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Abstract

Extrahepatic nucleic acid delivery using polymers typically requires the synthesis and purification
of custom monomers, post-synthetic modifications, and incorporation of additional excipients

to augment their stability, endosomal escape, and /n vivo effectiveness. Here, we report the
development of a single-component and excipient-free, polyester-based nucleic acid delivery
nanoparticle platform comprised of ionizable N-methyldiethanolamine (MDET) and various
hydrophobic alkyl diols (Cp) that achieves lung-selective nucleic acid transfection /n vivo.
PolyMDET and polyMDET-Cp polyplexes displayed high serum and enzymatic stability, while
delivering pDNA or mRNA to “hard-to-transfect” innate immune cells. PolyMDET-C4 and
polyMDET-C6 mediated high protein expression in lung alveolar macrophages and dendritic cells
without inducing tissue damage or systemic inflammatory responses. Improved strategies using
readily-available starting materials to produce a simple, excipient-free, non-viral nucleic acid
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delivery platform with lung-selective and innate immune cell tropism has the potential to expedite
clinical deployment of polymer-based genetic medicines.
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INTRODUCTION:

Nucleic acid delivery to immune cells has the potential to revolutionize therapeutic
outcomes for various diseases.! However, the delivery of nucleic acids to primary immune
cells, particularly macrophages, presents several challenges that limit transfection efficiency.
First, macrophages contain degradative enzymes that destroy nucleic acids after transfection
and limit expression of exogenous genes.? Second, the low-proliferative nature of primary
cells restricts the entry of extracellular DNA molecules into the nucleus, which leads

to marginal transfection.3 Viral and non-viral vectors have been developed to enhance
nucleic acid delivery. Viral vectors (adenoviruses, adeno-associated viruses, lentiviruses)
are highly efficient and have been used successfully for several preclinical and clinical
applications® but these vectors present potential safety concerns including mutagenesis,
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immunogenicity, and cytotoxicity.>8 Non-viral gene delivery methods, on the other hand,
offer the ability to overcome many of these limitations, while enabling a wide chemical
space to be accessed to develop libraries of materials to investigate structure-function
relationships though tuning of composition, surface functionality, and other physicochemical
properties.8-11 Recently, significant advancements have been made in the design of non-viral
nucleic acid delivery platforms including lipid nanoparticles (LNPs) and polymer-based
systems.12-20 |_NPs have received significant interest due to their remarkable success as

a delivery platform for COVID-19 mRNA vaccines.20 These LNPs consist of a mixture

of multiple components and excipients including ionizable lipid, helper lipid, PEG-lipid,
and cholesterol to enable adequate qualities for mMRNA delivery. Despite the advantages

of LNPs, lipid-based molecules are less stable and difficult to synthesize and purify, thus
limiting their cost-effectiveness.?! To facilitate the wide implementation of nucleic acid-
based therapeutics, identification of alternative non-viral delivery platforms with reduced
complexity that do not compromise delivery efficacy is required. Off the shelf cationic
polymers such as polyethylenimine (PEI), poly(l-lysine) (PLL), and others have been
thoroughly examined for nucleic acid delivery applications; yet their /n vitro efficacy often
does not effectively translate to /7 vivo applications. Strategies such as increasing the

amine to phosphate (N:P) ratio offers the possibility to improve the transfection abilities of
these platforms but compromises their toxicity profile.22 Functional polyester-based carriers
containing ionizable subunits are advantageous due to their biodegradability, modularity,
adaptability to high throughput synthesis, and low toxicity.23 For example, poly(B-amino
ester)s (PBAE) are a common platform used for plasmid DNA (pDNA) and mRNA
transfection; however, successful delivery to immune cells typically requires functional
modification of the polymer backbone or the terminal groups in addition to the incorporation
of excipients such as lipids24=28 or other polymers?” for surface coating to enable efficient
transfection.

Here, we report the one-pot synthesis of hydrophobic ionizable polyesters as a single-
component nucleic acid delivery platform with high serum and enzymatic stability capable
of efficient transfection of “hard-to-transfect” innate immune cells with lung-selective
mRNA transfection /n vivo. To identify the impact of polymer design parameters on
transfection, a set of ionizable polyesters (polyMDET and polyMDET-Cp) was synthesized
via a polycondensation reaction from commercially-available N-methyldiethanolamine
(MDET), four alkyl diols (p = 4, 6, 8, 10), and sebacoyl chloride. Polyplex stability was
determined and transfection efficiency using immortalized RAW 264.7 cells and primary
macrophages derived from bone marrow (BMDM) was assessed /7 vitro without the
incorporation of any excipients or targeting ligands. Systemic administration of polyplexes
by intravenous injection showed over 23-fold lung-selective protein expression and efficient
transfection of lung alveolar macrophages and dendritic cells with no detectable organ
toxicity or systemic inflammation. Given the current focus and challenges associated with
non-viral nucleic acid therapeutics, nanoparticles prepared from polymers synthesized using
simple, one-pot reactions from readily-accessible starting materials, and in the absence of
any additional excipients for formulation offer great promise for translation of gene delivery
technologies.
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EXPERIMENTAL SECTION

Materials:

N-methyldiethanolamine (MDET), 1,4-butanediol, 1,6-hexanediol, 1,8-octanediol, 1,10-
decanediol, sebacoyl chloride, pyridine, anhydrous dichloromethane (DCM, >99.8%),
methanol (>99.9%), diethyl ether, chloropromazine hydrochloride (CHP), 5-[N-ethyl-N-
isopropyl]-amiloride (EIPA), methyl-g-cyclodextrin (MBCD), cytochalasin D (CytD), and
filipin were purchased from MilliporeSigma (St. Louis; MO). Dimethylsulfoxide-d6

and chloroform-d were purchased from Cambridge Isotope Labs Inc (Tewksbury, MA).
Maxiprep Endotoxin-free kit was purchased from Qiagen (Germantown, MD). Unless
otherwise noted, any additional reagents were purchased from MilliporeSigma.

RAW 264.7 Cell Culture:

RAW 264.7 cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM)
(MilliporeSigma; St. Louis, MO) supplemented with 10% heat-inactivated fetal bovine
serum (FBS) (VWR; Radnor, PA) and 1% penicillin/streptomycin (P/S) (Invitrogen
Corporation; Carlsbad, CA) at 37°C and 5% CO, atmosphere.

Bone Marrow-Derived Macrophage (BMDM) Cell Culture:

Bone marrow from the tibia and femurs of C57BL/6 mice was harvested to obtain a primary
population of macrophages as previously described by our group.28 Cell media consisted of
RPMI 1640 supplemented with L-glutamine (Life Technologies, Carlsbad, CA), penicillin
(100 units/mL), streptomycin (100 pg/mL), and 10% heat-inactivated fetal bovine serum
(FBS) (Invitrogen Corporation, Carlsbhad, CA) at 37°C and 5% CO,. The media was further
supplemented with 20% L929 (ATCC, Manassas, VA) cell-conditioned medium (containing
M-CSF). BMDMs were differentiated for 8 days, with cell conditioned media changes

on days 3 and 6. Versene (Invivogen, San Diego, CA) was used for BMDM cell lifting.

Cell count and viability were obtained using a trypan blue exclusion dye and the EVE™
automated cell counter (NanoEntek, Waltham, MA).

GFP Plasmid Preparation:

DH5a Escherichia coli competent cells (Invitrogen Corporation; Carlsbad, CA) were
transformed with eGFP (GFP) pDNA (courtesy of the National Center for Toxicological
Research, FDA, Jefferson, AR), which encoded for kanamycin resistance. Transformed cells
were expanded in an overnight liquid LB culture at 37°C under vigorous shaking, lysed,

and purified using a Qiagen Maxiprep endotoxin-free kit. The concentration of pPDNA

was verified using a SpectraMax iD3 microplate reader and a SpectraDrop microvolume
microplate (Molecular Diagnostics; San Jose, CA) by measuring absorbance at 260 and 280
nm and agarose gel electrophoresis. The pDNA was stored at —20°C until further use.

Polymer Synthesis:

The synthesis of diethanolamine-based ionizable polyester (polyMDET): The
diethanolamine-based ionizable polyester (polyMDET) was synthesized by one-pot
condensation polymerization using N-methyldiethanolamine (MDET) and sebacoyl chloride
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in the presence of pyridine as an HCI scavenger. Initially, 595 puL of MDET (5 mmol) was
dissolved in 5 mL DCM and added to a 50 mL round bottom flask. A total of 808.79 L

(10 mmol) of pyridine was added and stirred under an Ar atmosphere for 15 minutes. Next,
1 mL of sebacoyl chloride (5 mmol) was dissolved in 5 mL of DCM and slowly added to
the reaction mixture for 30 minutes. After complete addition, the reaction was further carried
out overnight (16—18 hours). The white precipitate, pyridine hydrochloride, was removed by
centrifugation, and the supernatant containing DCM was removed using a rotary evaporator.
Next, the resulting solid product was dissolved in a minimum amount of methanol. Finally,
the polymer was purified by precipitation into diethyl ether to remove unreacted monomers
and oligomers. This process was repeated for a total of three times. The product was dried
for two days at room temperature, and *H NMR spectra were obtained. Similarly, other
polymers were also synthesized, maintaining the same polyester backbone, but integrating
hydrophobic aliphatic chains (C4, C6, C8, C10) via mixing respective alkyl diols into the
reaction mixture. The respective polymers were termed polyMDET-Cp, with p = the number
of carbon atoms present in the diols used during the reaction. For example, polyMDET-C10
was prepared by mixing 1 mmol of 1,10-decanediol with 5 mmol of MDET and 10 mmol of
pyridine in 5 mL DCM. As described earlier, the reaction was carried out by adding 6 mmol
of sebacoyl chloride dropwise to the reaction mixture under Ar atmosphere.

Polymer Characterization:

The polymers were characterized by 1H NMR after dissolving the samples in DMSO-d6 or
CDCl3. H NMR spectra was acquired using a 400 MHz Varian spectrometer. The diffusion
measurement was carried out by observing the attenuation of the 1H NMR signals during

a pulsed field gradient experiment using a 500 MHz Varian spectrometer in DMSO-d6.

The molecular weight and polydispersity index (PDI) of the polymers was determined

using MALDI-TOF mass spectrometry. The polymer and 2,5 dihydroxybenzoic acid (DHB)
matrix were dissolved in methanol at 1 mg/mL and mixed. The mixture was dried on a metal
sample plate and placed in the high vacuum source chamber for measurement by analyzing
“time of flight” of the produced sample ions. The most probable peak was calculated from
the spectra, which was reported as the molecular weight of the polymer.

pH Titration of Polymers:

1 mg/mL of each polymer was dissolved in DMSO and acidified with HCI solution (pH~2).
This solution was titrated with 0.1 M NaOH by adding dropwise to the solution and final
pH was measured using a pH meter. pKa was calculated from the inflection point of the
obtained titration curve, which was identified as the pH at half of the neutralization point.

Polyplex Preparation and Characterization:

PolyMDET/pDNA or polyMDET-Cp/pDNA polyplexes were prepared by mixing
polyMDET or polyMDET-Cp polymers with pDNA at different weight ratios (55:1, 110:1,
or 220:1). Briefly, polymer solutions were prepared at a concentration of 50 mg/mL in
DMSO. Next, different amounts of polymer solutions were diluted in 50 pL acetate buffer
(25 mM pH 5), and 2 pg pDNA encoding GFP was added to the solution and incubated

for 10 minutes at room temperature. Similarly, polyMDET/mRNA or polyMDET-Cp/mRNA
polyplexes were also prepared by mixing polyMDET and polyMDET-Cp polymers with

ACS Appl Mater Interfaces. Author manuscript; available in PMC 2023 December 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chakraborty et al.

Page 6

1 ug GFP encoded mRNA (CleanCap® EGFP mRNA, TriLink Biotechnologies, San
Diego, CA) at 55:1 weight ratio in the presence of 25 mM acetate buffer (pH 5).

The encapsulation efficiency of pDNA and mRNA polyplexes was determined using

4’ 6-diamidino-2-phenylindole (DAPI) or RediPlate 96 RiboGreen RNA quantitation kit
(Invitrogen Corporation; Carlsbad, CA), respectively.2% 30 The polyplexes were prepared as
described above, centrifuged, and the supernatant was collected for analysis. DAPI binds
with the double stranded DNA and gives rise to 20-fold enhancement of fluorescence
intensity. The RiboGreen fluorescent dye binds to mRNA and produces a fluorescent
signal that is proportional to mMRNA content. The fluorescence signal was measured using
a SpectraMax iD3 fluorescence plate reader and the pDNA and mRNA content was
determined by comparing to respective standard curves.

The polyplexes were characterized by dynamic light scattering (DLS) and zeta potential
analysis. Fresh polyplex solutions were prepared with 2 pg of GFP plasmid or mRNA in
three different buffer solutions (pH 5, pH 6, and pH 7.4). One milliliter of each sample was
added into a disposable cuvette, and the size was measured using a Zetasizer Nano ZSP
(Malvern Instruments Inc., Westborough, MA). Fifteen runs were performed in triplicate for
each sample. Subsequently, samples were transferred to a folded capillary cell (Malvern),
and zeta potential measurements were performed in triplicate for each sample using the
Zetasizer Nano ZSP.

The stability of polyplexes was assessed by gel electrophoresis before or after incubating
with 55% FBS, a physiologically relevant serum concentration, for 30-60 min. The success
of a nucleic acid delivery platform relies on protecting the genetic material from enzymatic
degradation, for example, DNase | present in serum, extracellular matrices, and mucosal
surfaces.3! Therefore, the ability of the polyplexes to protect DNA was investigated using
agarose gel electrophoresis. First, polyplexes were prepared, as described earlier, with
polyMDET or polyMDET-Cp, and incubated with 20/K unit DNase I for 1 hour at room
temperature. After that, the integrity of DNA was assessed by agarose gel electrophoresis
(150 V, 20-40 min).

In Vitro Transfection of pDNA in RAW 264.7 Macrophages and Primary BMDMs:

PolyMDET/pDNA or polyMDET-Cp/pDNA polyplexes were prepared at a weight ratio of
110:1 containing 2 pug of pDNA encoding GFP. RAW 264.7 cells were seeded in a 24 well
plate at 2 x 10° density and treated with polyplexes (2 ug pDNA/220 pg polyMDET or
polyMDET-Cp) for 4 hours in serum-containing media, followed by washing to remove

the excess complex prior to overnight incubation in complete media. The excess complex
was removed by washing with DPBS and replaced with complete DMEM. Similarly,
primary BMDMs were incubated with polyplexes for 4 hours in serum-containing RPMI
media. After that, the cells were washed with DPBS and incubated with fresh complete
RPMI media for 24 hours. GFP expression was visualized using a revolve fluorescence
microscope (ECHO, San Diego, CA) 24 hours post-transfection. Cationic polymers PEI and
jetOPTIMUS were used as positive controls for pDNA transfection. PEI/pDNA polyplexes
(PEI30) were prepared at N/P ratio 30, as PEI30 showed significantly higher transfection in
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serum-containing media according to our previous study.?? Transfection with jetOPTIMUS
was achieved by following the manufacturer’s protocol.

In Vitro Transfection of MRNA in RAW 264.7 Macrophages and Primary Bone Marrow-
Derived Macrophages:

PolyMDET/mRNA or polyMDET-Cp/mRNA polyplexes were prepared by mixing polymer
solution with GFP mRNA at a 110:1 weight ratio (1 ug mRNA/110 ug polyMDET or
polyMDET-Cp). Next, RAW 264.7 macrophages or primary BMDMSs were treated with the
polyplexes (24 well plate, 2 x 105 density) and incubated for 4 hours in serum-containing
media. After that, the cells were washed with DPBS and further incubated with fresh
complete media for 24 hours. GFP expression was visualized using a revolve fluorescence
microscope at 24 hours post-transfection. PEI30 and jetOPTIMUS were also used as
positive controls for mMRNA transfection.

Endosomal Escape of Polyplexes:

To examine the endosomal escape, particles were prepared by mixing PolyMDET-C6 with
Cy5.5 dye at a 110:1 weight ratio by mixing at pH 5 (acetate buffer). The particles were
dialyzed against DPBS buffer (pH 7.4) for 1 hour to remove free Cy5.5. Next, RAW
264.7 cells were incubated with the particles for 3 h followed by washing and incubation
with fresh complete DMEM media for 24 h. The cells were then treated with 100 nM

of lysotracker green for 15 minutes and washed with DPBS buffer (pH 7.4). The cells
were imaged using a revolve fluorescence microscope to visualize the colocalization of
polyplexes with lysotracker.

Flow Cytometry:

RAW 264.7 or primary BMDMSs were seeded in a 24 well plate at a density of 2 x 10°
cells/well. Next, cells were transfected with polyplexes made with different polymers and
GFP encoded pDNA/mRNA in serum-containing media for 4 hours. Subsequently, cells
were washed and incubated for another 24 hours in fresh serum-containing media. After 24
hours, cells were collected using a cell scraper, followed by centrifugation at 500 x g for 5
min, and resuspended in fresh flow cytometry buffer (DPBS, 5% FBS and 2% EDTA). For
analysis of live cells only, DAPI was used as an exclusion dye to determine cell viability.
Data were collected using an LSR 1l (Becton-Dickinson, San Jose, CA) flow cytometer and
analyzed by FCS Express 7 (De Novo Software, Pasadena, CA). Transfection efficiency was
measured as the percentage of live cells, which were GFP* compared to non-transfected
controls.

Uptake Mechanism Study using Endocytosis Inhibitors:

RAW 264.7 cells were seeded in a 24 well plate and cultured for 24 hours in complete
DMEM media at a 2 x 10° cell density/well. The cells were preincubated in presence

or absence of chlorpromazine (CHP) (50 pM), methyl-B-cyclodextrin (MBCD) (10 mM),
Filipin (1 pg/uL), (5-[N-ethyl-N-isopropyl] amiloride) (50 uM) (EIPA), Cytochalasin D
(CytD) (4 uM) for 30 min. The cells were then treated with polyplexes polyMDET/pDNA
or polyMDET-Cp/pDNA for another 3 hours. The cells were subjected to flow cytometry
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analysis after being washed with DPBS and incubated with fresh DMEM for 24 hours.
The cellular uptake of the polyplexes was evaluated by measuring the mean fluorescence
intensity (MFI) of GFP signals.

Cell Viability:
The cytotoxicity of polyplexes was evaluated using an MTS assay (Abcam; Cambridge,
MA). RAW 264.7 cells were seeded in a 24 well plate at a density of 2 x 10° cells/well
overnight prior to treatment with polyMDET/pDNA and polyMDET-Cp/pDNA polyplexes
for 4 hours in serum-containing media. Following the incubation, cells were washed and
incubated with fresh complete DMEM media and incubated for 24 hours. Next, 50 pL of
MTS solution was added to each well and incubated for an additional 3 hours. The optical
density (OD) of the solution was measured using a SpectraMax iD3 microplate reader at 570
nm, and the percentage of cell viability was measured as the ratio of OD at 570 nm and
compared to untreated control.

In Vivo mRNA Transfection:

Female C57BL/6 (6-8 weeks old) were purchased from the Jackson Laboratories. The mice
were housed under specific pathogen-free conditions in the School of Medicine, University
of Maryland, Baltimore animal facilities. All animal procedures were performed according
to the guidelines and protocols of the University of Maryland, Baltimore Animal Care

and use committee and approved by the Institutional Animal Care and use Committee
(IACUC,; protocol #0721010). Polyplexes were prepared in acetate buffer (25 mM; pH 5)
by mixing different polymers (50 mg/mL) and FLuc mRNA (1 mg/mL) (CleanCap® FLuc
mRNA (5moU), TriLink Biotechnologies, San Diego, CA) at 110:1 weight ratio. After the
preparation, the polyplexes were dialyzed against DPBS buffer (pH 7.4) for 30—-60 minutes
to remove DMSO and acetate buffer. All the polymers were stable after dialysis except
polyMDET-C10/mRNA. The polyplexes were administered to mice v/atail vein injection
(10 pg mRNAVinjection). After 24 hours, the mice were injected with D-luciferin (300

pL, 15 mg/mL) intraperitoneally. After 15 minutes, the mice were euthanized, and various
organs were collected (liver, spleen, heart, lung, kidneys) and imaged using the Xenogen
IVIS® Spectrum Imaging System (Alameda, CA).

Biodistribution Study of mMRNA Polyplexes In Vivo:

The polyplexes were prepared by mixing the polymers and Fluc mRNA at a 110:1 weight
ratio. The polyplexes were then mixed with 10 pg of Cy5.5 (1 mg/mL) and incubated for
60 minutes at room temperature. The polyplexes were then dialyzed against DPBS buffer
(pH 7.4) for 30 minutes to remove excess Cy5.5 dye. Next, the polyplexes were injected
in mice intravenously by tail vein injection. After 24 hrs, the localization and transfection
of polyplexes were evaluated by IVIS® imaging as described above. Cy5.5 fluorescence
indicates the organ trafficking of polyplexes whereas luminescence signal indicates the
luciferase expression.
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Flow Cytometry For In Vivo Studies:

For the evaluation of immune cell transfection, female C57BL/6 (6—8 weeks old) were
intravenously injected with GFP mRNA polyMDET-C4/mRNA and polyMDET-C6/mRNA
polyplexes (10 pg mRNA/injection). After 24 hours, the mice were euthanized, and lung
and spleen were collected. Single cell suspensions were prepared using a standardized
protocol. First, tissue samples were placed in a petri dish and injected with Liberase
(Liberase TM for lungs and Liberase TL for spleen; MilliporeSigma) followed by incubation
for 10 minutes at 37°C. After that, cells were isolated by mashing the lung and spleen
through a 70 um cell strainer (Thermo Fisher) and treated ACK lysis buffer (Thermo
Fisher). Cells were then pelleted by centrifuging at 500 x g for 5 minutes, followed by
resuspension in DPBS supplemented with 10% FBS. Cell staining was conducted according
to BioLegend protocols. All antibodies were purchased from BioLegend (San Diego, CA).
Flow cytometric data were collected using a BD LSR Il flow cytometer. FcR blocking

was performed with anti-CD16/32 (clone 98) antibody prior to staining with extracellular
antibodies: PerCP anti-mouse CD45 (clone 30-F11), PE/Cy7 anti-mouse F4/80 (clone
BMS8), and BV605 anti-mouse CD11c (clone N418). Viability was assessed using DAPI.
Data analysis was performed using FCS Express 7 (De Novo, Glendale, CA).

Histopathological Analysis:

Organs were harvested after intravenous administration of DPBS or mRNA polyplexes
prepared with PolyMDET, PolyMDET-C4, and PolyMDET-C6. After 24 h, the mice were
euthanized and the liver, spleen, heart, lungs, and kidneys were collected and fixed in

4% paraformaldehyde in DPBS (pH 7.4) for 24 h for sectioning. The organ tissues were
dehydrated and embedded in paraffin before being sectioned and stained with haematoxylin
and eosin (H&E) and observation using the revolve microscope under brightfield.

Detection of Cytokines by Enzyme Linked Immunosorbent Assay (ELISA):

Polyplexes containing Fluc mRNA were prepared as described above and administered via
tail vein injection. After 24 h, the blood was collected by cardiac puncture and stored in
EDTA-coated tubes. Within 30 minutes of blood collection, the blood was centrifuged at
1000 x g to separate the cellular fraction from the plasma. The plasma was then utilized

to assess the proinflammatory cytokine levels for tumor necrosis factor-alpha (TNFa) and
interleukin-6 (I1L-6) using ELISA following the manufacturer’s protocols (BioLegend, San
Diego, CA).

RESULTS AND DISCUSSION:
Design and Synthesis of polyMDET and polyMDET-Cp:

Biodegradable polymers can overcome several challenges associated with non-viral gene
delivery, including /n vivo stability, susceptibility to enzymatic degradation, poor cellular
uptake, and inefficient endosomal escape. lonizable polyesters as DNA/RNA delivery
platforms containing tertiary amines and synthesized from custom monomers have gained
attention due to their abilities to facilitate a pH-dependent, charge-altering characteristic
based on the pKa of the polymer. Further, post-synthetic modifications of side chains or
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end groups allow for tunable hydrophobicity or alternative charge characteristics to be
engineered for optimal nucleic acid delivery.

Recognizing the need for less complex non-viral nucleic acid delivery platforms, we
hypothesized that we could utilize commercially-available monomers in a one-pot reaction
to create a single-component nucleic acid delivery platform for efficient pPDNA and mRNA
transfection /n vitroand in vivo. We synthesized a set of ionizable polyesters containing
tertiary amines and various hydrophobic alkyl diols by condensation polymerization (Fig.
1A and B). The main components of the polymers were MDET and sebacoyl chloride

(e.g. polyMDET) and alkyl diols that varied in chain length (e.g. polyMDET-Cp) (p =

4, 6, 8, 10). Following this methodology, five types of polymers with varying degrees

of hydrophobicity were synthesized and no post-synthetic modifications were performed.
Statistical incorporation of hydrophobic alkyl chains into the polymer backbone produced
polymers with greater hydrophobicity than the parent polyMDET polymer. Importantly,
statistical polymers have shown a unique advantage in gene delivery applications, such as
enhanced gene transfection and reduced toxicity in the presence of serum compared to
common block copolymers.32: 33 1H NMR characterization of the synthesized polymers
confirmed the presence of characteristic protons in the polymer backbone indicating
successful polymerization (Fig. 1C and S1). The peak at 4.2 ppm confirmed the methylene
protons of MDET (-OCH5-), and the peak around 2.2-2.3 ppm represented the methylene
protons of sebacoyl chloride (-OCOCHS>-) at an integration ratio of 1:1, confirming
conjugation. Similarly, the incorporation of alkyl chains (Cp) generated an additional peak at
4.0 ppm for the methylene protons (-OCH>-). The integration ratio of the methylene protons
of MDET and Cp was 1:0.3, implying that the percentage of Cp was 30% of the total MDET
present in the polymer backbone. To confirm the absence of any unreacted monomers or
oligomers, we performed diffusion ordered NMR spectroscopy (DOSY) of polyMDET and
polyMDET-Cp polymers (Fig. S2). The DOSY spectrum displays the chemical shifts of
NMR resonances against their translational diffusion coefficient, where signals along the
same horizontal line belong to the same polymer. Analysis of the DOSY spectrum for
individual polymers revealed signals with similar diffusion coefficients consistent with an
efficient polymerization and absence of any monomers or oligomers.

The molecular weight and polydispersity index (PDI) of the polymers was determined by
matrix-assisted laser desorption/ionization-time of flight (MALDI-TOF) spectrometry using
2,5 dihydroxybenzoic acid (DHB) as the matrix (Fig. 1D and S3). The m/z difference (285
Da) between the peaks corresponded to MDET blocks. The number average molecular
weight (M), weight average molecular weight (M,,), and PDI were calculated using the
following equations, where N; and M; represent the abundance and mass of the it oligomer,
respectively.34 35

My = D NMi/ YN

My = Z NiMiZ/ Z N;M;
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PDI = My/M,

The molecular weight of the polymers was similar and varied between 4-5 kDa
demonstrating that the incorporation of different alkyl diols minimally affected the
polymerization. While we did not explore the reaction conditions that affect the molecular
weight of the polymers synthesized, the same molar ratio for all the starting materials was
maintained and the molecular weight of the polymers was found to be similar as shown by
MALDI-TOF (Fig. $3).36

Formation of Polyplexes and Their Physicochemical Characterization:

The assembly of macromolecules is governed by the attractive forces operating

between them. Cationic polymers interact electrostatically with negatively charged nucleic
acids to form condensed structures called polyplexes. Studies have suggested that
electrostatic interaction alone is insufficient to offer stability of the polyplexes under
physiological conditions due to competition with other electrolytes present.3” Incorporation
of hydrophobic ligands can enhance the cooperative binding with the nucleic acids,

which facilitates increases in encapsulation efficiency, reduces the size of polyplexes,

and offers improved stability. Further, hydrophobic moieties increase cell membrane
interactions, increase dissociation of polyplexes, and release nucleic acid into the cytosol.38
PolyMDET and polyMDET-Cp formed polyplexes with both pDNA (polyMDET/pDNA
and polyMDET-Cp/pDNA) and mRNA (polyMDET/mRNA and polyMDET-Cp/mRNA) as
shown in Fig. 2A. The stability of polyMDET/pDNA or polyMDET-Cp/pDNA polyplexes
at three different weight ratios of polymer to pDNA (55:1, 110:1, and 220:1) was assessed
using gel electrophoresis (Fig. 2B). Generally, the polyplexes were stable at 55:1 weight
ratio except polyMDET-C10, where a slight band indicating incomplete complexation was
observed. PolyMDET-C6 polyplexes prepared at weight ratios lower than 55:1 were unable
to stably condense pDNA (Fig. S4). Therefore, we utilized the 110:1 ratio to prepare
polyMDET/pDNA and polyMDET-Cp/pDNA polyplexes. PolyMDET and polyMDET-Cp
also formed stable polyplexes with mMRNA yet a lower weight ratio (55:1) was required (Fig.
2C). We measured the encapsulation efficiency of pDNA and mRNA (Fig. S5), which was
found to vary between 72-84% and 92-97%, respectively.

The size and zeta potential of the prepared polyplexes was found to be pH dependent,

owing to the ionizable tertiary amines present in the polymer backbones. pH titration curves
revealed the charge-altering characteristics of the polymers as shown by pKa values between
4-5 (Fig. S6). Polyplexes were prepared at pH 5 and subsequently dialyzed against DPBS

at pH 7.4. During the initial polyplex formation, the zeta potential was greater than 40 mV,
however neutralizing the pH resulted in a reversal of the zeta potential to less than =20 mV.
Furthermore, the sizes of polyMDET/pDNA, polyMDET-Cp/pDNA, polyMDET/mRNA,
and polyMDET-Cp/mRNA were similar ~200 nm at pH 5 and increased as a function of

pH (Fig. 2D, Fig. 2E, Table S1), although the increase in size was not the same for all

the polyplexes. The increased hydrophobicity of polyMDET-Cp versus polyMDET polymers
likely contributed to the less significant increase in size at higher pH. Interestingly, the size
of polyMDET-C10/pDNA and polyMDET-C10/mRNA was similar at pH 7.4. However, at
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lower pH, we measured a slight (~80 nm) difference in size between polyMDET-C10/pDNA
and polyMDET-C10/mRNA that could be related to the size of the pDNA compared to
MRNA (~5-fold greater nucleotides). Over the course of 7 days, we observed differential
levels of stability for various polyplexes (Fig. S7) and all polyplexes displayed similar size
characteristics to their initial formulations for at least 2 days except for polyMDET-C10. Gel
electrophoresis also showed that all polyplexes displayed a reduced ability to fully condense
pDNA after 7 days (Fig. S8), which can possibly be explained by the degradation of the
polymers over time. In fact, another study found that similar MDET containing polyesters
that were modified with cholesterol side chains p(MDS-co-CES) lost approximately 54% of
their weight in PBS pH 7.4 and 37°C over the course of 8 weeks.3°

Polyplex Stability in the Presence of Serum and DNase I:

The ability for polyplexes to protect nucleic acid cargoes under physiological conditions
was evaluated by incubating polyplexes in a physiologically relevant concentration (55%
FBS) of serum or DNase | for 30 min or 1 hour, respectively followed by performing

gel electrophoresis.22 40-43 Serum incubation revealed partial destabilization of pDNA
polyplexes prepared from polyMDET and polyMDET-C10 polyplexes, whereas the other
polyplexes remained stable (Fig. S9). Fig. S10 shows that all polyplexes protected DNA
from DNase | degradation.

Physicochemical Properties of Polymers Results in Differential In Vitro Transfection of
pDNA and mRNA:

To assess the structure-property relationships between polyplexes and /7 vitro transfection
efficiency, a monocyte/macrophage-like cell line, RAW 264.7 was used. All transfection
experiments were performed in the presence of 10% FBS. Fluorescence microscopy and
flow cytometry revealed that the transfection efficiency of polyMDET/pDNA polyplexes
prepared at 110:1 ratio was similar to PEI (at N/P ratio 30) (Fig. 3A). The N/P ratio

of PEI was chosen based on our previous study that showed PEI30 was able to produce
higher transfection in macrophages in the presence of serum.?2 MTS assay showed that
the polyMDET and polyMDET-Cp polyplexes evaluated did not reduce cell viability at
the concentrations used, whereas PEI30 displayed a 40% reduction in viability (Fig.

S11). The toxicity of PEI is caused by its high positive charge density, which can

lead to strong interactions with cell surfaces and subsequent damage.2® The absence of

a high positive charge density and pH-dependent charge properties of polyMDET and
polyMDET-Cp are likely reasons for the lack of toxicity observed for these polyesters.
Hydrophobic madification enhanced the transfection efficiency and reached a maximum for
polyMDET-C6/pDNA (3-fold higher compared to PEI30). Fig. 3B demonstrated that 62%
of RAW 264.7 cells were GFP* compared to untreated cells and the transfection efficiency
of polyMDET-C6/pDNA was comparable to another commercially-available transfection
reagent, jetOPTIMUS (Fig. 3C, 3D, and Fig. S12).

Transfection of immune cells using mRNA is advantageous compared to pDNA, as it does
not require nuclear entry and allows for efficient protein expression in lesser proliferative
primary cells. Hence, mRNA transfection has become a mainstay for developing

various biomedical applications, including vaccines,** protein replacement therapy,*® and
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immunotherapies.*6 To monitor the MRNA transfection efficiency of the various polyplexes,
we utilized GFP reporter mRNA. Fig. 3A shows representative fluorescence microscopy
images of the GFP signal. We further quantified the transfection efficiency using flow
cytometry (Fig. 3E, 3F, and Fig. S12). Conversely to pDNA transfection, all mRNA-
containing polyplexes efficiently transfected RAW264.7 cells except for polyMDET-C10.
Notably, the transfection efficiency for the best performing polyMDET-C6/mRNA polyplex
was over 10-fold greater than PEI30 and jetOPTIMUS that were used as controls.

The pDNA and mRNA transfection of polyMDET and polyMDET-Cp polyplexes was next
evaluated using primary bone marrow-derived macrophages (BMDM) and compared with
PEI30 and jetOPTIMUS as controls (Fig. 4). The transfection efficiency of polyMDET
and polyMDET-Cp was significantly higher (3—4 fold) compared to the controls with
polyMDET-C6 performing the best followed by polyMDET-C4 and polyMDET-C8, which
was further validated using fluorescence microscopy (Fig. S13). Interestingly, there were
no differences in the trend for transfection between pDNA and mRNA, although mRNA
transfection was 50% maore efficient than pDNA (30% versus 20% for polyMDET-C6).
Importantly, these results were similar to other efficient PBAE polyplexes that utilized a
poly(glutamic acid)-dimannose targeting ligand to enhance the uptake of polyplexes for the
transfection of BMDMs.27

The enhancement of transfection in both RAW 264.7 cells and BMDMs for polyMDET
and polyMDET-CP polyplexes without the need to incorporate additional excipients, surface
coatings or targeting ligands could be due to multiple reasons. It was reported that the
balance between hydrophobicity and cationic charge can significantly affect nucleic acid
delivery.38 The hydrophobicity of the polymers can enhance cell membrane interactions,
resulting in increased cellular uptake of polyplexes, and improved gene expression.16-18 The
increased expression of GFP could also be attributed to the efficient endosomal escape of
the polymers, where a previous study showed that interplay between the alkyl chain length
and the monomer ratio can lead to a significant change in nucleic acid loading, endosomal
escape, nucleic acid delivery, and eventually therapeutic outcomes.*’ Although there are
minor differences in the hydrophobic alkyl chains among PolyMDET-C6, PolyMDET-C8,
and PolyMDET-C10, it could lead to significant differences in transfection efficiency due
to impairment of one or multiple intracellular processes as previously shown.48-50 The

pKa of the polymers is anticipated to be protonated at endosomal pH (Fig. S6), which
could allow for polyplexes to utilize the proton sponge effect to escape endosomes. We
confirmed the ability of polyMDET-C6 polyplexes to escape endosomal trafficking by
encapsulating Cy5.5 and co-staining using lysotracker for fluorescence imaging (Fig. S14).
After 24 h, the observation of polyplexes co-localized and not co-localized with lysotracker
staining, in combination with transfection data demonstrating GFP expression in various
cell types (Fig. 3 and Fig. 4), supports that the polyplexes were able to escape endosomes.
Overall, these results demonstrated that single-component, excipient-free polyMDET and
polyMDET-Cp polyplexes were highly efficient in transfecting both pDNA and mRNA in
“hard-to-transfect” innate immune cells, including RAW 264.7 cells and primary BMDMs.
The hydrophobicity of the polymers was a driving factor for efficient transfection, with
moderately hydrophobic polyMDET-C6 offering the highest transfection compared to the
more hydrophobic polyMDET-C8 and polyMDET-C10 polyplexes.
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Cellular Uptake Mechanism of Polyplexes:

The cellular uptake mechanism of polyplexes was evaluated using RAW 264.7 cells. The
intensity of the GFP fluorescence signal from nucleic acid delivery by polyplexes was

used to determine the impact of various uptake inhibitors known to alter clathrin-dependent
endocytosis (chlorpromazine (CHP)), lipid raft and caveolin-dependent endocytosis (methyl-
B-cyclodextrin (MBCD)), caveolin-dependent endocytosis (filipin), micropinocytosis (5-(N-
ethyl-N-isopropyl)- amiloride (EIPA), and phagocytosis (cytochalasin D (CytD)).4* 1 Fig.
5 shows CHP and MBCD treatment completely inhibited polyMDET and polyMDET-Cp
induced GFP expression. Filipin treatment reduced GFP expression by polyMDET-C6 by
approximately 40%, whereas no significant reductions were observed for other polyplexes.
EIPA treatment partially reduced GFP expression from polyMDET, polyMDET-C6, and
polyMDET-C8 polyplexes. Lastly, CytD treatment significantly reduced GFP expression
induced by all polyplexes with the greatest inhibition noted for polyMDET polyplexes.
Taken together, these results indicated that the polyplexes mostly relied on both clathrin- and
lipid raft-dependent endocytosis mechanisms to induce gene expression and that blocking
one of the pathways was sufficient to eliminate gene expression. All other inhibitors showed
variable levels of inhibition that was dependent on the type of polyplex. For example,

CytD treatment completely inhibited gene expression induced by polyMDET polyplexes but
affected other polyplexes to a lesser, but significant extent. This effect could partially be
explained by the differences in the size of polyplexes at pH 7.4. Nanoparticle size plays a
crucial role in the endocytosis pathways, which is known to affect their uptake efficiency.>2
Phagocytosis is a pathway by which cells uptake various bacteria, viruses, apoptotic, and
necrotic cells. This pathway is known to allow for internalization of particles that are larger
in size (0.5-10 pm), which correlated with the DLS results for polyMDET polyplexes being
larger than other variants tested.53: 54

In Vivo mRNA Delivery and Lung-Selective Transfection:

After successful /n vitro transfection of pDNA and mRNA, we next explored the efficiency
of /n vivo transfection with these polyplexes in C57BL/6 mice. Since mRNA was more
effective to transfect BMDMs (Fig. 4), we performed these studies using mRNA. Mice
were intravenously administered polyMDET/mRNA or polyMDET-Cp/mRNA polyplexes
containing 10 pg of luciferase mMRNA (FLuc). After 24 hours, the mice were injected with
D-luciferin solution intraperitoneally, euthanized, and the luminescence signal from various
organs (liver, spleen, heart, lungs, kidneys) was measured using IVIS® (Fig. 6A). A strong
luminescence signal was observed in the lungs for certain polyplexes, with the highest
signal for polyMDET-C4/mRNA (Fig. 6B and 6C). PolyMDET showed a strong but equal
distribution of protein expression in the lung and spleen with minimal expression in the liver,
heart, and kidneys. Interestingly, polyMDET-C4 and polyMDET-C6 displayed a significant
increase in the ratio of protein expression in the lung versus the spleen, 23-fold and 12-fold,
respectively (Fig. 6D). PolyMDET-C8 polyplexes only showed minor transfection in the
spleen. Other organs besides the lung and spleen were minimally transfected.

As polyMDET and polyMDET-Cp polyplexes showed slightly different mRNA translation
in the lung, we studied the biodistribution of the polyplexes. As shown in Fig. S15, the
most significant fluorescence signals were detected in the liver, lung, kidney, and spleen.
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Previous studies have shown that the pKa and hydrophobicity of polymers affected the

organ selectivity of the protein expression.>® However, our results differed from previously
reported results for LNPs that showed pKa values around 9 led to increased lung selectivity,
whereas the pKa for the polymers used in our studies were < 5 (Fig. S6). Several factors may
play a role in the observed differences between our findings and LNPs, including differential
uptake and trafficking mechanisms (Fig. 5), differential protein corona fingerprints, and
other physicochemical properties including size and zeta potential.>8: 57 Taken together,
these results support that the physicochemical properties of polyMDET-C4/mRNA and
polyMDET-C6/mRNA polyplexes played a major role in determining the lung selectivity of
FLuc expression.

In Vivo Immune Cell Transfection:

To quantify the immune cell populations transfected in the lung and spleen, we

prepared GFP mRNA-containing polyMDET-C4 and polyMDET-C6 polyplexes. Polyplexes
containing 10 pg of mMRNA were intravenously administered via the tail vein into C57BL/6
mice and the resulting GFP signal in the lungs and spleen was measured using flow
cytometry after 24 hours. The gating strategy used for analysis is shown in Fig. S16.

We enumerated GFP expression in a variety of cell populations (Fig. 6E-I), such as

CD45" (lymphocytes), CD45~ (non-lymphocytes, which includes endothelial and epithelial
cells, among others), CD45*F4/80*CD11c* (alveolar macrophages), CD45*F4/80*CD11c™
(interstitial macrophages), and CD457F4/80~CD11c* (dendritic cells).58-81 polyMDET-C4
and polyMDET-C6 polyplexes transfected approximately 10-11% of lymphocytes, 5-8% of
non-lymphocytes, 6-8% of dendritic cells, 2-3% of interstitial macrophages and 7-8% of
alveolar macrophages.

Total cell transfection in spleen was less than the lung for both polyplexes evaluated,
which correlated with the 1VIS® images that showed a 10-fold lower luciferase signal

in the spleen for both polyplexes evaluated. Lymphocyte transfection in the spleen was
also lower than the lungs with 2.5-3% of CD45"CD11c* dendritic cells and 3.5-4.6% of
CD45%F4/80" macrophages being found GFP* (Fig. S17). The reduced transfection within
the spleen may be related to distinct differences in cell populations between the spleen

and lungs, mainly the significant presence of B and T cells. This corresponded with our

in vitro studies evaluating these polyplexes for T cell transfection (Jurkat cells), where no
transfection was observed (data not shown). The percentage of CD45"F4/80~CD11c"GFP*
cells was also calculated in both the spleen and lungs (Fig. S18), which would include
immune cells besides macrophages and dendritic cells, which could include monocytes,
neutrophils, B cells, and T cells, among others. The spleen did not show any significant
difference compared to PBS, which corroborated the findings that few lymphocytes were
transfected. Moreover, 1.5-2.5% of CD45*F4/80"CD11c™ cells were GFP* in the lungs.
These studies demonstrated that appreciable levels of mMRNA transfection can be achieved
using polyMDET-C4 and polyMDET-C6 polyplexes in an organ-selective manner to reach
“hard-to-transfect” innate immune cells /n vivo. Future studies aimed to further distinguish
lymphocyte and non-lymphocyte populations within the lung and spleen may better classify
differences between polyMDET-C4 and polyMDET-C6 polyplexes.
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Analysis of organ tissue histology and plasma cytokines following polyplex treatment:

Conclusion:

To assess the biocompatibility of polyMDET and polyMDET-Cp polyplexes used in these
studies, we performed histological examination and plasma cytokine analyses. Mice were
injected intravenously with polyplexes containing 10 ug mRNA via tail vein injection. After
24 h several major organs (liver, spleen, heart, lung, and kidney) were collected, fixed,

and stained using hematoxylin and eosin (H&E). This timepoint was chosen for evaluation
as it corresponded to the timepoint used for /77 vivo transfection experiments in Fig. 6.
Examination of the tissue sections did not indicate induction of inflammation nor alterations
from normal tissue architecture after polyplex treatment (Fig. 7A). LNP administration has
been shown to induce proinflammatory responses, owing to the use of ionizable lipids,

and strategies have been developed to reduce this effect.62: 63 We analyzed the plasma
proinflammatory cytokine levels using an enzyme-linked immunosorbent assay (ELISA)
following polyplex treatment. Interleukin-6 (IL-6) and tumor necrosis factor a (TNFa)

and were not significantly increased compared to the PBS control, which demonstrated the
lack of proinflammatory responses generated by the polyplexes (Fig. 7B). Taken together,
these results support the biocompatibility, anti-inflammatory properties, and safety of the
polyMDET and polyMDET-Cp polyplexes for /n vivo use. Future toxicology studies will

be useful to comprehensively evaluate the dose- and time-dependent responses following
polyplex administration in a therapeutically-relevant model.

Designing polymer-based carriers for efficient DNA/mRNA transfection is critical for
developing nucleic acid therapeutics. Here, we synthesized a set of biodegradable
hydrophobic ionizable polyesters (polyMDET and polyMDET-Cp) using a one-pot synthetic
methodology by incorporating variable length alkyl chains into the polymer backbone to
create a single-component and excipient-free, non-viral polyplex for pDNA and mRNA
delivery. Polyplexes were highly efficient to transfect pPDNA and mRNA in RAW 264.7
macrophages and primary BMDMs. The hydrophobicity of the polyMDET and polyMDET-
Cp was a conducive factor for efficient transfection, with the moderately hydrophobic

and best performing polyMDET-C4 and polyMDET-C6 polyplexes achieving over 10-fold
higher transfection than PEI30 and jetOPTIMUS in BMDMs with negligible cytotoxicity.
Uptake mechanism studies using polyMDET and polyMDET-Cp polyplexes revealed that
transfection was eliminated by clathrin, and lipid raft inhibitor treatment, whereas the extent
of inhibition due to other inhibitors was polyplex-dependent. Intravenous administration

of polyplexes identified a hydrophobicity-driven shift in the lung:spleen protein expression
ratio with all protein expression being extrahepatic. Protein expression in the lungs and
spleen by the more hydrophilic polyMDET polyplexes was similar, whereas polyMDET-C4
and polyMDET-C6 polyplexes displayed a lung-selective tropism for mRNA transfection

of 23- and 12-fold, respectively. Flow cytometry analysis of the lungs showed 6-8% of
dendritic cells and 7-8% of alveolar macrophages were transfected with mRNA, while other
lymphocytes were marginally transfected (~2%) demonstrating significant opportunity to
modulate innate immune cell responses.

The preferential lung transfection illustrates the importance of polyplex physicochemical
properties to modulate biodistribution and immune cell uptake profiles. We envision that
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altering the size and surface chemistry of the polyplexes may aid in achieving transfection

in hepatic or other extrahepatic tissues as previously described.54 Importantly, our data
support noninflammatory mRNA delivery to the lung using polyMDET and polyMDET-Cp
polyplexes, which offers significant potential to develop tolerogenic mRNA vaccines for

the treatment of autoimmunity®® or allergy based on several studies utilizing polymeric
nanoparticles for induction of antigen (Ag)-specific immune tolerance.66-69 Alternatively,
the incorporation of nucleic acid adjuvants targeting Toll-like receptor signaling or the cGas/
STING pathway may provide the opportunity to develop targeted cancer vaccines.’% 71
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Figurel.

Synthesis and characterization of ionizable polyesters. Synthetic schemes for (A)
polyMDET and (B) polyMDET-Cp polyesters, respectively. The polyesters were synthesized
via a polycondensation reaction between N-methyldiethanolamine (MDET) and sebacoyl
chloride for polyMDET or using MDET, sebacoyl chloride, and various alky! diols for
polyMDET-Cp, where “p” stands for the total number of carbons in the aliphatic chains. (C)
Representative 1H NMR spectra of polyMDET and polyMDET-C6. The peak at 4.2 ppm and
1.2-1.5 ppm signifies the protons for MDET and sebacoyl chloride. The peak around 4 ppm
(8) indicates the protons of the hexyl group, demonstrating successful incorporation into the
polymer backbone. (D) Molecular weight and quantification of MDET and Cp determined
by MALDI-TOF MS and IH NMR spectra.
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Figure 2.
Polyplex preparation and characterization. (A) Schematic representation of the polyplex

preparation with polymers and pDNA or mRNA. (B) Agarose gel electrophoresis showing
the stability of polyplexes made with various polymers and pDNA at different weight ratios
(55:1, 110:1, and 220:1). (C) Agarose gel electrophoresis showing the stability of polyplexes
prepared using various polymers and mRNA at 55:1 weight ratio. Hydrodynamic size and
zeta potential of polyplexes prepared with (D) pDNA and (E) mRNA, respectively. Data

are representative of n=3 experiments. Errors bars represent standard deviation. Left arrow
indicates the hydrodynamic diameter of the polyplexes, whereas the right arrow indicates the
zeta potential.
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Figure 3.
Transfection of GFP encoded pDNA and mRNA in RAW 264.7 cells. (A) RAW 264.7 cells

were transfected with polyMDET/pDNA or polyMDET-Cp/pDNA and polyMDET/mRNA
or polyMDET-Cp/mRNA polyplexes prepared at a weight ratio of 110:1. GFP was used to
assess for the transfection efficiency of the polyplexes. Scale bar 100 um. (B) Representative
gating strategy for the quantification of transfection by flow cytometry. Flow cytometry-
based quantification of transfection efficiency of (C) polyMDET/pDNA and polyMDET-Cp/
pDNA and (E) polyMDET/mRNA, polyMDET-Cp/mRNA polyplexes, respectively. Mean
fluorescence intensity (MFI) of GFP expression after transfection of (D) GFP-encoded
pDNA and (F) mRNA, respectively. PEl3q corresponds to polyplexes prepared at N/P ratio
30. The amount of GFP pDNA and GFP mRNA used was 2 pg and 1 ug, respectively per 2
x 10° RAW 264.7 cells. Data are representative of n=3 experiments. Statistical differences
between groups were determined by performing a one-way ANOVA and Tukey’s post-hoc
test (**p<0.01, ****p<0.0001). Errors bars represent standard deviation.
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Figure 4.

Flow cytometry-based quantification of transfection efficiency of polyMDET and
polyMDET-Cp polyplexes in primary BMDM cells. (A) Representative schematic for
extraction of bone marrow from the femur and tibia of C57BL/6 mouse, differentiation
into bone marrow-derived macrophages (BMDM), and polyplex treatment. Created with
BioRender. (B and D) Flow cytometry-based quantification of transfection efficiency

of polyMDET/pDNA, polyMDET-Cp/pDNA and polyMDET/mRNA, polyMDET/mRNA
polyplexes, respectively, in BMDMs. (C and E) Mean fluorescence intensity (MFI) of
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GFP expression after transfection of GFP encoded pDNA and mRNA, respectively. The
amount of GFP pDNA and GFP mRNA used was 2 ug and 1 ug, respectively per 2 x 10°
BMDMs. PEI30 corresponds to polyplexes prepared at N/P ratio 30. Data are representative
of n=3 experiments. Statistical differences between groups were determined by performing
a one-way ANOVA and Tukey’s post-hoc test (***P<0.001 ****P<0.0001). Errors bars
represent standard deviation.
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polyMDET-C10

Uptake mechanism study of polyMDET/pDNA and polyMDET-Cp/pDNA polyplexes in
RAW 264.7 cells. RAW 264.7 macrophages were incubated with various endocytosis
inhibitors for 1 hour before treatment with the polyplexes. The MFI of GFP expression was
analyzed by flow cytometry after 24 hours. The amount of GFP pDNA used was 2 ug per 2
x 10° RAW 264.7 cells. Data are representative of n=3 experiments. Statistical differences
between groups were determined by performing a one-way ANOVA and Tukey’s post-

hoc test (*P<0.05, **P<0.01, ***P<0.001 ****P<0.0001). Errors bars represent standard

deviation.
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Figure®6.

In vivo mRNA transfection in C57BL/6 mice and quantification of immune cell transfection.

(A) Schematic for mRNA polyplex preparation, /n vivo administration, and analysis of
cell transfection. (B) Representative ex vivo bioluminescence images of organs after
24 h of intravenously injected FLuc-encoded mRNA polyplexes in C57BL/6 mice. (C)
Quantification of FLuc mRNA expression in selected tissues. (D) Relative bioluminescence
intensity of lung compared to spleen in PolyMDET, PolyMDET-C4, and PolyMDET-C6.
Flow cytometric analysis in the lung of (E) total percentage of CD45*GFP* cells. (F)

total percentage of CD45-GFP* cells. (G) total percentage of CD45*F4/80"CD11c*GFP™.
(H) total percentage of CD45*F4/80*CD11c”GFP™ (I) CD45*F4/80*CD11c™ cells in lungs.
Statistical differences between groups were determined by performing a one-way ANOVA
and Turkey’s post-hoc test (*P<0.05, **P<0.01, ***P<0.001 ****P<0.0001). Errors bars

represent standard deviation. N=3 mice per experimental group.
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Figure7.
In vivo histological examination and proinflammatory cytokine levels of polyplex-treated

mice. (A) Histopathological changes of various organ tissues after single dose intravenous
administration of polyplexes (10 ug mRNA) in mice. Scale bar 200 pm. (B) Expression of
plasma proinflammatory cytokines after intravenous administration of the polyplexes using
ELISA. mRNA polyplexes did not show any proinflammatory cytokine IL-6 and TNFa
expression after 24 h. Lipopolysaccharide (LPS) used as positive control induced higher
amount of IL-6 and TNFa expression. nd — not detected. N=3 mice per experimental group.
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