely due to the minimal change in N:P ratio over (PDIs) (Figure S4) and without aggregates or sedimentation. At higher
the PACE-PEG concentrations analyzed (Table S4). PACE-PEG concentrations, PACE-PEG can also be used to decrease polyplex size.
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3.3. Polyplex stability assessment

PACE polyplexes encapsulating pDNA, mRNA, or siRNA with PACE-
PEG content ranging from 0% to 1% were assessed for their stability in
sodium acetate buffer (25 mM, pH 6) at 37 °C (Fig. 2G-I). For all nucleic
acid types, PACE polyplexes with PACE-PEG incorporation as low as
0.05% were significantly more stable than those without PACE-PEG.
Non-PEGylated pDNA (Fig. 2G) and mRNA (Fig. 2H) PACE polyplexes
immediately aggregated, whereas addition of 0.25% PACE-PEG pro-
vided stability to the polyplexes, allowing them to remain stable over
several hours—though they eventually increased in size. In contrast, the
addition of 1% PACE-PEG stabilized the PACE polyplexes over 3 days for
all nucleic acid types. To assess stability in the presence of negatively
charged serum proteins, mRNA polyplexes with and without PACE-PEG
were incubated in a solution containing 10% FBS (Figure S5). For non-
PEGylated and 0.05% PACE-PEG polyplexes, the addition of serum
decreased the vehicle size, but we observed several peaks and the cu-
mulative fit error was high, suggesting that the polyplexes were unstable
and too polydisperse to be measured by DLS. Polyplexes with 0.25%

A — 1004
S
2 8o
8 %
3] N
= 60 Qoo
E °go
Coo
c
O 401
i
‘G 20
c
o
= o
O \) N % » N 2]
3_,@ SRS ERNE
R

PACE-PEG Content (%)

B . 100-

Transfection Efficiency (%)

PACE-PEG Content (%)

D Untreated

0.05% PACE-PEG

Biomaterials 272 (2021) 120780

PACE-PEG exhibited size variations in 10% FBS, whereas 1% PACE-PEG
polyplexes remained stable over 2 days. These results suggest that
blending PEG-conjugated PACE with PACE can produce polyplexes with
tunable stability properties, and that significant stability can be ach-
ieved with PACE-PEG content as low as 0.25%-1% by weight.

3.4. In vitro toxicity studies

PACE and PACE-PEG polyplex toxicity was tested in vitro over a
range of nucleic acid delivery concentrations. PACE polyplexes were
compared to corresponding commercially available Lipofectamine
products, prepared according to manufacturer protocols. For pDNA,
mRNA, and siRNA polyplexes, cell viability of the non-PEGylated and
PEGylated polyplexes was similar, and minimal toxicity was observ-
ed—even at higher concentrations (Fig. 2J-L). Cell viability after PACE
polyplex treatment was in the range of 70-80% at the highest concen-
trations of pDNA and mRNA and 90-100% at the highest concentrations
of siRNA. By comparison, Lipofectamine showed significant toxicity,
with viabilities of 38% (pDNA), 5% (mRNA), and 14% (siRNA) at the
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Fig. 3. Low concentrations of PACE-PEG inhibit transfection of PACE polyplexes in a nucleic acid-dependent manner. (A-C) Polyplex transfection efficiency
measured by flow cytometry for (A) pDNA, (B) mRNA, and (C) knockdown efficiency for siRNA. (D-E) EGFP expression in HeLa cells after transfection of EGFP (D)

pDNA and (E) mRNA (scale bar, 100 pm). (F) Nectin-1 knockdown by Western blot after delivery of siNectin-1 with PACE-PEG polyplexes.

p < 0.0001.
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highest measured concentration. Overall, PACE and PACE-PEG-blended
polyplexes have a favorable safety profile, likely due to the low charge
density of these polymers.

3.5. In vitro transfection of pDNA, mRNA, and siRNA

To assess how PEG content affects PACE polyplex transfection effi-
ciency, we treated HeLa cells with PEGylated PACE polyplexes loaded
with pDNA, mRNA, and siRNA and analyzed gene expression as a
readout of transfection efficiency by flow cytometry (Fig. 3A-C). For
PDNA polyplexes, there was a significant increase in transfection effi-
ciency with low concentrations of PACE-PEG (0.01%, 0.025% 0.05%)
compared to the non-PEGylated polyplexes (Fig. 3A). We observed a
drop-off in transfection efficiency starting at 0.1% PACE-PEG, and at 1%
PACE-PEG no transfection was observed. For mRNA polyplexes, we
observed steady transfection up to 0.25% PACE-PEG (Fig. 3B). Starting
at 0.5% PACE-PEG, the transfection efficiency dropped until trans-
fection was undetectable at 2.5% PACE-PEG. The pDNA and mRNA
transfection results were further confirmed by fluorescence microscopy,
which revealed a noticeable decrease in EGFP expression starting at
0.05% PACE-PEG for pDNA and 0.25% PACE-PEG for mRNA
(Fig. 3D-E). Small differences observed between the flow cytometry and
microscopy trends could be due to batch-to-batch variability in polyplex
formulation or a lag between changes in EGFP expression and trans-
fection efficiency. For example, cells might express less EGFP while still
maintaining the same percentage of EGFP-positive cells. Lastly, knock-
down efficiency with siRNA-loaded polyplexes remained steady from
0% PACE-PEG to 0.5% PACE-PEG and decreased starting at 1% PACE-
PEG (Fig. 3C). Since the flow cytometry analysis only captures
changes in membrane protein expression, total nectin-1 knockdown was
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also tested by Western blot (Fig. 3F), which indicated a similar trend.
Taken together, these results indicate that blended PACE-PEG poly-
plexes can effectively transfect a wide variety of nucleic acids as well
as—or better than—non-PEGylated polyplexes when the PACE-PEG
concentration is below the inhibitory concentration. However, the in
vitro PACE-PEG inhibitory concentration was very low—as low as 0.1%
PACE-PEG by weight in the case of pDNA. We also observed variability
in PACE-PEG inhibition between different nucleic acid types, indicating
that transfection inhibition by PACE-PEG is nucleic acid-dependent. The
inhibitory effect of PEG on nucleic acid transfection may be due to
weakened electrostatic interactions between polyplexes and cells [31],
which could decrease vehicle uptake [32]. Additionally, improved
vehicle stability is hypothesized to prevent polyplexes from aggregating
in endosomes and facilitating endosomal escape [20].

3.6. In vivo mRNA delivery

To determine the effect of PACE-PEG content on mRNA transfection
in vivo, we administered FLuc mRNA using PACE polyplexes with a
range of PACE-PEG concentrations by two routes in mice: local intra-
tracheal (IT) delivery to the lung and systemic intravenous (IV) delivery.
Twenty-four hours after administration, we observed no transfection in
the lung with non-PEGylated (0% PACE-PEG) PACE polyplexes by IT
delivery, but luciferase expression increased with the addition of PACE-
PEG, peaking at 5% PACE-PEG by weight (Fig. 4A,C). When delivered
IV, PACE polyplexes accumulated primarily in the spleen, which is
consistent with previous findings [8]. Non-PEGylated polyplexes per-
formed similarly to polyplexes with low levels of PACE-PEG (up to 5%),
but transfection was inhibited at higher concentrations (Fig. 4B,D).
These results demonstrate that PACE PEGylation can improve
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Fig. 4. The effect of PACE-PEG content on in vivo mRNA delivery depends on delivery route. FLuc mRNA was delivered using PACE polyplexes blended with PACE-
PEG to the lung or systemically by IV delivery. (A-B) Luciferase expression in tissue quantified by luminescence assay for (A) IT delivery (lungs) and (B) IV delivery
(lung, spleen, liver, kidney). (C-D) Representative IVIS images of luminescence in organs after (C) IT and (D) IV delivery. **p < 0.01, ***p < 0.001.
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transfection in vivo, but the effects vary by delivery route. The fact that
higher PEG concentrations are effective—and even beneficial—in vivo is
likely due to the additional stability PEG provides. Compared to the in
vitro environment, polyplexes delivered in vivo encounter additional
physiological barriers with diverse proteins, cell types, and
micro-environments, which can affect their transfection efficiency. For
example, PEGylation likely improves inhaled delivery to the lung by
reducing polyplex aggregation in mucus and facilitating mucus pene-
tration [16]. The observed maximum transfection point at 5%
PACE-PEG is the optimal balance of the opposing effects of PEGylation
such as improved stability and inhibited transfection. PEGylation is well
known to improve carrier circulation times after IV administration [12].
Although we did not observe a beneficial effect on transfection of spleen
cells with the addition of low amounts of PEG, we did observe a sig-
nificant reduction in transfection at higher amounts, demonstrating the
potential negative effects of PEG. Reducing polyplex size could improve
tissue distribution, since vehicle size has been shown to have a signifi-
cant effect on NP distribution after IV delivery [33-35]. The PACE for-
mulations developed here successfully deliver mRNA to the lung and
spleen, which are organs of interest in a broad range of disease models.
For example, gene therapy to the lung has emerged as a promising
treatment for cystic fibrosis [36] and a number of respiratory viruses
including SARS-CoV-2 [37]. The spleen is critical in mediating the
body’s immune response, and thus gene therapies delivered to the
spleen could be a promising strategy for vaccine delivery [38].

4. Conclusions

In summary, we have demonstrated a simple and robust system of
producing PACE polyplexes with tunable PEG content by blending PACE
with PACE-PEG in different ratios during formulation. This technique
has allowed us to explore the effects of PEG on stability, biocompati-
bility, and transfection efficiency of PACE polyplexes in vitro and in vivo.
PACE is a highly biocompatible polymer that can effectively deliver a
wide variety of nucleic acid cargos, including pDNA, mRNA, and siRNA.
We discovered that the addition of low concentrations of PACE-PEG to
PACE significantly improved polyplex stability, but also completely
inhibited transfection in vitro, emphasizing the importance of finding a
balance between the advantages and disadvantages of PEGyla-
tion—particularly for gene delivery. Furthermore, both the stability
benefits and the inhibitory effects of PACE-PEG were influenced by the
type of nucleic acid cargo, suggesting that PEGylation for nucleic acid
delivery should be optimized to each application. In vivo, we discovered
that the effects of PACE-PEG varied by delivery route, and low con-
centrations of PACE-PEG significantly improved inhalation delivery to
the lung. We were able use significantly higher concentrations of PACE-
PEG compared to in vitro experiments before inhibitory effects were
seen. These results demonstrate the poor predictive power of in vitro
experiments on carrier optimization and suggest that the effects of
vehicle PEGylation in vivo are influenced by additional barriers such as
the presence of mucus or serum. Further optimization of this delivery
system could be explored through PACE end-group conjugation [8],
additional functionalization of the polyplex surface [39], and tuning the
PEG MW or polymer to nucleic acid ratio [40]. However, our system is a
simple and effective approach at PACE polyplex PEGylation with a wide
range of potential applications.
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