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The use of mRNA for prophylactic and therapeutic applications, such
as treating coronavirus and cancer, has garnered significant attention.
However, owing to the inherent labile nature of mRNA, it requires
robust delivery platforms to enable effective mRNA-based therapies.
While lipid nanoparticles (LNPs) have shown success in mRNA delivery,
they face challenges in terms of safety, storage and manufacturing
costs. Polymeric mRNA delivery platforms have emerged as promising
alternatives due to their structural versatility, durability, and transfec-
tion efficiency. This study presents PFHA-PEI-mRNA-HP, a polymeric
mRNA delivery nanoplatform that utilizes simultaneous fluorination
and heparinization of low molecular weight polyethylenimine (PEI)-
based mRNA complexes to enhance performance. These modifications
applied to the PEI backbone significantly improved the physicochem-
ical properties, cellular uptake, endosomal escape capability, and

Department of Materials Science and Engineering, University of Washington,
Seattle, Washington 98195, USA. E-mail: mzhang@uw.edu
+ These authors contributed equally.

Congratulations to Nanoscale
Horizons on a decade of excel-
lence in nanoscience and techno-
logy! The Journal has consistently
showcased high-quality and inno-
vative research that advances the
frontiers of the field. It was a
great honor to serve on the
editorial board from 2018 to
2024. We are excited to share
our recent work on a polymeric
nanoplatform that tackles key
challenges in mRNA delivery,
offering design insights and
highlighting the therapeutic potential of functionalized cationic
polymers. Here’s to another decade as a leading platform for
groundbreaking discoveries in nanoscience and materials-based
medicine.

Miqin Zhang

2550 | Nanoscale Horiz., 2025, 10, 2550-2568

Guanyou Lin, T Jianxi Huang,
Arthur Finstad and Miqin Zhang = *

A modular polymer platform for efficient mRNA
delivery in cancer immunotherapy

+ Xingi Li, Yunshan Liu, 2 Taylor Juenke,

New concepts

This research presents an innovative polymeric mRNA delivery platform
that addresses key limitations of lipid nanoparticles (LNPs) widely used in
mRNA therapeutics. Despite their clinical success, LNPs rely on complex
multicomponent lipid formulations, labor-intensive screening, and cold-
chain storage, resulting in batch inconsistencies and high costs. Further-
more, their limited lipid reactive sites restrict functionalization for
targeted therapies. PFHA-PEI-mRNA-HP, based on a single, fluorinated,
and heparinized low molecular weight PEI macromolecule, forms catio-
nic nanoparticles that self-assemble with mRNA via simple mixing,
enhancing scalability, affordability, and consistency. Fluorination boosts
cellular uptake and endosomal escape, while heparinization improves
biocompatibility and stability. This platform outperforms Lipofectamine
2000 in terms of transfection efficiency across different cancer cell lines
and remains stable without cold storage. In vivo, it effectively delivers IL12
mRNA, suppressing triple-negative breast cancer in mice alongside anti-
PD-L1 therapy without toxicity. This study not only provides insights into
designing and optimizing a novel polymeric mRNA delivery platform but
also conceptually demonstrates the promising utility of functionalized
cationic polymers in the field of mRNA delivery.

biocompatibility of the platform, resulting in a substantial increase in
transfection efficiency. PFHA-PEI-mRNA-HP achieved ultra-high trans-
fection efficiency of >90% across multiple cancer cell types, out-
performing the LNP-based delivery reagent Lipofectamine 2000.
Additionally, PFHA-PEI-mRNA-HP demonstrated superior stability
compared to Lipofectamine 2000 when stored above 0 °C for 15 days.
When loaded with therapeutic IL12 mRNA, PFHA-PEI-mRNA-HP effec-
tively delivered its payload in vivo and, in combination with anti-PD-L1
therapy, significantly inhibited tumor growth in a triple-negative breast
cancer mouse model without causing harm to healthy tissues. These
results highlight PFHA-PEI-mRNA-HP as a highly efficient and reliable
mRNA delivery platform for cancer gene therapies.

1. Introduction

Messenger RNA (mRNA), the intermediator between the fixed
genetic blueprint (DNA) and the terminal effector (proteins),

This journal is © The Royal Society of Chemistry 2025
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offers great flexibility and utility as a medicinal agent." The
delivery of prophylactic mRNA payloads via nanomaterial-
based platforms has shown technological prowess in addres-
sing the significant public health challenges faced worldwide
during the recent pandemic years. Successful mRNA transfec-
tion can express virtually any proteins of design in cells and
tissues to manipulate cell behaviors and exert prophylactic or
therapeutic effects to treat or prevent diseases. The cytosolic
mRNA activity, which eliminates the need to pass the nuclear
envelope barrier of the cell for transient protein expression and
the risk of insertional mutagenesis, enables facile and safe
transfection.> However, due to the labile nature of mRNA, the
main challenge of mRNA delivery is finding a reliable carrier
offering protection from enzymatic and chemical degradation
while ferrying mRNA across biological barriers. While lipid
nanoparticles (LNPs) have achieved remarkable success as an
mRNA delivery platform for vaccines and treatments, there is
still room for improvement to address the safety concerns
associated with LNP-mRNA formulations. These formulations
may pose limitations and potential side effects when applied
clinically.” Recent findings also pointed out that LNPs not
only encapsulate mRNA but also water pockets, which could
readily subject mRNA to hydrolysis and jeopardize its structural
integrity unless stored under ultra-cold conditions (—20 °C to
—80 °C).°"® The manufacture of LNP-mRNA requires meticu-
lous mixing of many different lipid constituents (usually four)
with mRNA in aqueous-organic solvent mixtures, commonly
using water-ethanol, in high precision mixing platforms, such
as rapid microfluidic mixing devices, to ensure reproducibi-
lity.>'® To equip LNPs with active tumor targeting ability,
additional reactive lipids need to be added to them for post-
synthetic ligand installation, which could further complicate
the manufacture process of LNPs and alter their structural
integrity, which is largely based on weak electrostatic and
hydrophobic interactions."" Therefore, it is necessary to develop
a novel class of mRNA delivery platforms that can build on the
success of LNPs, while addressing their limitations. Efforts to
modify LNPs with polymeric moieties to improve their mRNA
delivery performance have been reported in recent years.'>"
Cationic polymer-based mRNA delivery platforms have also
gained extensive research recognition. Different from LNPs,
a cationic polymer can be simultaneously equipped with multi-
ple functional moieties so that only very few polymeric consti-
tuents are needed to form nanoparticles (NPs) with mRNA,
making the production of polymeric mRNA NPs much easier
and less costly than that of LNP-mRNA.*® Also, due to their
larger-than-lipid molecular weight and abundant in positive
charge, cationic polymers can form more robust and stable
complexes with mRNA which can better protect mRNA from
degradation than lipids via multivalent electrostatic condensa-
tion." Among the numerous types of cationic polymers, only
polyethyleneimine (PEI) is widely applied to deliver mRNA due
to its superior capability of mRNA condensation and endoso-
mal escape.'” To circumvent the non-biodegradability and
cytotoxicity issues of large molecular weight PEI, low molecular
weight branched PEI-based delivery platforms have been
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developed, showing great efficacy in delivering mRNA for
vaccination against HIV and influenza viruses as well as treat-
ing muscle dystrophy. This demonstrates the utility and suit-
ability of low molecular weight branched PEI for mRNA delivery
applications.'®™"® However, the mRNA transfection efficiency of
these mRNA delivery platforms was either inferior to that of
LNPs or only comparable to that of the toxic high molecular
weight PEI, leaving the transfection efficiency of low molecular
weight PEI-based mRNA delivery platforms still in doubt.

Fluorine has been widely utilized in the medicinal industry
to modify the molecular structures of drugs for better pharmaco-
kinetic and therapeutic outcomes and imaging applications.>*>*
In the context of biomaterials, fluorination, which is typically
achieved by incorporating fluorocarbon moieties into polymer
structures, has recently been shown to substantially improve
the gene delivery efficiency of cationic polymers.>**” This
enhancement arises from several key properties of fluorocar-
bons. Firstly, fluorinated chains exhibit amphiphobicity, they
are both hydrophobic and lipophobic, leading to low interfacial
energy and reduced nonspecific interactions with proteins and
membranes.”®*° Secondly, fluorocarbon-modified polymers
have a strong tendency to self-assemble into compact and
stable nanostructures, which improves the condensation of
mRNA and protects it from enzymatic degradation.*® Thirdly,
fluorinated polymers facilitate crossing biological barriers,
such as the plasma membrane and endosomal compartments,
by promoting membrane destabilization and escape.?'* These
combined effects, including enhanced stability, reduced non-
specific adsorption, and improved intracellular trafficking,
make fluorinated cationic polyplexes promising carriers for
nucleic acid delivery. Fluorinated cationic polyplexes have been
reported to have high efficiency in delivering DNA,>*?°
SiRNA***> and proteins®® but have been rarely reported for
mRNA delivery.

A common dilemma in polymeric gene delivery platforms is
that the high density of cationic charges necessary for effective
nucleic acid condensation also poses the issues of toxicity,
insufficient nucleic acid release and serum protein adsorption.
A promising solution for these problems is embellishing catio-
nic polyplexes with polyanions. Adding polyanions not only
improves the biocompatibility and serum stability of complexes
by partially shielding their positive surface charge but also
helps tune the binding tightness between cationic polymers
and nucleic acids, thus achieving a subtle packing-unpacking
balance for efficient nucleic acid release.>’% As a biocompa-
tible polysaccharide with high anionic charge density, heparin
(HP) has been repeatedly reported to significantly improve the
biocompatibility, nucleic acid release profile and transfection
efficiency of various types of cationic polyplexes when incorpo-
rated in them.***' Although the polyanion embellishment
strategy has been proven to be effective for DNA and RNAi
delivery, whether the same strategy would display a similar
enhancement effect on mRNA delivery platforms remains lar-
gely unexplored, if not completely unknown.

By combining the merits of low molecular weight branched
PE], fluorination, and heparin embellishment, polymeric mRNA
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NP could yield a comparable or even better mRNA delivery
efficiency than LNPs, while possessing superior structural integrity
compatible with post-synthetic modifications such as targeting
ligand conjugation, more robust storage stability, and simplified
yet reproducible manufacture process. To this end, we introduced
a polymeric NP mRNA delivery platform (termed PFHA-PEI-mRNA-
HP) and demonstrated its utility in the transfection of multiple
cancer types. Branched PEI with a molecular weight of 2 kDa,
perfluoroheptanoic acid (PFHA) as the fluorocarbon moiety, and
low molecular weight (1.8-7.5 kDa) heparin (HP) were selected as
the constituents of this mRNA delivery platform. PFHA-PEI-mRNA-
HP possessed a sub-hundred nm size, spherical shape and suffi-
cient positive surface charge, which are conducive for effective
mRNA delivery. Since the capability of achieving successful gene
delivery in cancer cells is crucial in improving the therapeutic
outcomes of cancer treatments, PFHA-PEI-mRNA-HP was applied
to different types of cancer cells to test its in vitro mRNA delivery
utility. Breast and liver cancer cells were chosen as the target cells
given that they are the major types of cancers inflicting a large
number of deaths worldwide (over 1.5 million in 2020).** Brain
cancer cells were also tested because brain cancer is one the
deadliest cancer types with a 5-year survival rate below 5% even
though it is not as prevalent as breast and liver cancers.*?

Notably, PFHA-PEI-mRNA-HP was able to achieve an ultra-
high mRNA transfection efficiency (> 90%) across breast cancer
cells, brain cancer cells and liver cancer cells, while showing
innocuous toxicity profiles on these cell lines. PFHA-PEI-mRNA-
HP exhibited superior stability to Lipofectamine 2000-mRNA
LNP when stored at 4 °C for 15 days. Loaded with immunother-
apeutic interleukin 12 (IL12) mRNA, PFHA-PEI-mRNA-HP
demonstrated promising utility in inducing antitumor immu-
nity to suppress the growth of metastatic triple negative breast
cancer (TNBC) tumors in vivo, without causing harm to healthy
tissues. The mRNA delivery performance and storage stability
of PFHA-PEI-mRNA-HP demonstrated that it can be a highly
efficient and reliable mRNA delivery platform for gene therapy
against aggressive solid tumors and other diseases.

2. Materials and methods
2.1 Materials

CleanCap® EGFP mRNA was purchased from TriLink Bio-
technologies (San Diego, CA, USA). Low molecular weight
heparin was purchased from Galen Laboratory Supplies (North
Haven, CT, USA). Branched PEI (MW 2 kDa) was purchased
from Polysciences (Warrington, PA, USA). Microliter syringes
(100 pL max volume) and removable needles (32 gauge, point
style 3) were purchased from Hamilton (Reno, NV, USA). An NE-
300 “Just Infusion”™ Syringe Pump was purchased from New
Era Pump System Inc. (Farmingdale, NY, USA). (1-Ethyl-3-[3-
dimethylaminopropyl]carbodiimide  hydrochloride) (EDC),
N-hydroxysuccinimide (NHS), Lab-Tek™ II 8-well chambered
cover glass, NucBlue DAPI reagent, Lipofectamine 2000, Lyso-
Tracker™ Red DND-99, ultrapure agarose, antibiotic-antimyco-
tic (100x), TrypLE Express Enzyme solution, RPMI 1640 and
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DMEM cell culture medium were purchased from Invitrogen
(Carlsbad, CA, USA). HyClone characterized fetal bovine serum
(FBS) was purchased from GE Healthcare Life Sciences (Pitts-
burgh, PA, USA). Label IT Tracker Intracellular Nucleic Acid
Labeling Kits were purchased from Mirus Bio (Madison, WI,
USA). Single Strand RNA ladder was purchased from New
England Biolabs (Ipswich, MA, USA). SpectraPOR7 dialysis
membrane was purchased from Repligen Corp (Waltham,
MA, USA). Calcein AM Viability dye and propidium iodide were
purchased from ThermoFisher Scientific (Waltham, MA, USA).
All other chemicals were purchased from Sigma-Aldrich
(St Louis, MO, USA). The 4T1, HepG2, MCF7, SF763 and C6
cell lines were purchased from American Type Culture Collec-
tion (Manassas, VA, USA). The M6 cell line was kindly shared by
the Disis group from the Cancer Vaccine Institute at UW
Medicine. IL12 DNA (Tandem p40p35) was a gift from Nevil
Singh (Addgene plasmid # 108665).

2.2 Synthesis of PFHA-PEI

PFHA was conjugated onto PEI via EDC/NHS coupling chem-
istry. 127.4 mg of PFHA, 80.5 mg of EDC and 58.1 mg of NHS
were separately dissolved in methanol at a concentration of
50 mg mL~'. The PFHA, EDC and NHS solutions were mixed by
adding EDC, and subsequently NHS to the PFHA solution. The
mixed solution was placed on a rocker and incubated for 3 h at
room temperature. Next, 100 mg branched PEI was dissolved in
methanol at 50 mg mL ™' and added to the PFHA-EDC-NHS
mixture solution and shaken at room temperature for 16 h. The
resultant solution was dialyzed against Milli-Q water for 2 days
using a 1k MWCO SpectraPOR?7 dialysis membrane. The dia-
lyzed solution was centrifuged at 4000 G for 5 min to precipitate
out large aggregates. Then, the clear supernatant was freeze-
dried and stored at —20 °C for long-term storage. The typical
yield of a PFHA-PEI batch was around 60% of the combined
mass of all the reactants.

2.3 FTIR spectra collection

2 mg of each of the PFHA, PEI and PFHA-PEI dry samples was
mixed with 200 mg of KBr and pulverized into fine powders,
and a pellet was prepared for characterization. FTIR spectra
were obtained using a Nicolet 5-DXB FTIR spectrometer (Ther-
moFisher, Boston, MA) with a resolution of 4 cm™ " and average
of 64 runs.

2.4 XPS spectral analysis

X-ray photoelectron spectroscopy (XPS, AXIS Ultra DLD/Surface
Science Instruments S-Probe, Kratos) was performed to study
the formation of the amide group (O—C-NH-). This instru-
ment has a monochromatized Al Ko X-ray source and a low-
energy electron flood gun for charge neutralization. The X-ray
spot size for these acquisitions was in the order of 700 x
300 pm. An electrostatic lens was used for data collection.
The pressure in the analytical chamber during spectral acquisi-
tion was less than 5 x 10~° torr. The pass energy for the survey
spectra (composition) was 160 eV. The pass energy for the high-
resolution spectra was 40 eV. The take-off angle (the angle

This journal is © The Royal Society of Chemistry 2025
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between the sample normal and the input axis of the energy
analyzer) was 0° (0-degree take-off angle ~100 A sampling
depth). The Kratos Vision2 software was used to determine
the peak areas and calculate the elemental compositions from
the peak areas. CasaXPS was used to fit the peaks in the high-
resolution spectra. In the case of the high-resolution spectra, a
Shirley background was used, and all binding energies were
referenced to the C 1s C-C bonds at 285.0 eV.

2.5 Formation of PFHA-PEI-mRNA-HP complex

PFHA-PEI was redissolved in Milli-Q water at 10 mg mL ™" and
was centrifuged at 16000 G for 10 min to eliminate possible
large aggregates. The supernatant from PFHA-PEI was diluted
to 7.5 mg mL ™" with 20 mM HEPES buffer (pH 7.4). mRNA was
diluted to 0.5 mg mL~" in 20 mM HEPES buffer (pH 7.4). HP
was dissolved in 20 mM HEPES buffer (pH 7.4) at concentration
of 0.5 mg mL ", To prepare the PFHA-PEI-mRNA complex, 5 uL
of mRNA solution was mixed with 5 pL of PFHA-PEI solution via
an RSM device. Specifically, 5 pL of PFHA-PEI solution was first
added to the bottom of a 0.6 mL microtube and 5 pL of mRNA
solution was loaded into a Hamilton microliter syringe. The
mRNA solution was then slowly injected into the PFHA-PEI
solution at a flow rate of 1 pL s~ " controlled by a syringe pump,
while the PFHA-PEI solution was stirred by a rotor tip at
500 RPM to ensure homogenous mixing. To add HP to the
PFHA-PEI-mRNA complex, the desired amount of HP was
loaded into a Hamilton microliter syringe and slowly injected
into the PFHA-PEI-mRNA solution at a flow rate of 0.5 uL s
controlled by a syringe pump, while the PFHA-PEI-mRNA
solution was stirred by a rotor tip at 500 RPM to ensure
homogenous mixing. To prepare the PEI-mRNA complex, PEI
was first dissolved in 20 mM HEPES buffer (pH 7.4) at a
concentration of 7.5 mg mL ™', followed by the same mixing
procedure as that for the preparation of the PFHA-PEI-mRNA
complex.

2.6 Hydrodynamic size, serum stability and zeta potential
measurement

The hydrodynamic size and zeta potential of PEI-mRNA, PFHA-
PEI-mRNA and PFHA-PEI-mRNA-HP (with varying HP amounts)
were determined using a Zetasizer Nano-ZS (Malvern Instruments,
Worcestershire, UK). The measurements were performed in
20 mM HEPES buffer (pH 7.4) at room temperature. To test the
serum stability of the samples, they were diluted 100 times with
PBS supplemented with 10% fetal bovine serum (FBS) and placed
in a 37 °C water bath. Hydrodynamic size measurements were
performed at various time points within 3 weeks.

2.7 Gel electrophoresis retardation assay

Free mRNA, PEI-mRNA, PFHA-PEI-mRNA and PFHA-PEI-
mRNA-HP (with varying HP amounts) samples were added to
1% agarose gel at 1 pg mRNA per lane. Gel electrophoresis was
run for about 30 min at 120 V. Gels were stained with 0.5 ug mL ™"
ethidium bromide and visualized using a Bio-Rad Universal Hood
II Gel Doc System.

This journal is © The Royal Society of Chemistry 2025

View Article Online

Nanoscale Horizons

2.8 TEM imaging

TEM samples were prepared by the addition of 4 pL of
PEI-mRNA, PFHA-PEI-mRNA or PFHA-PEI-mRNA-HP (with vary-
ing HP amounts) solution to a Formvar/carbon coated 300-
mesh copper grid (Ted Pella, Inc., Redding, CA) and stained
with 1% uranyl acetate, and subsequently allowed to air dry.
TEM images were acquired on a Tecnai G2 F20 electron micro-
scope (FEI, Hillsboro, OR) operating at a voltage of 200 kV.

2.9 Cell culture

4T1 and M6 mouse breast cancer cells were cultured in
RPMI1640 medium supplemented with 10% vol/vol FBS and
1% vol/vol antibiotic-antimycotic. MCF7 human breast cancer
cells, HepG2 human liver cancer cells, SF763 human glioblas-
toma cells and C6 rat glioma cells were cultured in DMEM
medium supplemented with 10% vol/vol FBS and 1% vol/vol
antibiotic-antimycotic. Culture media were replenished once
every three days if the cells were not confluent enough to be
passaged. When the cell density reached 80%, the 4T1, MCF7,
HepG2, SF763 and C6 cells were dissociated with TrypLE agent
and M6 with PBS + 2.5% v/v EDTA. Dissociated cells were
suspended in their corresponding culture media and pelleted
at 500 G for 5 min. Then, the desired number of cells was
transferred to new culture flasks with fresh culture media.
Cultures were maintained in a 37 °C and 5% CO, humidified
incubator.

2.10 Cellular uptake and endosomal escape studies

mRNA was labeled with Cy5 following the manufacturer’s
protocol of the Label IT Tracker Intracellular Nucleic Acid
Labeling Kit before complexed into PEI-mRNA, PFHA-PEI-
mMRNA and PFHA-PEI-mRNA-HP. 4T1, M6 and HepG2 cells were
seeded at 15 000 cells per well in 8-well glass chambers. All cells
were incubated for 24 h before treatments were added. Then,
PEI-mRNA, PFHA-PEI-mRNA and PFHA-PEI-mRNA-HP were
added to the cells at 2 ug mL~' mRNA concentration, incubated
for either 2 h or 12 h before adding 75 nM of LysoTracker Red
DND reagent, and then incubated for another 1 h. There were
two identical sets of samples for the 12-h time point experi-
ment, where one set was incubated normally in a 37 °C incu-
bator, while another set was incubated in a refrigerator at 4 °C.
The refrigerated sample was briefly placed at room temperature
for adding LysoTracker reagent and was immediately returned
to 4 °C for 1 h incubation. Then, all cells were washed three
times with cold PBS and fixed with paraformaldehyde (4% in
PBS) for 15 min at room temperature. The fixed cells were
further washed with cold PBS three times. NucBlue Fixed Cell
ReadyProbes DAPI reagent was diluted 10 times in cold PBS and
100 pL was added to each well. Confocal images were acquired
using a Leica SP8X confocal laser scanning microscope
(Leica, Germany).

2.11 In vitro cell transfection

4T1, M6 and C6 cells were seeded at 4000 cells per well in 96-well
plates. MCF7, HepG2 and SF763 were seeded at 8000 cells per well
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in 96-well plates. All cells were incubated for 24 h after seeded on
plates before treatments were added. PEIF-mRNA, PFHA-PEI-mRNA,
PFHA-PEI-mRNA-HP or Lipofectamine 2000-mRNA complexes
were added to 100 pL of fully supplemented culture medium to
give a final mRNA concentration of 2 pg mL ™" in each well for all
cancer cell lines. The cells were incubated with the complexes for
48 h and the cell culture media were replenished after 24 h. For the
FGFR inhibition study, the cells in the treatment group were pre-
incubated with 500 nM PD173074 (FGFR inhibitor, >99% purity,
purchased from Fisher Scientific, Cat#f 506911) for 1 h prior to
transfection. The inhibitor remained in the medium throughout
the 48 h transfection period. Transfection using the commercial
agent, Lipofectamine 2000, was performed following the manufac-
turer’s protocol. The cells were imaged 48 h post-transfection with
a Nikon TE300 inverted fluorescence microscope (Nikon, Tokyo,
Japan).

2.12 Quantitative analysis of transfection via flow cytometry

After the cells were transfected following the in vitro cell
transfection procedures, 40 uL TrypLE was added to each well
and the wells were incubated for 8 min to dissociate adherent
cells. Then, 100 puL cold PBS was added to the trypsinized wells
to resuspend cells. The cell suspension was collected in 1.5 mL
microtubes and centrifuged at 4 °C at 500 G for 5 min to pellet
the cells. Then, the cell pellets were then resuspended in 200 pL
cold PBS and transferred to flow cytometry tubes for immediate
flow cytometry analysis on a FACSCanto II (BD Biosciences),
from which the data was post-processed using the FlowJo
software (Treestar, Inc., San Carlos, CA).

2.13 Invitro cell viability studies

4T1, M6 and HepG2 cells were seeded at 4000, 4000, 8000 cells
per well in 96-well plates, respectively. All cells were incubated
for 24 h after seeded on plates before treatments were added.
Then, the cells were treated with PEI-mRNA, PFHA-PEI-mRNA,
PFHA-PEI-mRNA-HP or Lipofectamine 2000-mRNA at mRNA
concentrations of 0, 0.5, 1, 2, and 3 pg mL™". The cells were
treated for 24 h before the cell viability was determined using
the Alamar Blue assay. The fluorescent signal readout was
obtained using a SpectraMax i3 microplate reader (Molecular
Devices, Sunnyvale, CA, USA) with 550 nm excitation and
590 nm emission. The fluorescence intensities of all the treat-
ment groups were normalized so that the viability of the
untreated cell group was 100%.

2.14 Functionality test after storage above 0 °C

The PFHA-PEI-mRNA-HP and Lipofectamine 2000-mRNA com-
plexes were prepared on day 0 and stored at 4 °C throughout
this study. 4T1 and HepG2 cells were seeded at 4000 and
12000 cells per well in 96-well plates, respectively. All cells
were incubated for 24 h after seeded on plates before the
treatments were added. PFHA-PEI-mRNA-HP and Lipofecta-
mine 2000-mRNA complexes were added to 100 pL of fully
supplemented culture media to give a final mRNA concen-
tration of 2 ug mL™" in each well on day 0, 1, 2, 3, 4, 7, and
15 after sample preparation. The cells were incubated with the
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complexes for 24 h before imaging with a Nikon TE300 inverted
fluorescent microscope (Nikon, Tokyo, Japan).

2.15 In vitro transfection of IL12 mRNA

IL12 mRNA was synthesized from mouse IL12-encoding plas-
mid DNA obtained from Addgene (Plasmid #108665). The
plasmid DNA was transcribed using the HiScribe® T7 ARCA
mRNA Kit (New England Biolabs Inc, Ipswich, MA), and then
purified with the Monarch RNA cleanup kit (New England
Biolabs Inc, Ipswich, MA). To evaluate the transfection effi-
ciency of PFHA-PEI-mRNA-HP for IL12 mRNA delivery, 4T1 cells
were seeded in a 96-well plate at a density of 4 x 10> cells per
well and incubated at 37 °C with 5% CO, overnight. The, the
cells were transfected with PFHA-PEI-mRNA-HP complexes
loaded with IL12 mRNA, following the same transfection pro-
tocol described in Section 2.11. At 2/12/24 h post-transfection,
the cells were processed for immunofluorescence staining to
visualize IL12 protein expression. For immunostaining, the
culture medium was aspirated, and the cells were washed with
200 pL of phosphate-buffered saline (PBS) per well. The cells
were fixed with 100 pL of 4% paraformaldehyde (PFA) for 10
min at room temperature, followed by additional washing with
PBS. To allow intracellular staining, the cells were incubated
with 100 pL of 1x intracellular staining permeabilization wash
buffer (BioLegend, Cat. No. 421002) for 10 min at room
temperature. After washing with PBS, 100 pL of PE-conjugated
anti-mouse IL12 antibody (2 pg mL ™" in PBS) was added to each
well, and the plate was incubated at 4 °C for 30 min. The cells were
washed twice, followed by the addition of 100 pL of NucBlue®
DAPI reagent (diluted 1:10 in PBS) to stain their nuclei. The plate
was stored at 4 °C and protected from light until imaging.
Fluorescence imaging was performed using a Nikon TE300
inverted fluorescence microscope (Tokyo, Japan). IL12 expres-
sion was detected using the PE channel, and cell nuclei were
visualized in the DAPI channel.

2.16 In vivo therapeutic efficacy and biosafety profile studies
of PFHA-PEI-mRNA-HP

All animal studies were conducted in compliance with institu-
tional guidelines and approved by the Institutional Animal Care
and Use Committee (IACUC). Female BALB/c mice (6-8 weeks
old) were used to establish the 4T1 triple-negative breast cancer
(TNBC) model. A total of 4.75 x 10° 4T1 cells were resuspended
in phosphate-buffered saline (PBS) and subcutaneously inocu-
lated into the right scapular region of each mouse on day 0.

To assess in vivo mRNA delivery, 4T1 tumor-bearing mice
(n = 3 on day 21) received a single peritumoral subcutaneous
injection of PFHA-PEI-mRNA-HP loaded with luciferase mRNA
(Luc mRNA) near the tumor site. At 4 h post-injection, the mice
were administered luciferin substrate (6 mg for each mouse) via
intraperitoneal injection and imaged using an IVIS spectrum
in vivo imaging system to detect bioluminescence.

For therapeutic evaluation, the mice were randomly assigned to
treatment groups (n = 5). On day 3, the mice received a 100 pL
subcutaneous injection of PFHA-PEI-mRNA-HP loaded with IL12
mRNA (15 pg mRNA per mouse). On day 4, the mice were
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administered 100 pL of anti-PD-L1 antibody (100 pg per mouse,
dissolved in PBS) via subcutaneous injection. The control groups
included an anti-PD-L1-only group (n = 3) and an untreated group
(n = 3). Tumor growth was monitored using digital calipers, and
tumor volume was calculated using the formula V = 0.5x x Lx x
W?, where L and W represent the length and width of the tumor,
respectively. Tumor measurements were recorded every 2-3 days
from day 3 to day 14. On day 14, the mice were euthanized, and the
tumors were excised for analysis.

For biosafety evaluation, the mice (n = 3) received a 100 uL
subcutaneous injection of PFHA-PEI-mRNA-HP loaded with
EGFP mRNA (15 g mRNA per mouse). The untreated mice
(n = 3) were used as the control. The body weight of the mice
was measured at day 0, day 1 and day 14. Blood samples were
collected via submandibular puncture and subjected to blood
chemistry analysis (Moichor, San Francisco, CA, USA) to eval-
uate key biochemical markers, including glucose (GLU), blood
urea nitrogen (BUN), albumin (ALB), alanine aminotransferase
(ALT), and aspartate aminotransferase (AST).

2.17 Statistical analysis

The results are presented as mean value + standard error of the
mean. The statistical differences were determined by two-sided
unpaired Student’s ¢-test in most of the analyses, except Fig. 9d,
where one way ANOVA with Tukey’s HSD post hoc test was
applied. The values were considered statistically significant at
p < 0.05. In the figure presentations, n.s. means statistically
not significant, * means p < 0.05, ** means p < 0.01, and
*** means p < 0.001.

3. Results and discussion
3.1 Design and synthesis of PFHA-PEI-mRNA-HP

The molecular properties such as molecular weight, polarity
and functional groups of each of the constituents of PFHA-PEI-
mRNA-HP were considered for selection. PFHA was chosen
considering its appropriate chain length given that PFHA being
too long would compromise the aqueous solubility of the
mRNA complex, while too short would diminish its utility in
the system. Branched PEI with a molecular weight of 2 kDa was
selected owing to its relatively strong nucleic acid condensing
capability and innocuous toxicity profiles. Given that high
molecular weight heparin could compete with mRNA for elec-
trostatic binding and cause large-size aggregation, HP was
chosen due to its small size which is beneficial for controlling
the size and integrity of the mRNA complex. PFHA was con-
jugated on PEI (branched, MW 2 kD) via EDC/NHS coupling
chemistry (Fig. 1a). The PFHA : PEI molar ratio for coupling was
set at 7:1 for conjugation, given that this ratio (i.e., PFHA : PEI/
7:1) yielded the best transfection results compared to other
ratios (Fig. S1).

A rotor-syringe mixing (RSM) platform was set up by com-
bining a microliter syringe-loaded syringe pump, a mechanical
rotor equipped with a disposable stirring head and a lifting
sample tube holder into a solution mixing system to assemble
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Fig. 1 Schematic of the synthesis of PFHA-PEI-mRNA-HP. (a) Reaction
scheme for conjugating PFHA onto PEI via EDC/NHS coupling chemistry.
For clarity, a monomeric PEI unit is shown rather than the full branched
structure of 2 kDa PEl used in the synthesis. The schematic depicts
conjugation to a primary amine, which is favored due to its higher
nucleophilicity and accessibility. The PFHA : PEI ratio is not drawn to scale;
the actual substitution was determined by °F NMR to be approximately
4.79:1 (see Fig. S5). (b) Illustration of the process of mRNA being con-
densed by PFHA-PEI. mRNA solution was loaded into a syringe and
injected into the PFHA-PE| solution at a fixed flow rate (1 puL s~ while
the solution was stirred by a rotor tip (500 rpm) for homogeneous mixing.
(c) Illustration of the process of embellishing the surface of PFHA-PEI-
mMRNA with HP. HP solution was loaded into a syringe and injected into the
PFHA-PEI-mRNA solution at a slow flow rate (0.5 pL s™%) while the solution
is stirred by a rotor tip (500 rpm) for homogeneous mixing.

PFHA-PEI, mRNA and HP into PFHA-PEI-mRNA-HP nano-
particles. With precise control over the stirring speed and
injection flow rate, the RSM platform ensured consistent mix-
ing efficiency and complexing outcomes when preparing the
mRNA complex. The core of the nanoparticle is composed of
mRNA condensed by PFHA-PEI to render structural compact-
ness for mRNA protection. The PFHA-PEI-mRNA complex was
first formed by slowly injecting mRNA solution at 1 uL s~ into
PFHA-PEI solution, which was being stirred at 500 RPM by
the RSM platform (Fig. 1b). Injecting mRNA into PFHA-PEI
solution instead of the other way around ensured that each
mRNA molecule can be fully covered and condensed upon
contact with PFHA-PEI. The PFHA-PEI:mRNA wt/wt ratio
was set at 15:1 for optimal physicochemical properties and
transfection compared to other ratios based on the screening
results (Fig. S2).
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Subsequently, the surface of the PFHA-PEI-mRNA core was
decorated with HP to form an outer shell layer for tuning the
binding tightness of mRNA in the core, and in turn facilitating
the intracellular delivery of the mRNA payload. A pre-calculated
amount of HP was injected into the PFHA-PEI-mRNA solution
at 0.5 pL s~ ' while it was being stirred at 500 RPM via the
same RSM device to complete the formation of the PFHA-PEI-
mRNA-HP nanoparticles. Given that injecting PFHA-PEI-mRNA
directly into the HP solution would cause excessive binding of
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3.2 Physicochemical property characterization

FTIR and XPS were performed on the purified PFHA-PEI pro-
duct to confirm the presence of PFHA on PEI after conjugation.
The purity of PFHA-PEI was evaluated by high-performance
liquid chromatography (HPLC). The retention time of PFHA,
PFHA-PEI and PEI was 18, 23 and 36 min, respectively (Fig. S3).
The fact that the spectrum of PFHA-PEI did not contain notice-
able peaks from pure PFHA and pure PEI suggests the high
purity of PFHA-PEIL The FTIR analysis revealed the formation of

HP onto each PFHA-PEI-mRNA complex and result in over-
whelming electrostatic binding competition between HP and
mRNA, HP was injected into the PFHA-PEI-mRNA solution at a
slow speed to achieve gradual HP surface embellishing on
PFHA-PEI-mRNA (Fig. 1c).

an amide bond between PFHA and PEI, which was absent in the
spectra of pure PFHA and PEI (Fig. 2a). The unique peak
pattern of PFHA was also found by adding the peak pattern
of PEI to the spectrum of PFHA-PEI, indicating the successful
conjugation of PFHA on PEIL The XPS analysis (Fig. 2b) and
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Fig. 2 Physicochemical characterization of PFHA-PEI-mRNA-HP. (a) FTIR spectra of PFHA, PEl and PFHA-PEI. The gray dashed box marks the region of
the addition of characteristic peak patterns from the spectrum of PFHA to the spectrum of PEIl. The gray dashed line indicates the presence of amide
bonds between PFHA and PEI. (b) X ray photoelectron spectroscopy (XPS) spectrum of PFHA-PEI with peak fitting analysis. Hydrodynamic size (c),
polydispersity index (d) and zeta potential (e) measurements of PEI-mRNA, PFHA-PEI-mRNA and PFHA-PEI-mRNA-HP with various HP amounts. For the
labels on the x axis of (c)—(e), PEl represents PEI-mRNA. O, 1, 2, and 5 correspond to PFHA-PEI-mRNA + 0, 1, 2, and 5 pg HP per ng mRNA, respectively.
(f) Gel retardation assay of PEI-mRNA, PFHA-PEI-mRNA and PFHA-PEI-mRNA-HP (with different HP amounts) with free mRNA as the control. (g) Serum
stability data of PEI-mRNA, PFHA-PEI-mRNA and PFHA-PEI-mRNA-HP with mRNA : HP ratio of 1: 1 wt/wt All samples were placed in PBS supplemented
with 10% v/v FBS solutions and incubated at 37 °C. (h) TEM images of PFHA-PEI-mRNA-HP (with different HP amounts) at high and low magnifications.
The scale bars are 400 nm and 50 nm, respectively. (i) Size distribution profiles of PFHA-PEI-mRNA (no HP) and PFHA-PEI-mRNA-HP NPs from the
low-magnification TEM images in (h).

2556 | Nanoscale Horiz., 2025, 10, 2550-2568 This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5nh00299k

Open Access Article. Published on 24 July 2025. Downloaded on 4/6/2026 6:39:51 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Communication

Raman spectroscopy analysis (Fig. S4) of PFHA-PEI also con-
firmed the presence of an amide bond between PFHA and PEI.
The fluorination degree of PEI was characterized by quantita-
tive ’F NMR. Employing trifluoroacetic acid (TFA), with its
characteristic -CF; peak at —76.15 ppm, as the internal stan-
dard, the unique —-CF; triplet peaks of PFHA on PFHA-PEI at
around —82.4 ppm was used to calculate the fluorination
degree of PEL** The quantitative results by comparing the
integrated area under peaks of —CF; from PFHA to that from
TFA revealed that the PFHA : PEI molar ratio in PFHA-PEI was
4.79:1 (Fig. S5). These results collaboratively validated the
successful synthesis of PFHA-PEL.

Size, surface charge and shape all play critical roles in deter-
mining the cellular uptake amount, intracellular fate, and
eventual success of payload delivery of nanoparticles. Spherical,
cationic nanoparticles with a diameter of 30-150 nm have been
shown to have balanced performance in blood/serum stability,
cellular uptake amount and endosomal escape efficiency.*’
Hence, the hydrodynamic size and surface charge of the
PFHA-PEI-mRNA-HP nanoparticles were measured to study
their suitability for intracellular mRNA delivery. The influence
of each component of the PFHA-PEI-mRNA-HP nanoparticle on
its overall hydrodynamic size and surface charge was investi-
gated. Without PFHA and HP, branched PEI with a molecular
weight of 2 kDa alone could effectively condense mRNA into a
compact nanoparticle given that PEI-mRNA has a diameter
larger than 350 nm and a high polydispersity index of >0.4
(Fig. 2c and d), respectively. When PFHA was integrated into the
system, PFHA-PEI could condense mRNA into a nanoparticle
smaller than 100 nm in size with PDI of <0.2. The further
incorporation of HP (mRNA:HP wt/wt ratio of 1:1) did not
increase the size and PDI of the PFHA-PEI-mRNA nanoparticles,
indicating that adding HP at this amount neither affected
the compactness nor the uniformity of the PFHA-PEI-mRNA
nanoparticles. The zeta potential measurements yielded a value
close to 40 mV for the PFHA-PEI-mRNA and PFHA-PEI-mRNA-
HP nanoparticles, and a value close to 50 mV for PEI-mRNA
(Fig. 2e). It is reasonable that PEI-mRNA would possess a
slightly higher surface charge due to its much larger size than
the other two nanoparticle formulations, and hence would
carry more positive charges. Although PFHA-PEI-mRNA is
much smaller than PEI-mRNA, its zeta potential (between
35 and 40 mV) is only slightly lower than that of PEI-mRNA.
This phenomenon suggests that PFHA-PEI-mRNA possesses a
higher charge density than PEI-mRNA. Since structural com-
pactness is challenging to maintain at a high charge density
due to the repulsion between the same charges, additional
favorable energy is required to overcome the structurally desta-
bilizing electrostatic repulsion. The addition of a single com-
ponent, PFHA, helped maintain the compactness of the PEI-
mRNA complex, indicating that the tendency of PFHA to self-
assemble could be the driving energy to overcome the same
charge repulsion in this system. The relatively high surface
charge of PFHA-PEI-mRNA may limit its suitability for systemic
(e.g., intravenous) administration due to its potential rapid
clearance by the mononuclear phagocyte system and increased
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serum protein adsorption. Thus, future studies should explore
surface modification strategies, such as PEGylation and use of
charge-shielding polymers, to improve its systemic circulation
properties if intravenous delivery is pursued.

Since heparin is a polyanion that could compete with mRNA
for electrostatic binding and induce the formation of large
aggregates between cationic complexes due to charge neutrali-
zation, it is crucial to tune the amount of HP in mRNA
complexes. When added at the desired amount without affect-
ing the overall stability of mRNA complexes, HP could partially
shield the positive charges on cationic mRNA complexes to
increase their biocompatibility and alleviate the binding tension
between mRNA and cationic polymers to facilitate the release of
mRNA for translation in the cytoplasm. Nevertheless, excess HP
can result in the destabilization of the mRNA complex, and
possibly premature mRNA release. Therefore, different amounts
of HP were added to PFHA-PEI-mRNA to create different versions
of mRNA complexes to study the upper limit of HP at which the
PFHA-PEI-mRNA-HP complex would disintegrate. At or below 1:1
wt/wt of mRNA: HP, the results suggest that PFHA-PEI-mRNA-HP
retained a similar compact size and zeta potential to that of PFHA-
PEI-mRNA (Fig. 2¢, d and Fig. S6). Its size started to increase
slightly at 1:1.5 wt/wt of mRNA : HP, indicating slight destabiliza-
tion in the compactness of PFHA-PEI-mRNA. At 1:2 wt/wt of
mRNA: HP, the size of PFHA-PEI-mRNA-HP drastically increased
from sub-hundred nm to >240 nm and its PDI was close to 1,
indicating the formation of highly polydisperse and aggregated
NPs (Fig. 2c and d), respectively. Even though the zeta potential of
PFHA-PEI-mRNA-HP at 1:2 wt/wt of mRNA: HP remained at 40
mV, its much larger hydrodynamic size indicates that the charge
density was significantly lower than that of the nanoparticles
prepared using 1:1 wt/wt of mRNA:HP. This data indicates
that HP started to destabilize PFHA-PEI-mRNA at mRNA: HP of
1:2 wt/wt and caused the formation of large aggregates. However,
mRNA remained largely unexposed given that its zeta potential
remained at a highly positive value. With a further increase in the
amount HP to mRNA : HP of 1: 5 wt/wt, the zeta potential of PFHA-
PEI-mRNA-HP completely reverted to a negative value, suggesting
the release of the large anionic mRNA molecules and full disin-
tegration of PFHA-PEI-mRNA-HP. The hydrodynamic and zeta
potential results were corroborated by a gel retardation assay.
According to the gel image (Fig. 2f), there were noticeable mRNA
signals from the wells of PFHA-PEI-mRNA-HP at 1:5 wt/wt of
mRNA: HP, which can be attributed to the partial exposure of the
released mRNA from this sample. Meanwhile, there was no
detectable signal in the wells loaded with PFHA-PEI-mRNA at
other mRNA : HP ratios, suggesting that mRNA was well protected
and unexposed in these samples. The transfection test with various
HP amounts demonstrated that the optimal transfection results
were obtained with a 1:1 wt/wt ratio of mRNA: HP on 2 different
cell lines (Fig. S7). Based on these results, PFHA-PEI-mRNA with
1:1 wt/wt of mRNA : HP can fully condense mRNA and is optimal
in terms of size, zeta potential and transfection efficiency.

The mRNA encapsulation study was conducted with free
mRNA as the positive control and PFHA-PEI-HP (HP amount
equivalent to that of mRNA:HP wt/wt ratio of 1:1) as the
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mRNA-free negative control. PFHA-PEI-mRNA-HP with the
mRNA : HP ratio of 1: 1 wt/wt was selected as the testing groups.
The encapsulation results suggest that PFHA-PEI-mRNA-HP
with the mRNA : HP ratio of 1:1 wt/wt could achieve an mRNA
encapsulation efficiency of 89%, which is comparable to other
similar highly efficient mRNA delivery vehicles (Fig. S8).*%*
Moreover, PFHA-PEI-mRNA-HP with an mRNA: HP ratio of 1:1
wt/wt exhibited superior serum stability to PEI-mRNA and
PFHA-PEI-mRNA (Fig. 2g). PFHA-PEI-mRNA-HP was able to
consistently retain its small size in the serum-supplemented
solution for over 21 days, while PFHA-PEI-mRNA and PEI-
mRNA showed unstable size fluctuation starting after day 13.
This could be attributed to the contribution of HP in shielding
PFHA-PEI-mRNA-HP from excessive serum protein adsorption
to prevent the formation of large aggregates. The fact that PEI-
mRNA showed a much larger size fluctuation than PFHA-PEI-
mRNA suggests that PFHA also contributed to the serum
stability of the mRNA complex in this case.

TEM imaging was performed to provide visual confirmation
of the compact sizes of PFHA-PEI-mRNA and PFHA-PEI-mRNA-
HP. PFHA-PEI-mRNA exhibited a relatively uniform size and
spherical shape profile, as evidenced in both its high- and low-
magnification TEM images (Fig. 2h). Upon the addition of
1 pug mL~" HP, PFHA-PEI-mRNA-HP exhibited similar size
and shape profiles to PFHA-PEI-mRNA. The particle size analy-
sis on the low-magnification TEM images revealed that the
average dry diameters of PFHA-PEI-mRNA and PFHA-PEI-
mMRNA-HP were 31.18 nm and 40.52 nm, respectively (Fig. 2i).
These observations suggest that the incorporation of HP at this
concentration did not destabilize PFHA-PEI-mRNA, indicating
the preservation of its original properties. The hydrodyna-
mic size measurement data further supported this finding.
However, it was noted that the destabilization of these nano-
particles could occur at higher HP concentrations, potentially
attributing to the binding competition between the anionic
HP and mRNA. The TEM imaging results corroborated these
observations. Starting with just the PEI-mRNA complex, the
resultant structure was hundreds of nm in size with amor-
phous shapes (Fig. S9). The introduction of PFHA led to the
formation of a compact spherical nanostructure. This notable
transformation in structure could be attributed to the sponta-
neous self-assembly of PFHA, as described before. Drastic
structural changes in PFHA-PEI-mRNA-HP were observed
when the mRNA : HP ratio was further increased to 1:2 wt/wt,
and eventually 1:5 wt/wt At 1:2 wt/wt of mRNA: HP, aggre-
gates with sizes much larger than 200 nm and irregular shape
were observed (Fig. S9). At 1:5 wt/wt of mRNA:HP, clear
disintegration of PFHA-PEI-mRNA-HP was observed. These
imaging results agree with the previous hydrodynamic size
and zeta potential results, as they all reveal the critical
instability point of PFHA-PEI-mRNA-HP at 1:2 wt/wt of
mRNA : HP and full disintegration at 1:5 wt/wt of mRNA : HP.
Combined with its high mRNA loading efficiency and serum
stability, PFHA-PEI-mRNA-HP with the mRNA: HP wt/wt ratio
of 1:1 was selected as the optimal formulation for the down-
stream studies.
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3.3 Cellular uptake and endosomal escape

As an essential step toward the downstream transfection suc-
cess, the cell uptake and endosomal escape performance of the
PFHA-PEI-mRNA-HP nanoparticles must be evaluated. As a
fragile biomolecule prone to degrade, mRNA needs to be
protected from RNases during its transportation to the cell
surface, effectively ferried across the cell plasma membrane,
escape from endo-lysosomes to avoid digestion, and eventually
released into the cytoplasm for translation. Although PFHA-
PEI-mRNA-HP shows promising physicochemical properties,
its cellular interactions are still largely unknown because the
interaction of nanoparticle with cells in biological medium is
far too complex for mere size, shape, and surface charge
profiles to dictate. The avoidance of trapping in digestive
lysosomal compartments can be a hallmark of a highly efficient
transfection agent such as Lipofectamine.”® Therefore, under-
standing the cell uptake and the endosomal escape perfor-
mance is essential for developing successful transfection
agents.

4T1 and M6 mouse breast cancer cells were chosen due to
their capability to form syngeneic mouse tumors that closely
mimic human metastatic breast tumors.*”*® In addition, the
HepG2 human liver cancer cell line was also chosen as it is
extensively studied for oncogenesis and drug screening
purposes.’® PFHA-PEI-mRNA-HP with mRNA tagged with Cy5
fluorophores was incubated with 4T1, M6 and HepG2 cancer
cells at 37 °C for 12 h. LysoTracker was added to the cell culture
1 h before the incubation period ended. Z-Stacked fluorescent
images were utilized, and subsequently 3D-rendered into a
surface-and-spots model to illustrate the precise locations of
the cell nuclei, mRNA and endo-lysosomes (Fig. 3a). In these
imaging results, the Cy5 signal emitted from PFHA-PEI-mRNA-
HP exhibited distinct spatial separation from the LysoTracker
signal across all three cell lines. This observation suggests that
the majority of PFHA-PEI-mRNA-HP did not become trapped in
the digestive lysosome.

Cross-sectional views of the 3D images, taken from sagittal,
coronal and transverse planes, confirmed the separation
between PFHA-PEI-'mRNA-HP and the LysoTracker signals
(Fig. 3b). A top-down view of the 3D-rendered model was also
generated to better reveal the separation between the mRNA
Cy5 signal and the LysoTracker signal, offering an unob-
structed perspective (Fig. 3c). The 3D colocalization analysis
revealed that the volumetric Pearson coefficient between the
mRNA and the LysoTracker signals was consistently below
0.2 across all three cell lines tested, suggesting that the majority
of the mRNA delivered by PFHA-PEI-mRNA-HP successfully
escaped from lysosome entrapment, regardless of the cell
type (Fig. 3c).>>?

To investigate the contribution of each component of PFHA-
PEI-mRNA-HP to cellular uptake and endosomal escape, PEI-
mRNA and PFHA-PEI-mRNA were also loaded with Cy5-tagged
mRNA and incubated with all three cell lines for comparative
analysis. The images revealed that the cells treated with PEI-
mRNA exhibited insufficient or negligible cellular uptake,
potentially due to the large size of PEI-mRNA and its limited
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Fig. 3 Cell uptake and endosomal escape studies of PFHA-PEI-mRNA-HP on 3 different cancer cell types. All treatments were applied to cells at 37 °C
for 12 h at an mRNA concentration of 2 ug mL™* and 3D Z stacked confocal images were taken with a z-resolution of 0.5 um. The blue color represents
cell nuclei; green represents LysoTracker and red represents mRNA. (a) Z-stacked 3D images (top panel) and 3D-rendered models (bottom panel) of
three cancer cell lines treated with PFHA-PEI-mRNA-HP. In the 3D rendered models, cell nuclei are presented as blue surface, and green and red spots
represent endo-lysosomes and mRNA, respectively. (b) Cross-sectional images of the z-stacked 3D images in (a) viewing from coronal, sagittal and
transverse planes with bright field image as the background. (c) Top-down view of the 3D-rendered model (a) excluding cell nuclei. 3D viewing, model
rendering and colocalization analysis were performed on the IMARIS image analysis software (Oxford Instruments).

ability to penetrate the plasma membrane (Fig. S10). None-
theless, for the minority of PEI-mRNA particles that managed
enter the cytoplasm, they demonstrated effective avoidance of
colocalization with endolysosomes, which is likely due to the
intrinsic capability of PEI to overcome endosomal entrapment.>

On the other hand, PFHA-PEI-mRNA demonstrated mark-
edly higher cellular uptake across all 3 cell lines compared to

This journal is © The Royal Society of Chemistry 2025

PEI-mRNA. This enhanced uptake can be attributed to the
inherent tendency of PFHA to self-assemble and its biphasic
separation property in both aqueous and organic phases. The
compact nature of PFHA-PEI-mRNA allows it to easily traverse
the lipid-water interface, resulting in a substantial increase in
its cellular uptake. The unique combination of the ability of
PFHA for biological membrane penetration and capability of
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PEI for endosomal escape contributes to the sustained effi-
ciency of PEHA-PEI in evading endosomal entrapment. The
introduction of HP further enhances its cellular uptake, while
retaining the rapid endosomal escape characteristic of PFHA-
PEI-mRNA. The enhanced intracellular nanoparticle accumula-
tion observed with the addition of heparin is likely due to the
improved serum stability, as heparin may partially shield the
positive surface charge of the polyplex and reduce its non-
specific adsorption to serum proteins, thereby minimizing its
premature clearance and allowing more nanoparticles to reach
and enter the target cells. Another possibility of this higher cell
uptake is that HP might slightly loosen the binding of PFHA-
PEI to mRNA, exposing the mRNA more prominently for
fluorescent detection. In summary, each component of PFHA-
PEI-mRNA-HP plays a crucial role in its cellular uptake and
endosomal escape. PEI contributes endosomal escape capabil-
ity, PFHA provides efficient biological membrane penetration,
and HP enhances the cell uptake and mRNA release.

Confocal microscopy images taken at an earlier time point
(3 h post-treatment) for PFHA-PEI-mRNA-HP on 4T1 and
HepG2 cells at an mRNA concentration of 2 pg mL~"' provided
further insights into its cellular uptake and endosomal escape
dynamics (Fig. S11). These images show that many nano-
particles are attached to the cell membrane, and partial colo-
calization with endo-lysosomal compartments can occasionally
be observed, particularly in the PFHA-PEI-mRNA-HP group.

A spherical nanoparticle with sub-hundred nm diameter
and cationic surface charge typically enters cells via energy-
dependent endocytosis. Since PFHA-PEI-mRNA-HP is a cationic
spherical nanoparticle with sub-hundred nm diameter, and
simultaneously possesses a hydrophobic moiety, PFHA, and
cell receptor ligand, HP, it is expected that PFHA-PEI-mRNA-HP
would enter cells via the receptor-mediated energy-dependent
endocytosis pathway. As energy-dependent pathways in cells
are greatly inhibited at 4 °C,”” the internalization of PFHA-PEI-
mMRNA-HP should be mostly halted at this temperature if
endocytosis is responsible for cell uptake in this case. A cellular
uptake study where PFHA-PEI-mRNA-HP was applied to all
three cell lines and incubated at 4 °C was conducted in parallel
to the experiments conducted at 37 °C to validate this view.
Compared to the PFHA-PEI-mRNA-HP nanoparticles that were
internalized into deep intracellular space when incubated with
cells at 37 °C, the imaging results from all 3 cell lines treated at
4 °C unanimously show that the PFHA-PEI-mRNA-HP nano-
particles were either anchored on the surface of the plasma
membrane without internalization or only achieved shallow
penetration into the cytoplasm (Fig. S12). Notably, the evident
LysoTracker signal presented in the cells incubated at 37 °C
mostly disappeared in the cells incubated at 4 °C. The fact that
the LysoTracker signal was barely observable in the cells
incubated at 4 °C could be an indicator of greatly suppressed
endocytosis at this low temperature. These results collectively
pointed out that even though PFHA-PEI-mRNA-HP could still
bind to the cell plasma membrane via electrostatic adsorption
at a lower temperature, it could not be efficiently internalized
with endocytosis being effectively halted at 4 °C. Therefore, the
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energy-dependent endocytosis is primarily responsible for the
cellular internalization of PFHA-PEI-mRNA-HP.

3.4 Biocompatibility tests

PEI-mRNA, PFHA-PEI-mRNA, PFHA-PEI-mRNA-HP and Lipofec-
tamine 2000-mRNA were applied to the 4T1, HepG2 and M6 cell
lines to assess their biocompatibility based on the quantitative
Alamar blue cell viability assay results and observations from
bright field cell images. The 4T1 cells treated with PFHA-PEI-
mRNA-HP were able to retain around 90% viability across the
mRNA concentration ranging from 0 to 3 pg mL™" (Fig. 4a).
On the other hand, Lipofectamine 2000-mRNA inflicted more
than 20% viability loss on 4T1 at 2 pg mL ™' and above. The
toxicity inflicted by PFHA-PEI-mRNA falls between that by
PFHA-PEI-mRNA-HP and Lipofectamine 2000-mRNA, while
PEI-mRNA exerted the highest toxicity on 4T1 by reducing its
viability to around 70% at 2 pg mL ™" and above. On the HepG2
cell line, Lipofectamine 2000-mRNA exhibited a clear trend in its
toxicity profile. As the mRNA concentration increased from 0 to
3 pg mL ™", the viability of the HepG2 cells decreased from 100% to
around 70%, and eventually 60% (Fig. 4a). The PEI-mRNA-treated
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Fig. 4 Cell viability test results of PFHA-PEI-mRNA-HP. (a) Quantitative
Alamar Blue cell viability assay results on 4T1, HepG2 and M6 cells. Each
cell type was treated with PEI-mRNA, PFHA-PEI-mRNA, PFHA-PEI-mRNA-
HP and Lipofectamine 2000-mRNA at 0, 5, 1, 2 and 3 pg mL™* for 24 h. The
untreated cell viability was normalized to 100% for all cell lines. Statistical
analysis was performed to determine if the difference between the data
points from the Lipo-mRNA-treated cells and the data points from other
treated cells was significant. (b) Representative bright field images of
untreated, Lipofectamine 2000-mRNA-treated and PFHA-PEI-mRNA-
HP-treated cells at 2 pg mL™* mMRNA concentration. Scale bar is 50 pm.
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HepG2 cells consistently showed around 75% viability at an mRNA
concentration between 0.5 to 3 pg mL™". On the other hand, the
PFHA-PEI-mRNA or PFHA-PEI-mRNA-HP-treated HepG2 cells were
mostly able to retain >80% viability in the mRNA concentration
range of 0.5 to 3 ug mL™". On the M6 cell line, the cells treated
with PFHA-PEI-mRNA exhibited a remarkable retention of viability
higher than 90% at a 3 ug mL ™" dose. In comparison, the cells
treated with PEI-mRNA and PFHA-PEI-mRNA retained ~85%
viability. Notably, the cells treated with Lipofectamine 2000-mRNA
experienced a more significant decline, dropping below 80% viabi-
lity at the same 3 pug mL~" mRNA dose.

The quantitative cell viability assay results were corrobo-
rated by the bright field images. The bright field images of the
untreated or the PFHA-PEI-mRNA-HP-treated 4T1 cells showed
a similar cell density and morphology, which suggests that the
proliferation rate and health of the 4T1 cells were not signifi-
cantly affected by the presence of PFHA-PEI-mRNA-HP (Fig. 4b).
The 4T1 cells treated with PEI-mRNA, PFHA-PEI-mRNA and
Lipofectamine 2000-mRNA showed a slightly lower cell density
than the untreated cells, agreeing with 4T1 cell viability results
that these treatments inflicted mild toxicity on the 4T1 cells
(Fig. 4b and Fig. S13). Although the PFHA-PEI-mRNA-
HP-treated HepG2 cells displayed a similar cell density as the
untreated cells, the morphology of the treated HepG2 cells
appeared to be slightly clumpier and more corrugated than
the untreated cells (Fig. 4b). This corresponds to the slight
decrease in the viability of the HepG2 cells treated by PFHA-PEI-
mRNA-HP at 2 pug mL ™' mRNA. The HepG2 cell images also
confirmed that Lipofectamine 2000-mRNA indeed caused
noticeable cytotoxicity to the HepG2 cells as their cell density
was significantly lower and their cell morphology appeared to
be clumpier. Meanwhile, PEI-mRNA and PFHA-PEI-mRNA only
displayed mild adverse effects on the HepG2 cells, as the cell
viability results suggested (Fig. S13). The bright field images of
M6 cells did not show noticeable differences in terms of cell
density and morphology between the PFHA-PEI-mRNA-HP-
treated, PFHA-PEI-mRNA-treated and the untreated cells, which
agrees well with the cell viability test results (Fig. 4b and
Fig. S13). One the other hand, the M6 cells treated with PEI-
mRNA and Lipofectamine 2000-mRNA exhibited lower con-
fluency, along with notable cell shrinkage and clustering. These
observations collectively suggest the poorer biocompatibility
associated with these two treatments. To validate that the cells
visualized in the bright field images were indeed viable, live/
dead staining was performed using Calcein AM and propidium
iodide (Fig. S14). The results confirmed that the majority of
cells under each treatment condition were alive, further sup-
porting the conclusion that PFHA-PEI-mRNA-HP exhibits mini-
mal cytotoxicity across all the tested cell lines.

Taking all the biocompatibility data together, both PFHA-
PEI-mRNA-HP and PFHA-PEI-mRNA displayed reliable biocom-
patibility across all 3 cell lines because they typically inflict less
than 20% growth retardation even at an mRNA concentration
as high as 3 pg mL™". The fact that the PFHA-PEI-mRNA-HP-
treated cells consistently showed slightly higher viability than
that treated by PFHA-PEI-mRNA could suggest the contribution
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of HP to improving the biocompatibility of the mRNA complex.
Without PFHA and HP, the toxicity of PEI-mRNA could be
obvious on some cell lines. These results indicate that HP
and PFHA are both beneficial in alleviating the toxicity from
PEL Although Lipofectamine 2000-mRNA showed decent bio-
compatibility on 4T1 cells, it inflicted noticeable toxicity on
HepG2 and M6 cells at elevated mRNA concentrations, and
thus it can pose safety concerns when applied to certain
cell types. Importantly, PFHA-PEI-mRNA-HP also showed pro-
mising results in the biocompatibility test in mice, suggesting
that PFHA-PEI-mRNA-HP could be safe for future in vivo
applications.

3.5 Transfection efficiency of multiple cell lines

PEI-mRNA, PFHA-PEI-mRNA, and PFHA-PEI-mRNA-HP nano-
particles were applied to the 4T1, HepG2 and M6 cell lines to
test how each component of PFHA-PEI-mRNA-HP could affect
transfection outcomes. The mRNA dosages needed to achieve
the optimal transfection efficiency on different cell types were
determined by a dose sensitivity study (Fig. S15). Through the
dose sensitivity study, the mRNA concentration for transfecting
all cancer cells was set at 2 pg mL ™. As the “gold standard” of
commercially available transfection agents touting high trans-
fection efficiency and safety, Lipofectamine 2000-mRNA LNP
was used as a positive control for comparison.*® Based on the
fluorescent image results (Fig. 5a and b), the incorporation of
PFHA into PEI-mRNA significantly boosted the mRNA transfec-
tion efficiency in all cell lines. The conspicuous improvement
in transfection could be attributed to the inertness, hydropho-
bicity as well as lipophobicity of PFHA. Since it is unfavorable
for PFHA to interact with either a polar or non-polar environ-
ment, PFHA can self-assemble into compact structures with
itself and remain inert to its environment. These characteristics
render PFHA ideal for protecting fragile payloads such as easily
degraded mRNA. The addition of HP to PFHA-PEI-mRNA
further significantly enhanced the transfection efficiency in
all the cell lines. As observed in the previous intracellular
trafficking results, the presence of HP significantly increased
the cellular uptake of PFHA-PEI-mRNA-HP compared to its
counterpart without HP, corroborating the enhancement effect
of HP on transfection. As observed in the intracellular traffick-
ing results, the addition of HP significantly enhanced
the cellular uptake of PFHA-PEI-mRNA-HP compared to its
HP-free counterpart, confirming the role of HP in boosting
the transfection efficiency. This improvement may be attribu-
ted to multiple factors, including the increased serum stability
due to partial shielding of the positive surface charge of the
polyplex by heparin, which reduces its nonspecific adsorption
to serum proteins and nanoparticle loss during incubation.
Additionally, previous studies suggest that heparin may bind
to fibroblast growth factor receptors (FGFRs), which are often
overexpressed in various cancers, potentially facilitating
receptor-mediated uptake.>*® To investigate this possibility,
we performed an FGFR inhibition study using the FGFR inhi-
bitor PD173074. Cells were pretreated with the inhibitor prior
to transfection with PFHA-PEI-mRNA-HP nanoparticles
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Fig. 5 Transfection results on three different cancer cell lines. (a) Trans-
fection images of PEI-mRNA, PFHA-PEI-mRNA and PFHA-PEI-mRNA-HP,
with Lipofectamine 2000-mRNA as the positive control on 4T1, HepG2
and M6 cells. Scale bar is 100 pm. (b) Quantitative analysis of the
transfection results presented in (a). Statistical analysis was performed by
comparing each treatment groups to the positive control Lipo2000-
mRNA group. (c) Flow cytometric quantitative analysis of the transfection
efficiency of PFHA-PEI-mRNA-HP with Lipofectamine 2000-mRNA as the
positive control on three cancer cell lines.

(Fig. S16). No significant differences in EGFP expression were
observed between the FGFR-blocked and unblocked groups in
the 4T1, HepG2, and M6 cell lines. These results indicate that
FGFR is not the primary mediator of cellular uptake in this
system. Therefore, the HP-mediated enhancement of delivery is
more likely attributed to physicochemical effects such as col-
loidal stability and charge modulation, rather than specific
FGFR interactions.

The mechanism by which heparin enhances transfection
may also be attributed to its ability to modulate the electrostatic
interactions between the polymer and mRNA, facilitating a
subtle packing-unpacking balance that promotes mRNA release
in the cytoplasm, while still providing sufficient protection during
cellular uptake and transport. However, the exact mechanism
remains unclear and requires further investigation as an impor-
tant direction for future research.

The transfection images show that PFHA-PEI-mRNA-HP was
able to achieve comparable transfection efficiency to that of
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Lipofectamine 2000-mRNA on the 4T1, HepG2 and M6 cell
lines. These image data combined with the physicochemi-
cal profiles of PFHA-PEI-mRNA-HP collectively showcase the
importance of well-rounded attributes in size, shape, surface
charge, biocompatibility, and intracellular trafficking profiles
in successful mRNA transfection. Quantitative flow cytometric
analysis was performed to study the percentage of successful
transfected cell population from each cancer cell line (Fig. 5c¢).
Similarly, the transfection performance of PFHA-PEI-mRNA-HP
was compared to Lipofectamine 2000-mRNA in this study. The
flow cytometry results showed that PFHA-PEI-mRNA-HP was
able to achieve 90.3% and 91.8% transfection efficiency com-
pared to slightly lower 81.9% and 87.9% by Lipofectamine
2000-mRNA on the 4T1 and HepG2 cell lines respectively.
Meanwhile, PFHA-PEI-mRNA-HP was also able to transfect
92.2% of the M6 cell population, which was slightly lower than
that of Lipofectamine 2000-mRNA of 97.1%.

To further validate the broad applicability of PFHA-PEI-
mRNA-HP across different cancer types, three additional cell
lines, human breast cancer (MCF7), human brain cancer
(SF763), and rat brain cancer (C6), were subjected to transfec-
tion. These cell lines have been extensively utilized in cancer
research.”®®' Consistent with the transfection results observed
in the 4T1, HepG2 and M6 cells, the addition of PFHA and HP
to PEI-mRNA significantly enhanced the transfection efficiency
on the MCF7, SF763 and C6 cells (Fig. 6a and b). The flow
cytometry analysis showed that PFHA-PEI-mRNA-HP reliably
achieved a high transfection efficiency of 90.3%, 83.9% and
85.8% compared to that of Lipofectamine 2000-mRNA of
71.6%, 87.2% and 79.1% on MCF7, SF763 and C6 cells, respec-
tively (Fig. 6¢). These transfection results collectively demon-
strated that PFHA-PEI-mRNA-HP is highly effective in delivering
mRNA to various cancer cell types. Moreover, it exhibited a similar
or even superior performance when compared to the exemplary
commercial LNP transfection platform, Lipofectamine, across
several cell types. These findings position PFHA-PEI-mRNA-HP
as a promising polymeric nano-construct candidate for achieving
highly efficient mRNA transfection.

3.6 Stability of transfection efficiency after storage at 4 °C

The labile nature of mRNA poses significant challenges for its
storage as it is highly susceptible to nucleases, oxidation, and
hydrolysis.®” The common storage conditions for mRNA complexes
such as the COVID-19 mRNA vaccines developed by Pfizer-
BioNTech and Moderna usually require deep-freezing at —80 °C
or —20 °C. These vaccines not only are costly to distribute in cold-
chain transportation but also only have a narrow window to be
administered once thawed, which is usually within hours because
frequent freeze-thaw cycle could easily jeopardize the structural
integrity of mRNA.*> Thus, the stable storage of mRNA complexes
above 0 °C without freezing would greatly enhance their usability
and transport. Even though lyophilization has been reported to
significantly improve the stability of mRNA complexes above 0 °C,*
the additional cost and labor for lyophilization and reconstitution
later plus the quality control between these steps may bring more
challenges and uncertainties for large-scale processing.

This journal is © The Royal Society of Chemistry 2025
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Fig. 6 Transfection results on three additional cancer cell lines. (a) Trans-
fection images of PEI-mRNA, PFHA-PEI-mRNA and PFHA-PEI-mRNA-HP,
with Lipofectamine 2000-mRNA as the positive control on C6, SF763 and
MCEF7 cells. Scale bar is 100 um. (b) Quantitative analysis of the transfection
results presented in (a). Statistical analysis was performed by comparing
each of the treatment groups to the positive control Lipo2000-mRNA
group. (c) Flow cytometric quantitative analysis of transfection efficiency
of PFHA-PEI-mRNA-HP, with Lipofectamine 2000-mRNA as the positive
control on the additional three cancer cell lines.

To test whether storing PFHA-PEI-mRNA-HP solution above
0 °C affects the stability and transfection functionality of
mRNA, PFHA-PEI-mRNA-HP was refrigerated at 4 °C. Then,
the PFHA-PEI-mRNA-HP samples stored at 4 °C were applied to
4T1 and HepG2 cells for transfection on day 0 (the same day the
samples were prepared) as well as on day 1, day 2, day 3, day 4,
day 7 and day 15 post-sample preparation. Lipofectamine 2000-
mRNA was also prepared and stored and tested under similar
conditions for comparison. The refrigerated PFHA-PEI-mRNA-
HP and Lipofectamine 2000-mRNA samples were allowed to
equilibrate to room temperature before they were applied to the
cell culture each time. The results showed that PFHA-PEI-
mMRNA-HP stored at 4 °C did not show any significant compro-
mise in transfection efficiency on both 4T1 and HepG2 cells for
15 days, indicating that mRNA was well-protected by the PFHA-
PEI-HP construct and was able to maintain its structural
stability and functionality for a prolonged period at 4 °C
(Fig. 7a). On the other hand, Lipofectamine 2000-mRNA
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showed a significant decrease in transfection efficiency on both
cell lines after just one day being stored at 4 °C. Lipofectamine
2000-mRNA lost most of its transfection efficiency after two
days of refrigeration, suggesting that Lipofectamine 2000-
mRNA is unstable when stored at 4 °C. Quantitatively, PFHA-
PEI-mRNA-HP showed negligible loss of its transfection effi-
ciency on 4T1 cells for 15 days, whereas Lipo-mRNA lost more
than 70% of its transfection efficiency on day 1 and further lost
20%, causing its transfection efficiency to be only around 5% of
that on day 0 between day 2 and 7 (Fig. 7b).

In the HepGz2 cells, PFHA-PEI-mRNA-HP maintained 80% of
its transfection efficiency even at day 15, even though its
transfection efficiency fluctuated during the study, which could
be due to the variation in the HepG2 conditions. On the other
hand, Lipo-mRNA lost 90% of its transfection efficiency on
HepG2 cells on day 1 and showed no recovery thereafter.
Besides hydrolysis, a recent study also showed that the adduct
formation between ionizable lipids and mRNA at temperatures
above 0 °C could compromise the structural integrity of mRNA
and cause suppressed protein experssion.®® Since ionizable
lipids are indispensable components in virtually all LNPs, the
ionizable lipid-mRNA adduct formation could be one of the
factors causing the quick decline in the functionality of Lipo-
fectamine 2000-mRNA stored above 0 °C.

3.7 Invitro therapeutic mRNA delivery

To achieve therapeutic mRNA delivery, PFHA-PEI-HP was uti-
lized to deliver IL12-encoding mRNA to 4T1 cells in a proof-of-
principle study, with these cells later used in in vivo experi-
ments. Interleukin-12 (IL12), a key cytokine secreted by mono-
cytes and macrophages, is one of the pleiotropic cytokines
modulating the potent activation pathways of essential
immune cells such as natural killer (NK) cells, helper cells
and cytotoxic T cells.®* IL12 also establishes a positive feedback
loop with other proinflammatory cytokines including tumor
necrosis factor alpha (TNFa) and interferon gamma (IFNg),
sustaining the cytotoxic functions of NK cells and T cells.®

To evaluate the efficacy of PFHA-PEI-mRNA-HP in delivering
therapeutic IL12 mRNA, we encapsulated mouse IL12 mRNA
within the nanoparticle system and treated 4T1 cells. As shown
in Fig. 8a, immunofluorescence imaging 24 h post-treatment
demonstrated strong IL-12 protein expression (red signal), while
no IL-12 signal was detected in the untreated controls. The intense
red fluorescence observed in the treated cells indicates the suc-
cessful intracellular delivery and translation of the mRNA payload.
Additionally, ELISA quantification of the secreted IL-12 protein in
the culture medium confirmed a ~55-fold increase in IL-12
expression in the nanoparticle-treated cells compared to the
untreated controls (Fig. 8b). These results demonstrate the high
efficiency of PFHA-PEI-mRNA-HP in mediating functional mRNA
delivery and cytokine production, highlighting its potential utility
in cancer immunotherapy applications.

3.8 In vivo therapeutic efficacy and biosafety

Given its favorable physicochemical properties, high in vitro
transfection efficiency, and robust storage stability, the
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Fig. 7 Storage stability test above 0 °C on 4T1 and HepG2 cells. PFHA-PEI-mRNA-HP and Lipofectamine 2000-mRNA were prepared on day O and
refrigerated at 4 °C throughout the course of the study. PFHA-PEI-mRNA-HP and Lipofectamine 2000-mRNA were allowed to equilibrate to room
temperature before they were added to the 4T1 and HepG2 cell cultures at 2 pg mL~* mRNA concentration on day 0, 1, 2, 3, 4, 7 and 15. (a) Fluorescent
images of transfected cells. Images were collected 24 h after PFHA-PEI-mRNA-HP and Lipofectamine 2000-mRNA were added on each day. Scale bar is
100 um. (b) Quantification of the fluorescence intensities shown in the images. Fluorescence intensities in each panel were normalized against the

intensity at day O, which was assigned as 100%.

PFHA-PEI-HP mRNA delivery system was evaluated for its
in vivo therapeutic efficacy to explore its potential for clinical
applications. This study utilized a 4T1 triple-negative breast
cancer (TNBC) mouse model, which mimics the aggressive
nature and treatment challenges of human TNBC, a subtype
lacking estrogen, progesterone, and HER2 receptors, making it
difficult to target with conventional therapies.®”**®

Immunotherapy, particularly immune checkpoint inhibitors
(ICIs), has shown promise for the treatment of TNBC by
enhancing antitumor immunity by blocking inhibitory T-cell
pathways. However, single-agent ICIs, such as anti-PD-L1 ther-
apy, often exhibit limited efficacy in the immunosuppressive
tumor microenvironment. Combining IL12 with anti-PD-L1 has
been shown in preclinical studies to enhance anti-tumor
immunity and overcome resistance to checkpoint blockade by
promoting immune activation.

2564 | Nanoscale Horiz., 2025, 10, 2550-2568

The 4T1 TNBC model, established by inoculating 4T1 cells
into the mammary gland of BALB/c mice, was used due to its
similarity to human TNBC, including rapid tumor growth, high
metastatic potential, and an immunocompetent microenvironment.
To confirm in vivo mRNA delivery, luciferase mRNA (luc mRNA)
encapsulated in PFHA-PEI-HP nanoparticles was administered to
BALB/c mice (Fig. 9a and b). To minimize mechanical disruption of
the tumor and ensure close proximity for diffusion-based delivery,
the nanoparticles were injected via peritumoral subcutaneous injec-
tion rather than intratumorally. This strategy has been adopted in
other preclinical models for localized nanoparticle delivery and
immunomodulation.®*®” Four hours post-injection, the lumines-
cence detected via IVIS imaging after luciferin administration
confirmed successful mRNA transfection at the tumor site.

Following validation of IL12 mRNA delivery to 4T1 cells
in vitro and mRNA (luc mRNA) delivery in vivo, the therapeutic

This journal is © The Royal Society of Chemistry 2025
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Fig. 8 1L12 mRNA delivery to 4T1 cells. (a) Immunofluorescence images

showing IL-12 protein intracellular expression in 4T1 cell 24 h after
treatment with PFHA-PEI-IL12 mRNA-HP nanoparticles (bottom) com-
pared to untreated cells (top). Cells were stained with DAPI (blue, nuclei),
and IL-12 protein was detected using an anti-1L-12 antibody (red). Scale
bar is 100 pm. (b) Quantification of secreted IL-12 protein in culture
medium via ELISA. PFHA-PEI-IL12 mRNA-HP nanoparticle-treated (NP
treated) cells exhibited ~55-fold higher IL-12 expression compared to
untreated controls. ***p < 0.001.

potential of PFHA-PEI-HP was assessed by combining IL12
mRNA delivery with anti-PD-L1 therapy (referred to as “Comb”’
treatment). The treatment schedule (Fig. 9¢) involved inoculat-
ing 4T1 cells on day 0, administering PFHA-PEI-HP with IL12
mRNA subcutaneously on day 3, and injecting anti-PD-L1 on
day 4. The dosing regimen was selected based on preliminary
internal studies to optimize the transfection efficiency, immune
activation, and tolerability within a suitable time window. The
control groups included anti-PD-L1-only and untreated mice.
The tumor volume was monitored from day 3 to day 14 (Fig. 9d).
The Comb group exhibited significant tumor suppression, with 4
of 6 mice tumor-free by day 14 and the remaining two showing
minimal tumor growth (Fig. 9e). In contrast, the anti-PD-L1-only
and untreated groups displayed substantial tumor progression.

Although marked tumor suppression was observed follow-
ing treatment with PFHA-PEI-IL12 mRNA-HP and anti-PD-L1,
IL-12 expression in the tumor tissues was not directly mea-
sured. However, the in vitro ELISA results (Fig. 8) confirmed
strong IL-12 protein expression, and in vivo luciferase imaging
(Fig. 9b) demonstrated the ability of this platform to deliver
and express mRNA in tumors. These findings, alongside the
observed tumor suppression, suggest that the antitumor effect
was likely mediated by IL-12 expression. A further limitation
is the lack of an IL-12-only control group, preventing a
direct comparison of individual versus combined treatment
effects. However, prior studies demonstrated the enhanced
efficacy of IL-12 therapies with PD-L1 blockade, supporting our
approach.®®®® Additionally, treatment began early (day 3 post-
inoculation) before tumors were fully established or vascular-
ized, enabling the evaluation of the immunostimulatory and
vaccine-like effects of IL-12 mRNA but potentially not reflecting
the challenges of mature solid tumors. Future studies will
incorporate IL-12 monotherapy and delayed treatment in

This journal is © The Royal Society of Chemistry 2025
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Fig. 9 In vivo therapeutic efficacy and biosafety of PFHA-PEI-mRNA-HP
nanoparticles. (a) Diagram of the treatment schedule for the in vivo
luciferase mMRNA transfection study. (b) IVIS imaging of mice 5 h post-
subcutaneous injection of PFHA-PEI-mRNA-HP nanoparticles containing
15 pg luciferase mRNA, with untreated mice as controls. (c) Diagram of the
treatment schedule for the in vivo therapeutic study. (d) Tumor volume
measurements in mice treated with anti-PD-L1 antibody, IL12 mRNA
encapsulated in PFHA-PEI-mRNA-HP nanoparticles, or combination ther-
apy, compared to the untreated controls. (e) Representative tumor images
from different treatment groups on day 14. (f) Blood chemistry analysis
of untreated and PFHA-PEI-mRNA-HP-treated mice. (g) Body weight
monitoring of untreated and PFHA-PEI-mRNA-HP-treated mice over the
treatment period, showing no significant weight loss.

advanced tumor models to clarify the role played by each
component in the treatment efficacy in clinically relevant
settings.

In addition, biosafety was evaluated through blood chemis-
try analysis and body weight monitoring. One day after PFHA-
PEI-mRNA-HP treatment, the blood chemistry of the treated
and untreated mice was comparable, with no significant differ-
ences observed in their albumin (ALB), blood urea nitrogen
(BUN), glucose (GLU), alanine aminotransferase (ALT), and
aspartate aminotransferase (AST) levels (Fig. 9f). Additionally,
the Comb-treated mice maintained a stable body weight over
two weeks compared to the tumor-free mice (Fig. 9g), indicating
no observable systemic toxicity from PFHA-PEI-HP combined
with anti-PD-L1.
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These results highlight PFHA-PEI-mRNA-HP as a safe and
effective platform for mRNA-based immunotherapy, enhancing
checkpoint blockade therapy, while maintaining a favorable
safety profile. This system shows significant promise for clin-
ical translation in TNBC and other aggressive malignancies.

4. Conclusions

This study presented PFHA-PEI-mRNA-HP, a novel polymeric
mRNA delivery platform that uniquely combines fluorination
and heparinization to overcome the limitations of existing gene
delivery systems. While fluorination and heparinization have
individually enhanced DNA and siRNA delivery, their combined
use for mRNA delivery in polymeric carriers is unprecedented.
PFHA-PEI-mRNA-HP achieved an exceptional transfection effi-
ciency (>90%) across multiple cancer cell lines, surpassing
the commercial standard Lipofectamine 2000. The compact,
spherical nanoparticles of the platform, enabled by PFHA,
addressed the inability of PEI to effectively condense mRNA
alone. Fluorination enhanced its cellular uptake through
biphasic separation and bolstered its endosomal escape, while
heparinization further improved its uptake, transfection effi-
ciency, and biocompatibility. These well-balanced physico-
chemical properties, including compactness, cationic surface
charge, and robust cellular internalization, underpinned its
superior performance.

PFHA-PEI-mRNA-HP demonstrated remarkable versatility,
seamlessly accommodating therapeutic mRNA and targeting
ligands to enable precise therapeutic applications. In vivo, it
efficiently delivered IL12 mRNA, and when combined with anti-
PD-L1 therapy, achieved significant tumor suppression in a 4T1
triple-negative breast cancer (TNBC) mouse model. This combi-
nation therapy led to complete tumor regression in a subset of
treated mice, highlighting its potent antitumor efficacy. Impor-
tantly, the platform maintained an excellent safety profile, with
no observable toxicity, as evidenced by the stable body weight,
normal blood chemistry, and absence of adverse effects in the
treated animals. The synergistic effects of fluorination and
heparinization not only enhanced its delivery efficiency but
also ensured its compatibility with biological systems, making
PFHA-PEI-mRNA-HP a robust candidate for clinical translation.

Furthermore, PFHA-PEI-mRNA-HP exhibited greater stabi-
lity than Lipofectamine 2000 when stored above 0 °C, suggest-
ing its potential for simplified storage and distribution. In
conclusion, PFHA-PEI-mRNA-HP represents a highly efficient,
stable, and versatile mRNA delivery platform with significant
promise for cancer immunotherapy and broader gene therapy
applications.
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