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This study explores the efficacy of ionizable lipid nanoparticles 
(LNPs) modified with various functionalized polyethylene gly-
col (PEG)-lipids for retention within the tumor microenviron-
ment after intratumoral (IT) injection. LNPs were synthesized 
and characterized with four different functionalized PEG- 
lipids, and the top performing lipids were evaluated under 
formulation conditions that varied the ratio of non-modified 
to functionalized PEG within the LNP. These LNPs were eval-
uated for size, polydispersity index, zeta potential, pKa, and 
mRNA encapsulation efficiency, with subsequent in vitro anal-
ysis of transfection and association efficiency to HepG2 liver 
cancer cells. Results demonstrated that LNPs formulated 
with PEG-folate and PEG-maleimide showed increased associ-
ation to and interaction with cancer cells, compared with the 
base LNP formulation, which contained only non-functional-
ized lipid-PEG. In vivo studies showed increased retention of 
surface functionalized LNPs after IT injection in a xenograft 
model of hepatoblastoma. By slightly modifying LNPs in 
this manner, it is possible to develop delivery platforms that 
are better suited for local intratumoral administration. Ulti-
mately, this research underscores the potential of LNPs as a 
vehicle for localized cancer therapy and emphasizes the need 
for future investigation into the long-term retention and ther-
apeutic efficacy of LNP formulations.

INTRODUCTION

Solid tumor cancers account for more than 90% of adult human can-
cers and come with significant treatment challenges.1 Surgical 
removal of solid tumors can be an effective first line of defense. How-
ever, patients with late-stage cancer diagnoses, metastatic sites, or 
who are poor candidates for surgical resection are limited in the cur-
rent treatment landscape to primarily systemically administered 
therapies such as chemotherapy or immunotherapy.2 These treat-
ments can have significant clinical impact and are easy to admin-
ister,3 but have numerous challenges for both safety and efficacy. Sys-
temic administration leads to both low accumulation of drug at the 
tumor site and as well as non-specific binding to other proteins and 
tissues in the body3 and is therefore characterized by significant off- 

target effects that can greatly impact quality of life and severely limit 
maximum dosage. As an example, it is estimated that less than 0.5% 
of the total dose of paclitaxel becomes available to the tumor when 
injected intravenously.4 Many groups have introduced nanoparticle 
delivery systems as a method to improve tumor accumulation and 
targeting after systemic administration, leveraging the enhanced 
permeability and retention (EPR) effect.5,6 However, analyses of 
these types of systems have found EPR not to be as significant as pre-
viously believed and that, on average, only 0.7% of the administered 
nanoparticle dose is delivered to solid tumors.7,8

Direct injection of anticancer drugs into the tumor site could alle-
viate many of these issues, allowing for high local concentration of 
anti-cancer therapeutics and limited off-site binding and effects.9

However, although direct injection into the tumor site improves 
retention and local concentration compared with systemic circula-
tion, the improvement is often marginal and overall retention is still 
poor, due in part to the anomalous vasculature present in the solid 
tumor microenvironment (TME).10,11 Therefore, for direct tumor 
injections to be clinically feasible, therapeutics must be delivered 
in a fashion which allows for retention within the TME.

Ionizable lipid nanoparticles (LNPs) are widely known for their 
role in the Pfizer-BioNTech and Moderna coronavirus disease 
2019 vaccines, enabling the efficient delivery of mRNA to human 
cells.12–14 LNPs are also used for cancer therapies—including 
solid tumor cancer therapies15—utilizing their nanosc size to 
permeate the anomalous vasculature of the TME.16 LNPs offer a 
versatile platform for encapsulating a wide variety of therapeutic 
agents, including small molecule drugs, proteins, and nucleic 
acids,4,17,18 which can be effective as chemotherapeutics, immu-
notherapies, or cancer vaccines.19,20 The modifiable surface of 

Received 25 September 2024; accepted 24 March 2025; 
https://doi.org/10.1016/j.omtm.2025.101457.
3These authors contributed equally
Correspondence: Michael J. Mitchell, PhD, School of Engineering and Applied 
Science, University of Pennsylvania, Philadelphia, PA 19104, USA.
E-mail: mjmitch@seas.upenn.edu

Molecular Therapy: Methods & Clinical Development Vol. 33 June 2025 © 2025 The Authors. 
Published by Elsevier Inc. on behalf of The American Society of Gene and Cell Therapy. 

1 

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.omtm.2025.101457
mailto:mjmitch@seas.upenn.edu
http://crossmark.crossref.org/dialog/?doi=10.1016/j.omtm.2025.101457&domain=pdf


LNPs can be tailored for both passive and active targeting,21

including the conjugation of antibodies or ligands to bind to tu-
mor-specific antigens or receptors, respectively.22

While ligand- or receptor-specific surface modifications are of inter-
est, a surface modification to universally improve retention of LNPs 
within the TME would be of great use.23 Recently, conjugates of 
lipid-anchored polyethylene glycol (PEG), a constituent in LNP for-
mulations, have come to the attention of researchers as a way to 
passively target cancer cells.24,25 PEG has been a highly studied 
component of the LNP system,26 and it is well known to play a 
role in the LNP fate in vivo, including influence of the protein corona 
for improved circulation times and evasion of clearance by the 
mononuclear phagocyte system.27,28

In this study, we evaluate the inclusion of PEG-lipids with a vari-
ety of commercially available functional groups—folate, carbox-
ylic acid, PDP, and maleimide—with the ultimate goal of enabling 
LNP retention in the TME via adherence to and interaction with 
cancer cells. PEG-folate was chosen due to its high affinity to bind 
to folate receptors, which are commonly overexpressed on various 
cancer cells.29–31 PEG-maleimide has been used in our lab previ-
ously to conjugate antibodies to the surface of LNPs,32,33 but un-
reacted PEG-maleimide LNPs have shown substantially different 
cellular interactions compared to non-modified LNPs, leading to 
the conclusion that there is some interaction at play between 
the maleimide group and the cancer cell, either a reaction with 
surface thiol groups, or a more generalized change in surface 
charge or structure post-hydrolysis.34–39 To further probe the 
possibility for non-specific cancer cell interactions, PEG-PDP 
and PEG-carboxylic acid were chosen as additional functional 
groups that may have specific or generalized cancer cell interac-
tions,34,35,40,41 as well as integrin adhesion and improved stabil-
ity.42,43 These lipids are more commonly used for conjugation 
chemistry, but are evaluated here without further chemical addi-
tion. A previously optimized LNP formulation utilizing the 
commercially available ionizable lipid C12-200 was used as a 
base particle throughout this study as a positive control.32,33,44

RESULTS

LNP library design and synthesis

Five LNP formulations—four experimental and one base—were syn-
thesized for analysis of association and mRNA delivery to HepG2 
liver cancer cells. Microfluidic mixing of an ethanol phase containing 
lipid components and an aqueous phase containing mRNA was used 
to formulate LNPs (Figure 1A). The base formulation was a previ-
ously optimized LNP formulation of excipients in the following 
molar ratios: 35% C12-200 ionizable lipid, 46.5% cholesterol, 16% 
1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE), and 2.5% 
PEG.44–46 The four experimental formulations included the substitu-
tion of part of the 2.5% PEG with PEG-folate (Figure 1B), PEG-car-
boxylic acid (Figure 1C), PEG-PDP (Figure 1D), or PEG-maleimide 
(Figure 1E)—all purchased commercially—at a 1:4 M ratio with non- 
modified PEG.32,33

The initial five LNPs were characterized for size, polydispersity index 
(PDI), zeta potential, encapsulation efficiency, and pKa (Figure 2B). 
Most functionalized-PEG LNPs caused a slight increase in size, with 
folate showing a larger increase in size (262 nm) and carboxylic acid 
showing a decrease in size (62 nm), with the remainder of formula-
tions ranging between 84 and 106 nm, which is typical of mRNA 
LNPs. Of all LNPs tested, only the maleimide LNP was found to 
have a statistically similar size to the base formulation (Figure S1A). 
The zeta potential from the five LNPs ranged from 8 to 17 mV, 
with the base formulation being in the middle of all formulations 
tested, at 10 mV, and only the folate LNP being statistically similar 
to the base (Figure S1B). However, all LNPs could be considered 
neutrally charged. Encapsulation efficiencies for the five LNPs ranged 
from 88.5% to 94.4%, showing efficient encapsulation of mRNA 
regardless of functionalized PEG. Finally, pKa values ranged from 
4.63 to 5.75, demonstrating that all LNPs retain an ionizable nature. 
Additionally, cytotoxicity was measured, and none of the LNP formu-
lations significantly altered cell viability compared to base LNP treated 
cells (Figure S1C).

In vitro LNP transfection of and association to HepG2 cells

After LNP characterization, LNPs were evaluated for mRNA deliv-
ery and association efficiency to HepG2 cells in vitro. To evaluate 
association efficiency, DiO-labled LNPs were exposed to cells 
ranging from 1 to 60 min (Figure 2C). Fluorescence was measured 
before and after washes to determine the percentage of LNPs that 
either adhere to the surface of cells or internalize during that time. 
Using this method, carboxylic acid, and PDP were identified as 
modifications that decreased association and cellular interaction, 
with lower maximum signal at 60 min (Figure 2D). In contrast, 
folate and maleimide functionalized LNPs perform similarly to 
the base formulation, with folate functionalized LNPs showing a 
slight improvement at the 1 min time point, although this was 
not statistically significant. The purpose of this study was to eval-
uate the impact of functionalized PEG-lipids in LNP formulation 
to maximize particle retention in the TME.

To evaluate transfection, LNP-treated cells were measured for 
mRNA expression using flow cytometry (Figures 2E and S3). Four 
replicate treatments were performed for each LNP formulation. Un-
surprisingly, the base formulation resulted in mRNA delivery and 
GFP expression in over 80% of cells. Interestingly, all functionalized 
PEG-lipids reduced cytosolic delivery, measured by mRNA expres-
sion. It has been well established that the presence of PEG-lipids 
can decrease cellular uptake in vitro, even as it increases expression 
in vivo.6 This is due to the PEG shielding effect, which causes a phys-
ical barrier between the LNP and cells and proteins. In vivo, this is 
needed to protect from the mononuclear phagocyte system and allow 
for a viable half-life. However, in vitro, this typically causes reduced 
cellular interaction and can limit particle uptake. For these function-
alized PEG-lipids, it was hypothesized that this PEG mechanism 
would be opposed to the binding mechanisms of the functional 
groups. However, based on the significant reduction in mRNA 
expression with higher surface adhesion—especially present in the 
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folate and maleimide modified LNPs—it seems that modifications 
could amplify this disparity, causing more cell surface interaction 
but further impeding uptake. The folate- and maleimide-modified 
LNPs show the greatest effect and were consequently chosen for 
further in vitro and in vivo evaluation.

Evaluation of increased percentages of functionalized PEG- 

lipids

In initial assays, the folate- and maleimide-modified LNPs were 
synthesized with a 1:4 ratio of functionalized PEG-lipid to non-
modified PEG. In this further analysis, additional ratios were 

Figure 1. Synthesis of LNPs with functionalized polyethylene glycol-lipids 

(A) Schematic of LNP components, formulation, synthesis, expected structure, and application in solid tumor models. An ethanol phase containing an ionizable lipid 

(C12-200), cholesterol, DOPE, and PEG-lipids is mixed using a microfluidic device with an aqueous phase containing mCherry or GFP mRNA to form LNPs. Structure of (B) 

DSPE-PEG(2000) folate (PEG-folate), (C) DSPE-PEG(2000) carboxylic acid (PEG-CA), (D) DSPE-PEG(2000) PDP (PEG-PDP), and (E) DSPE-PEG(2000) maleimide (PEG- 

maleimide) used in experimental LNP formulations.

www.moleculartherapy.org 
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tested to evaluate if increased surface modification could alter 
LNP physiochemical characteristics and cellular interaction. To 
evaluate this, folate and maleimide LNPs were synthesized in 
1:4, 1:3, and 1:1 M ratios (Figure 3A), and the resulting LNPs 
were characterized as before.

Increasing modifications caused an increase in LNP size, with malei-
mide particles reaching sizes of 142 nm. Folate-modified LNPs 
increased in size even more drastically, and at the 1:1 ratio, the pres-

ence of folate-PEG caused aggregation of LNPs to greater than 1-μm 
sizes. Zeta potential, encapsulation efficiency, and pKa had ranges of 
5.3–13 mV, 86–94%, and 4.17–5.68, respectively (Figure 3B). Inter-
estingly, increasing modifications seemed to decrease LNP surface 
charge (Figure S1B). For the folate functionalized LNPs, the zeta 
potential was lower than the base LNP, while for the maleimide func-
tionalized LNPs the zeta potential was closer to the base LNP. Cyto-
toxicity remained similar, with all LNPs resulting in cell viability 
similar to the base LNP control (Figure S1C).

A

D

E

C

B

Figure 2. Transfection and association efficiency of LNPs with functionalized PEG-lipids 

(A) Schematic demonstrating pathways for functionalized PEG-lipid surface active chemistries. (B) Measurements of z-average, PDI, zeta potential, mRNA encapsulation 

efficiency, and pKa of five initial LNP formulations. (C) Schematic describing association assay procedure. (D) Association efficiency of initial five LNP formulations. DiO 

fluorescence readings were used to calculate association efficiency, with association efficiency representing the ratio of fluorescence post-wash to pre-wash with subtraction 

of background fluorescence for normalization (n ≥ 3). (E) Percentage of GFP+ HepG2 cells—measured via flow cytometry—24 h post treatment with initial five LNP 

formulations (n = 4).
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Cellular association increased with increased amounts of function-
alized PEG-lipids. Both folate (1:1) and maleimide (1:1) functional-
ized LNPs showed higher maximum values at 30 and 60 min, and 
in the case of maleimide, this increase was statistically significant 
when compared with the base LNP. This association assay was 
additionally tested in a lung cancer cell line (Figure S2), and similar 
trends were seen: increased association with increased amounts of 
functionalized PEG. When these LNPs were evaluated for intracel-
lular delivery and expression of mRNA (Figures 3D and S3), all 
LNPs underperformed in comparison to the base LNP formulation. 
However, maleimide (1:1) functionalized LNPs resulted in an in-
crease in mRNA delivery, with approximately 20% of cells produc-
ing GFP. This potentially hints at a threshold of maleimide content 
that transitions the interaction of LNPs with the cell surface from 
association to uptake.

Microscopy for analyzing cellular association and uptake

Due to the generalized measurements of the association assays used 
previously, it was of interest to evaluate cellular interactions on a 
more individual basis. While the preliminary association assays as-
sessed potential LNP binding to cancer cells, further visual confirma-
tion was required. To do so, folate and maleimide LNPs, at all three 
ratios tested, were used to treat HepG2 cells for 1 or 15 min, after 
which the media and LNPs were removed, and cells were fixed and 
processed for confocal imaging.

Interestingly, even though the base particle showed significant asso-
ciation and uptake in previous assays, minimal LNP signal was 
observed. In contrast, all surface modified LNP groups had clear 
LNP signal at the 15-min time point, and many had substantial 
signal at the 1-min time point as well (Figure 4A). At the 1-min 

A

D
C

B

Figure 3. Transfection and association efficiency of alternative ratios of maleimide and folate functionalized PEG-lipid LNPs 

(A) Modification ratios of functionalized PEG-lipid to nonmodified PEG in 2.5% PEG constituent. Maleimide and folate functionalized PEGs were introduced at 1:4, 1:3, 

and 1:1 ratios. (B) Measurements of z-average, PDI, zeta potential, mRNA encapsulation efficiency, and pKa of maleimide and folate modified LNPs. (C) Association 

efficiency of base particle and all maleimide and folate functionalized LNPs. DiO fluorescence readings were used to calculate association efficiency, with association 

efficiency representing the ratio of fluorescence post-wash to pre-wash with subtraction of background fluorescence for normalization (n = 3). ANOVA was used to 

determine significance between experimental groups and the base LNP at each time point. (D) Percentage of GFP+ HepG2 cells 24 h post treatment (n = 4). *p < 0.05; 

**p < 0.01.
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time point, folate (1:1) LNPs outperformed all other LNPs, based 
on image analysis and LNP dye intensity (Figure 4B). At the 
15-min time point, folate (1:1) and folate (1:4) LNPs were top per-
formers. Of note, in many of the top performing groups, LNP 
signal was observed in cell clusters, as opposed to individual cells. 
This may indicate that extracellular interactions between cells play 
a role in the interaction between surface modified LNPs and cancer 
cells. In contrast, the base formulation is found minimally in all 
cells, regardless of clustering.

In vivo intratumoral delivery in a xenograft model of 

hepatoblastoma

Due to the increased LNP signal at sites of multiple cell clusters, it 
was of interest to evaluate LNP interaction with tumor cells in an 
in vivo model. GFP+ HepG2 cells were used to inoculate nude 
(Nu/J) mice, and after 2 weeks of growth, DiR-dyed LNPs were in-
tratumorally (IT) injected with PBS, base, maleimide (1:4), or folate 
(1:4) LNPs at a dose of 1 mg/kg mRNA. To assess stability, the size 
of maleimide (1:4) and folate (1:4) LNPs were tested over time at 

body temperature (37◦C), and neither LNP showed significant 
size increase (indicating instability) during the times tested 
(Figure S1D).

The 1-h and 4-h time points post treatment were used for both 
in vivo imaging system (IVIS) imaging of tumors and confocal im-
aging of tumor slices. IVIS imaging shows strong presence of LNPs 
within tumors at both the 1-h and 4-h time points, and while it is 
not significant (analyzed by ANOVA), there seems to be an in-
crease in signal in the folate (1:4) group, at both time points 
(Figure 5A), when normalized to tumor size, via GFP fluorescence 
intensity. Interestingly, the base formulation appeared disperse 
throughout the entire tumor area, while the folate and maleimide 
functionalized LNPs were primarily retained near the injection 
point, where the DiR LNP signal is strongest.

After IVIS imaging, tumors were fixed and processed for imaging. 
In confocal images of the tumor tissue, there is more clearly iden-
tifiable LNP signal in the folate and maleimide functionalized LNPs 

A

B

Figure 4. Confocal microscopy analysis of LNP association to HepG2 cells 

(A) Representative confocal images at 1 min and 15 min treatment time points. DAPI (blue) shows cell nucleus, phalloidin stain (red) is used to identify cell boundaries, and DiO 

(green) lipophilic dye indicates LNPs. Scale bar, 50 μm. (B) Mean fluorescence intensity of DiO dye within the cell area, calculated using phalloidin to identify cellular 

boundaries (n = 4). ANOVA was used to determine significance between experimental groups and the base LNP at each time point. *p < 0.05.
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groups than the base LNP formulation. At the 4-h time point spe-
cifically, there appears to be colocalization of LNP signal in the tu-
mor cells in the folate group.

DISCUSSION

Our study presents advancements in the understanding of using 
functionalized PEG-lipids within LNP formulations to increase 
retention of LNP-delivered cancer therapies within the TME. In gen-
eral, LNPs formulated with different PEG-lipids in some cases re-
tained many of the same physiochemical characteristics but reacted 
very differently with cells.

According to previous literature, the threshold for small vs. larger 
LNPs is approximately 100 nm.47 While the size of the base particle 
is under this threshold, at 84 nm, all folate-modified LNPs far exceed 

it, and the higher concentration maleimide LNPs (1:3 and 1:1) slightly 
exceed it as well, at approximately 140 nm. Larger sized LNPs with 
PEG-modification have been demonstrated in previous studies,32,33

and, given that folate has a larger molecular weight than PEG-malei-
mide, it is plausible that it would have similar—and possibly more 
exaggerated—effects on the synthesized LNP size. Larger sized parti-
cles are generally perceived negatively in the realm of systemically 
administered drug delivery vehicles. However, recent studies have 
found that larger molecular size IT administered agents can maximize 
tumor retention.48 Therefore, in the context of this study, larger size 
LNPs could be advantageous. However, in the in vivo study, the mal-
eimide (1:4) formulation used is not considered to be a large parti-
cle—with a size of 100 nm—and still performs similarly to folate 
(1:4). Therefore, it is likely that while increased size is affecting tumor 
retention, it is not the singular cause of the differences seen herein.

A

C

B

Figure 5. Imaging of xenograft tumors IT injected with base, folate (1:4), or maleimide (1:4) LNPs 

(A) Schematic showing timeline of tumor mouse model experiment. (B) Quantification of IVIS images of excised tumors shows a slight increase in DiR signal in the folate group 

at both time points tested, when signal is normalized to the size of the tumor. In the IVIS images themselves, there are clear injection sites—with strong LNP signal—in the 

folate and maleimide functionalized LNP groups, while the base formulation seems to be more generally diffuse (n = 4). (C) Histology imaging via confocal microscopy of tumor 

slices 1 h and 4 h post treatment. DAPI (blue) indicates cell nucleus, GFP (green) indicates HepG2 cancer cells, and DiR (red) indicates the presence of LNPs. Scale bar, 

100 μm. Areas of DiR signal that may be difficult to visualize are highlighted with white arrows.

www.moleculartherapy.org 

Molecular Therapy: Methods & Clinical Development Vol. 33 June 2025 7 



Our findings also showed that the amount of functionalized PEG- 
lipid added to an LNP formulation is a factor for LNP formulation, 
physicochemical properties, and performance. As the amount of 
modification increased, particularly for PEG-folate-modified LNPs, 
the particle size increased substantially. Additionally, increased in-
clusion of PEG-folate and PEG-maleimide decreased the apparent 
surface charge of LNPs. This suggests that there may be a threshold 
beyond which increasing the PEG-conjugate content could nega-
tively impact the physicochemical properties of the LNPs, leading 
to reduced functionality as a delivery vehicle, regardless of retention 
properties.

The base formulation shows the greatest transfection efficiency 
among the LNPs tested, underscoring the efficacy of the previously 
optimized LNP system. Converse to transfection efficiency, PEG- 
folate- and PEG-maleimide-modified LNPs showed superior associ-
ation efficiency in vitro and in vivo, particularly at shorter time 
points. The PEG-folate-modified LNPs enhanced association effi-
ciency may be in part attributed to the low dissociation constant 
(0.1 nmol/L) between folate and folate receptors, which are 
commonly overexpressed on cancer cells.30,31,49 Regardless of mech-
anism, the high association efficiency at low time points in vitro is 
encouraging, as the random vascular nature of the TME can quickly 
diffuse IT injected agents out into system circulation, and improve-
ments in immediate association with cancer cells may significantly 
improve delivery.16

The in vivo assays complemented our in vitro assays, providing an 
analysis of LNP behavior in both controlled environments and 
within the complex biology of a living organism. In vivo IT injected 
LNPs seemed to stay present in tumors at 1 h and 4 h post injection as 
IVIS imaging showed DiR signal at both time points across all LNPs. 
Similarly, confocal images of the same tumor tissue showed LNP 
presence at the membranes of cancer cells.

Conclusions

Our investigation into the use of functionalized PEG-lipids in LNP 
formulations holds potential for enhancing the retention of LNPs 
within the TME. The optimized LNP formulations with PEG-folate 
and PEG-maleimide modifications have demonstrated superior as-
sociation to cells of interest, indicating their potential in targeted 
drug delivery applications. Despite some unexpected findings in 
terms of transfection efficiency and size-related performance, the 
overall results underscore the significance of fine-tuning LNP char-
acteristics to maximize therapeutic outcomes.

Future work should aim to elucidate the precise mechanisms gov-
erning these results. Advanced characterization techniques, such 
as cryo-electron microscopy, could provide insights into the 
nano-architecture of these LNPs, potentially identifying structural 
anomalies that contribute to the observed biological behaviors. 
Additionally, exploring the dynamic interactions between LNPs 
and the TME in vivo over extended periods post injection could 
offer valuable data on the long-term retention and therapeutic effi-

cacy of these formulations. Employing animal models with various 
tumor types could also determine the versatility and specificity of 
the PEG-folate and PEG-maleimide modified LNPs. Such studies 
might validate the broad applicability or indicate a need for further 
customization.

This study serves as a proof of concept toward the development of 
more effective LNP-based intratumoral therapeutic delivery systems, 
highlighting the need for a delicate balance between particle design 
and biological function. mRNA is an exciting therapeutic modality 
in oncology as there are multiple proteins that could be therapeuti-
cally used in a local delivery platform, including immune-activators 
such as interleukin-12 and tumor suppressors such as p53, as well as 
personalized cancer vaccines—which are currently being developed 
with the rise of precision medicine. Overall, the goal of improving 
cancer treatment modalities through advanced localized drug deliv-
ery systems holds signficant potential.

MATERIALS AND METHODS

Formulation of LNPs

To create the base LNP formulation, mixing of an ethanol phase and 
aqueous phase was carried out using a staggered herringbone mi-
crofluidic mixing device with a 3:1 volume ratio (citrate buffer: 
ethanol, v/v) using pump33DS syringe pumps (Harvard Apparatus; 
Holliston, MA, USA).50 The ethanol phase contained the ionizable 
lipid C12-200 with cholesterol (Sigma-Aldrich; St. Louis, MO, 
USA), DOPE (Avanti Polar Lipids; Alabaster, AL, USA), and 1,2-di-
myristoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy (PEG)- 
2000 (C14-PEG-2000, PEG, Avanti Polar Lipids) at a 35:46. 
5:16:2.5 M ratio in a total volume of 300 μL C12-200 was synthe-
sized by reacting epoxide-terminated alkyl chains (Avanti Polar 
Lipids) with polyamine cores (Enamine, Monmouth Junction, NJ, 
USA) using nucleophilic addition/SN2 reactions, as previously 
described.51 The aqueous phase contained 10 mM citrate buffer 
and either mCherry or GFP mRNA at weight ratio of 10:1 (ionizable 
lipid:mRNA), in a total volume of 900 μL, kindly gifted from the 
Weissman Lab at the University of Pennsylvania (Philadelphia, 
PA, USA).

For experimental LNP formulations, 1,2-distearoyl-sn-glycero-3- 
phosphoethanolamine-N-[carboxy(PEG)-2000] (DSPE-PEG(2000) 
carboxylic acid), 1,2-distearoyl-sn-glycero-3-phosphoethanol-
amine-N-[folate(PEG)-2000] (DSPE-PEG(2000) folate), 1,2-dis-
tearoyl-sn-glycero-3-phosphoethanolamine-N-[3-(2-pyridyldithio) 
propionate (PEG)-2000] (DSPE-PEG(2000) PDP), or 1,2-distearoyl- 
sn-glycero-3-phosphoethanolamine-N-[maleimide(PEG)-2000] 
(DSPE-PEG(2000) maleimide) were purchased from Avanti Polar 
Lipids and substituted for a percentage of the 2.5 M ratio of PEG, 
at a molar ratio of 1:4, 1:3 and 1:1 (functionalized-PEG:non-modified 
PEG).

The resulting LNP solution was dialyzed against 1× PBS in 20-kDa 
molecular weight cutoff dialysis cassettes for 2 h and subsequently 
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sterilely filtered via 0.44 μm syringe filters (Genesee Scientific, El Ca-
jon, CA, USA). Final LNP solution was stored at 4◦C until use.

LNP characterization

For dynamic light scattering measurements, LNPs were diluted at a 
1:99 ratio with 1× PBS at 1 mL total volume in 4-mL disposable cu-
vettes. The Zetasizer Nano (Malvern Instruments, Malvern, UK) was 
used to determine LNP size (Z-average diameter) and PDI of all 
LNPs, reported with mean ± SD (n = 3 measurements).

For zeta potential measurements, LNPs were diluted at a 1:49 ratio in 
molecular biology water and resulting solution was put in DTA1070 
zeta potential cuvettes (Malvern Panalytical, Malvern, UK). Zetasizer 
Nano instrument was used and reported LNP surface zeta potential 
as mean ± SD (n = 3 measurements).

mRNA encapsulation efficiency was determined using the Quant- 
iT RiboGreen RNA Assay Kit (Thermo Fisher Scientific, Waltham, 
MA, USA) as described by manufacturer’s protocol. LNPs were 
diluted 100× in either 1× TE buffer or 0.1% Triton X-100 in 
1× TE buffer (Sigma Aldrich), and encapsulation efficiency was 
determined by comparing the mRNA concentration of unencap-
sulated mRNA (TE buffer samples) to encapsulated mRNA 
(Triton X-100 samples). Data are reported as the mean ± SD 
(n = 3 measurements).

To determine LNP pKa, a 6-(ptoluidinyl)naphthalene-2-sulfonic 
acid (TNS) assay was used to measure surface ionization as previ-
ously described.51 Buffered solutions of 150 mM sodium chloride, 
20 mM sodium phosphate, 25 mM ammonium citrate, and 20 mM 
ammonium acetate were adjusted to reach pH values ranging from 
2 to 12 in increments of 0.5. LNPs were added to each pH-adjusted 
solution in triplicate wells in a 96-well plate. TNS was then added to 
each well to reach a final concentration of 6 μM, The resulting fluo-
rescence was measured on the Infinite M Plex plate reader. The re-
sulting data were fit with a sigmoidal regression, and the pKa was 
calculated as the pH at which the fluorescence intensity reached 
50% of its maximum value. Data are reported as the mean ± SD 
(n = 3 measurements).

Cell culture

For all in vitro studies, HepG2 cells were cultured in DMEM supple-
mented with 10% fetal bovine serum and 1% penicillin-strepto-
mycin. Cells were stored in an incubator at 37◦C with standard hu-
midity and CO2 levels and were passaged once reaching 70% 
confluence.

Flow cytometry analysis

HepG2 cells were plated in a 96-well plate at 10,000 cells per well in 
60 μL of DMEM. After 24 h, cells were treated with LNPs encapsu-
lating GFP mRNA at a dosage of 100 ng mRNA per well. At 24 h post 
treatment, cells were washed once with cold 1× PBS, detached with 
0.25% trypsin, and pelleted in a 4◦C tabletop centrifuge at 300 rcf. 
Cell pellets were resuspended in 1× PBS with 0.5 μL of SYTOX 

Red Live/Dead stain (Thermo Fisher Scientific), and samples were 
analyzed on the BD LSR II Flow Cytometer (BD Biosciences, 
Franklin Lakes, NJ, USA). At least 10,000 total events were collected. 
Data were analyzed with FlowJo v10 (BD Biosciences) and reported 
as the mean ± SD (n = 3 measurements).

Dyeing of mRNA LNPs

To track LNPs in vitro and in vivo, mRNA LNPs were stained via 
addition of 1 μL of 1 mM Vybrant DiO or DiR Cell-Labeling Solution 
(Thermo Fisher Scientific) per 100 μL of LNP solution. LNPs were 
subsequently shaken for 30 min at 37◦C. To remove excess dye, 
dyed LNPs were filtered using a 10kDa Amicon Ultra Centrifugal Fil-
ter (Millipore Sigma) via centrifuge at 800×g for 30 min.

mRNA LNP association assay

HepG2 cells used for the mRNA LNP association assay were 
cultured in clear DMEM (Thermo Fisher Scientific) to avoid back-
ground fluorescence in eventual readout. Cells were plated in a 
96-well plate at 100,000 cells in 100 μL per well and incubated 
for 24 h. In this assay, cells are treated at five time points before 
readout: 60 min, 30 min, 15 min, 5 min, and 1 min. At each 
time point, cells are treated with 100 ng of mRNA encapsulated 
within DiO-dyed mRNA LNPs. Between each treatment, the 
96-well plate was stored in the incubator to simulate the bodily 
environment. At 1 min post last treatment (60 min post first treat-
ment), fluorescence measurements for each well were measured 
using the Infinite M Plex plate reader with excitation = 483 nm 
and emission = 501 nm. Post initial readout, each well had media 
removed and was washed with PBS once before addition of 100 μL 
of 1× PBS for final readout in the plate reader at the same exci-
tation-emission spectra. Both readouts were normalized for back-
ground fluorescence and the following equation was used to deter-
mine the percent adherence of LNPs to HepG2 membranes for 
each LNP formulation at each time point.

Flourescencefinal

Flourescenceinitial
= Percent of LNPs adhered to HepG2 membranes 

Confocal microscopy

Well Chamber, Removable (Ibidi) confocal microscopy chamber 
slides were used for this analysis. Wells were treated with 1 mL of 
gelatin—to improve cellular adhesion to the imaging surface—and 
slides were stored overnight in cell culture. Gelatin was then aspi-
rated off and wells were subsequently exposed to UV light for 
45 min in a biosafety cabinet. We plated 30,000 HepG2 cells in 
300 μL of DMEM media in each well and stored them overnight in 
cell culture to allow for cell adherence to well bottom. LNPs were 
dyed with DiO in correspondence to the procedure outlined above 
before treatment of HepG2 cells. Cells were treated with 100 ng of 
mRNA encapsulated within LNPs at a 1 min and 15 min time point 
before cell fixing. This reduced total mRNA dose results in an equiv-
alent mRNA/cell dose, due to the smaller size of the chamber slides 
1 min or 15 min post LNP treatment, depending on the time point in 
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question, media was aspirated, cells were washed once with 1× PBS, 
and then 300 μL of 4% paraformaldehyde was added to each well and 
the confocal slide was put in cell culture for 15 min to allow for cell 
fixing. Cells were subsequently rinsed with PBS three times for 5 min 
each. We added 300 μL of 5% DyLight 650 Phalloidin in 1× PBS and 
the confocal slide was allowed to incubate for 15 min to stain the 
HepG2 cell membrane. Wells were rinsed once with PBS and allowed 
to dry. Well plastic was then removed and a coverslip with two to 
three drops of ProLong Gold Antifade Mountant with DAPI was 
added. Slides were stored in fridge until analysis via confocal micro-
scopy (Zeiss LSM 710; Carl Zeiss Meditec, Jena, Germany). Resulting 
confocal microscopy images were analyzed using ImageJ software, 
utilizing the Phalloidin stain to identify cell boundaries and then 
calculating DiO signal intensity within.

In vivo xenograft model for LNP retention

All animal use was in accordance with the guidelines and approval 
from the University of Pennsylvania Institution of Animal Care 
and Use Committee. GFP+ HepG2 cells (3 × 106) were resuspended 
in 1× PBS and injected subcutaneously into the flanks of female nude 
(Nu/J) mice at approximately 8 weeks of age. Two weeks after inoc-
ulation, when tumors were visible under the skin and at least 
100 mm3 in volume, IT injections of control 1× PBS and experi-
mental LNPs were carried out. Bioluminescence imaging was 
performed using an IVIS Spectrum Imaging spectrum (Caliper 
Life Sciences, Waltham, MA, USA).

Post IVIS imaging, tumors were collected and fixed in 10% neutral 
buffered formalin for at least 24 h. Fixed tissue was processed and 
embedded by the histotechnology facility at the Wistar Institute, to 
produce DAPI-stained tissue slides. Images were collected using 
confocal microscopy (Zeiss LSM 710), where the nucleus of cells is 
identified via DAPI stain (blue), tumor cells are identified via expres-
sion of GFP (green), and LNP presence is identified via DiR stain (red).

Statistical analysis

Statistical analyses were performed on GraphPad Prism (v10) soft-
ware. If otherwise unspecified, ANOVA was applied as appropriate. 
Statistical significance was defined at α = 0.05. Multiple batches of 
LNP and mRNA were used throughout this study.
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