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A B S T R A C T

The loss of phosphatase and tensin homolog (PTEN) can lead to resistance to immune checkpoint inhibitors (ICIs) 
in melanoma, thereby promoting immune evasion and tumor progression. These effects can be reversed by 
restoring PTEN expression, reactivating antitumor immunity, and enhancing therapeutic responses. Here, we 
develop a hyaluronate-conjugated lipid nanoparticle (HA-LNP) with HA-dimyristoyl glycerol (DMG) for the non- 
invasive, transdermal delivery of PTEN mRNA. This amphiphilic lipid enables stable HA integration during LNP 
self-assembly, effectively replacing PEG, supporting particle stability, biocompatibility, and CD44-mediated 
targeting. The resulting HA-LNP efficiently encapsulate large mRNA payloads, penetrate the skin, and selec
tively target CD44-expressing tumor cells. In vitro, PTEN mRNA@HA-LNP restores PTEN expression, induces 
immunogenic cell death (ICD), and reduces melanoma cell viability. In vivo, topical application results in deep 
skin and tumor penetration, significantly inhibiting tumor growth and enhancing immune activation with 
minimal toxicity. Taken together, these results highlight HA-LNP as a promising, clinically translatable platform 
for localized, mRNA-based cancer immunotherapy.

1. Introduction

Melanoma is the most aggressive form of skin cancer, arising from 
the uncontrolled proliferation of melanocytes [1,2]. Melanoma is 
particularly challenging to treat due to its high metastatic potential, late- 
stage diagnosis, and limited curative capacity of surgical resection [3]. 
Although immune checkpoint inhibitors (ICIs), such as anti-PD-1 and 
anti-CTLA-4, have transformed melanoma treatment, fewer than 50 % of 
patients experience sustained clinical benefit, with the frequent devel
opment of tumor resistance [4–6]. One such tumor suppressor, phos
phatase and tensin homolog (PTEN), plays a crucial role in regulating 
cell proliferation, survival, and metabolism by inhibiting the PI3K/AKT 
signaling pathway [7,8]. PTEN loss or mutation is commonly observed 
in various malignancies, including glioblastoma [9], breast cancer [10], 
prostate cancer [11], and melanoma [12], where it contributes to un
checked cell growth, reduced apoptosis, and enhanced metastatic 
behavior. The loss of PTEN impairs T cell infiltration and cytotoxic ac
tivity, promoting immune evasion and resistance to ICIs [13–15].

Restoring PTEN expression has been shown to suppress tumor pro
gression, sensitize tumors to chemotherapy, and re-engage immune- 
mediated tumor clearance. Efforts to restore PTEN expression have 

included gene-replacement strategies using DNA vectors, viral delivery 
systems, and recombinant proteins. However, these approaches face 
limitations, including risks of genomic integration, immunogenicity, 
and poor cytosolic delivery [16]. In contrast, mRNA-based therapeutics 
offer a non-integrating, transient, and tunable alternative that enables 
direct cytoplasmic expression of therapeutic proteins [17–19]. Chemi
cally modified mRNA can be rapidly designed for enhanced stability and 
translation, making it an attractive platform for delivering PTEN to 
tumor cells with minimal off-target effects and immunological risks 
[20]. Lipid nanoparticles (LNPs) have emerged as clinically validated 
vehicles for mRNA delivery and have been adapted for transdermal 
applications via the surface modification with hyaluronate (HA) 
[21–23]. HA is a biocompatible glycosaminoglycan that facilitates skin 
penetration via CD44 receptor-mediated uptake, hydration effects, and 
interactions with structural skin proteins [24–26]. The skin has abun
dant CD44-expressing cells, including antigen-presenting cells (APCs), 
keratinocytes, and fibroblasts, making it an ideal site for HA-targeted 
delivery [27,28].

In this work, we develop a notable class of HA-conjugated LNP (HA- 
LNP) incorporating HA-DMG as a scalable lipid conjugate. HA-DMG is 
designed to integrate directly into the lipid bilayer during LNP self- 
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assembly, eliminating the need for the post-formulation with HA surface 
coating. Poly(ethylene glycol) (PEG)-conjugated lipids are known to be 
the possible cause of anaphylaxis with immunogenicity [29]. Instead of 
the PEG-lipid, HA-DMG functions as both a stabilizing component and a 
targeting ligand, thereby enhancing particle uniformity and colloidal 
stability. Its amphiphilic structure ensures stable incorporation into the 
LNP core, displaying HA moieties on the surface to facilitate skin 
penetration and CD44-mediated targeting of tumor cells [30]. 
Compared to conventional PEG-LNPs, our HA-LNP exhibit superior skin 
penetration, enhanced uptake by CD44-positive tumor cells, and 
improved biocompatibility in a melanoma mouse model. The trans
dermal delivery of PTEN mRNA using HA-LNP induces immunogenic 
cell death (ICD), triggers the release of damage-associated molecular 
patterns (DAMPs), and suppresses the growth of melanoma. We assessed 
HA-LNP as a promising, scalable platform for non-invasive, tumor-tar
geted mRNA immunotherapy.

2. Materials and methods

2.1. Materials

P-toluenesulfonyl chloride (TsCl), triethylamine (TEA), 4-dimethyla
minopyridine (DMAP), dichloromethane (DCM), ether, and sodium 
borate were purchased from Daejeong (Seoul, Korea). Ethanol, sodium 
cyanoborohydride, diaminobutane (DAB), 40 % tetrabutylammonium 
hydroxide (TBA), Triton X-100, cholesterol, 1-ethyl-3-[3-(dimethyla
mino)propyl]carbodiimide hydrochloride (EDC), N-hydrox
ysuccinimide sodium salt (NHS), and Amicon ultra centrifugal filter 
units were obtained from Sigma-Aldrich (St. Louis, MO). 1,2-Dimyris
toyl-rac-glycerol (DMG) was purchased from GoldBio (St. Louis, MO). 
1,2-DMG-3-methoxypolyethylene glycol 2000 (DMG-PEG) and 1,2-dis
tearoyl-sn-glycero-3-phosphocholine (DSPC) were purchased from 
Avanti Polar Lipids (Alabaster, AL). 4′,6-Diamidino-2-phenylindole 
(DAPI) was purchased from Abcam (Cambridge, UK) and 8-[(2-hydrox
yethyl)[6-oxo-6-(undecyloxy)hexyl]amino]octanoic acid (SM-102) was 
purchased from Cayman Chemical (Ann Arbor, MI). CleanCap EGFP 
mRNA was purchased from Trilink BioTechnologies (San Diego, CA). EZ 
Cap Cy5 EGFP mRNA and human PTEN mRNA were purchased from 
ApexBio Technology (Houston, TX). Lipofectamine MessengerMAX 
mRNA transfection reagent and Pierce™ BCA Protein assay kit were 
purchased from Thermo Fisher Scientific (Waltham, MA). Sodium hya
luronate (HA) was obtained from Lifecore Co. (Chaska, MN). Phosphate- 
buffered saline (PBS, pH 7.4), 10× TBS solution, lysis buffer and sodium 
acetate buffer solution (pH 4.5) were purchased from T&I (Chuncheon, 
Korea). The Cell Counting Kit-8 (CCK-8) and EZ-ATP Assay Kit were 
obtained from DoGenBio (Seoul, Korea). The mouse melanoma cell line 
(B16F10) was obtained from the Korean Cell Line Bank (Seoul, Korea). 
Cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) 
(Gibco, Waltham, MA) supplemented with fetal bovine serum (FBS) 
(T&I, Chuncheon, Korea) and penicillin/streptomycin (Corning, Corn
ing, NY). Confocal dishes and culture flasks were obtained from SPL 
(Pocheon, Korea). Culture plates were purchased from Corning (Corn
ing, Corning, NY). Quant-it™ RiboGreen reagent and RNA assay kit, 
tissue extraction reagent I, and TNF-α ELISA kit were purchased from 
Invitrogen (Waltham, MA). A cytotoxicity assay was performed using 
EZ-Cytox (DoGenBio, Seoul, Korea). Xpert Duo inhibitor cocktail solu
tion was obtained from Gendepot (Baker, TX). The HMGB-1 ELISA kit 
was purchased from Abebio (Wuhan, China). TUNEL assay kit and goat 
anti-mouse secondary antibody (ab205719) were purchased from 
Abcam (Cambridge, UK). PTEN polyclonal antibody (51–2400) and goat 
anti-rabbit secondary antibody (31460) were purchased from Invitrogen 
(Waltham, MA). β-Actin antibody (sc-69879) was purchased from Santa 
Cruz Biotechnology (Dallas, TX).

2.2. Synthesis and characterization of HA-DMG

To synthesize HA-DAB-TBA, 5 kDa HA was dissolved in sodium 
borate buffer (pH 8.5) and mixed with DAB at a molar ratio of 15, along 
with sodium cyanoborohydride at a molar ratio of 5. The solution was 
stirred at 40 ◦C for 3 days. After the reaction, the mixture was concen
trated by evaporation, then placed in a dialysis tube containing 0.1 M 
HCl, and then transferred to distilled water. To synthesize Tosyl-DMG, 
DMG, TsCl, and TEA were added in an equal molar ratio to DCM, 
along with DMAP at a molar ratio of 0.5. After introducing nitrogen gas, 
the mixture was stirred at room temperature for 4 h. HA-DAB-TBA and 
Tosyl-DMG were dissolved in anhydrous DMF and stirred for 72 h at 
50–60 ◦C under a nitrogen gas atmosphere. After stirring, the reaction 
mixture was precipitated by adding ether, and the precipitate was 
repeatedly recovered by centrifugation. The precipitate was dissolved in 
distilled water, placed in a dialysis tube, and dialyzed sequentially 
against 0.1 M NaCl solution and then distilled water. The dialyzed 
product was then lyophilized and stored before use. The synthesized 
compounds were characterized using Nuclear magnetic resonance 
(NMR) spectroscopy (Bruker, Billerica, MA).

2.3. Preparation and characterization of HA-LNP

PEG-LNP was synthesized as described elsewhere [31]. Briefly, lipids 
were dissolved in ethanol at a molar ratio of 50:40:9:1 (SM-102: DSPC: 
cholesterol: DMG-PEG). A separate solution of mRNA was prepared in 
sodium acetate buffer solution (pH 4.5). For HA-LNP, lipids were dis
solved in ethanol at the same molar ratio (SM-102: DSPC: cholesterol). 
The dissolved solution was loaded into the cartridge of a Nano
Assemblr™ Spark™ Lipid Nanoparticle Formation System (Cytiva, 
Marlborough, MA) along with a separate solution containing HA-DMG 
and mRNA dissolved in sodium acetate buffer (pH 4.5), as per the 
manufacturer’s protocol. All prepared LNP solutions were stabilized by 
exposure to PBS (pH 7.4).

To optimize the HA-LNP formulation, an encapsulation efficiency 
assay was performed. The morphology of the LNPs was characterized by 
Titan Krios G4 cryo-transmission electron microscopy (cryo-EM) 
(Thermo-Fisher Scientific, Waltham, MA). The hydrodynamic diameter 
and surface charge were determined at room temperature using a 
Zetasizer Pro dynamic light scattering (DLS) system (Malvern, UK). To 
measure the mRNA complexation and loading efficiency, PTEN 
mRNA@HA-LNP and naked PTEN mRNA were run through an agarose 
gel for 10 min at 100 V. The gel was imaged with Amersham™ Imager 
600 (GE Healthcare, Chicago, IL).

2.4. In vitro delivery of LNP complex

B16F10 cells (3 × 105 cells per well) were seeded in confocal dishes 
with complete medium overnight. EGFP mRNA-Cy5@PEG-LNP and 
EGFP mRNA-Cy5@HA-LNP complexes were added to the dish with fresh 
medium. Subsequently, the cells were washed with PBS and stained with 
DAPI. The stained cells were analyzed with LSM 900 CSLM (Carl Zeiss, 
Germany). For HA pre-incubation tests, a 100-fold molar excess of HA 
was added to the well before treatment. EGFP mRNA@PEG-LNP and 
EGFP mRNA@HA-LNP, EGFP mRNA@Lipofecatmine complexes were 
added to the plate. After 6 h of incubation, fluorescence was measured 
using a SPARK 10 M (TECAN, Männedorf, Switzerland). To study the 
receptor-mediated endocytosis of HA-LNP, the cells were seeded in 6- 
well plates at a density of 2.5 × 105 cells per well and incubated over
night. For the competitive binding assay, a 100-fold molar excess of HA 
was added to the well with fresh serum-free medium for 24 h. EGFP 
mRNA complexes were added to the plate with fresh medium. After 24 h 
of incubation, the cells were washed twice with PBS and then treated 
with trypsin for 5 min. They were collected and washed with PBS twice. 
The cells were analyzed by fluorescence-activated cell sorting (FACS) 
CytoFlex SRT (Beckman Coulter).
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2.5. Cytotoxicity of HA-LNP

B16F10 cells were seeded in 96-well plates at a density of 4 × 104 

cells per well with 100 μL of DMEM containing 10 % FBS and 1 % 
penicillin/streptomycin in 5 % CO2 incubator at 37 ◦C. On the following 
day, the replaced media contained naked PTEN mRNA, PTEN 
mRNA@PEG-LNP, or PTEN mRNA@HA-LNP complexes at various 
mRNA concentrations (125, 250, 500, 750, or 1000 ng/mL). The cyto
toxicity of LNPs without mRNA was evaluated using the same method. 
The cytotoxicity assay was performed according to the manufacturer’s 
instructions. Briefly, the assay solution equivalent to 10 % of the media 
volume was applied. After 2 h of incubation with gentle agitation, 
absorbance was measured at 450 nm using a Spectramax ABS (Molec
ular Devices, Sunnyvale, CA) plate reader. Cell viability was calculated 
using the following equation: 

Viability (%) =
Sample well absorbance − Blank well absorbance
Control well absorbance − Blank well absorbance

×100.

2.6. Real-time PCR

The culture medium was removed, and the cells were washed with 
PBS. mRNA was isolated by treating the cells with TRIZOL according to 
the manufacturer’s instructions and centrifugation. cDNA synthesis was 
conducted using the ReverTra Ace™ qPCR RT Master Mix kit (Osaka, 
Japan) following the manufacturer’s instructions. Quantitative analysis 
was performed using SYBR Green (Bio-Rad, Hercules, CA) and the CFX 
Connect Real-Time PCR Detection System (Bio-Rad, Hercules, CA) with 
the following primers: 5′-TTTGAGAGTTGAGCCGCTGT-3′ and 5′- 
ATGCTTTGAATCCAAAAACCTTACT-3′. The mRNA levels were 
normalized against GAPDH.

2.7. Western blot

B16F10 cells were seeded into 6-well plates at a density of 3 × 105 

cells per well. After overnight incubation to ensure cell adherence, the 
culture medium was changed with fresh culture medium containing 
either PBS, naked PTEN mRNA, PTEN mRNA@PEG-LNP, or PTEN 
mRNA@HA-LNP. Following a 48 h of incubation, the culture medium 
was aspirated and all cells were washed with PBS before being treated 
with the lysis buffer. Total protein concentration was quantified using 
the BCA assay kit. Fifty μg of each protein sample was loaded into the 
wells of the SDS-PAGE gel and transferred to the PVDF membrane. The 
membrane was blocked with 5 % blocking buffer. Primary antibodies for 
β-actin (1:1000) and PTEN (1 μg/mL) were applied and the membrane 
was incubated overnight at 4 ◦C. After washing with TBST thrice, the 
membrane was incubated with the secondary antibodies according to 
the manufacturer’s manual at room temperature. The membrane was 
visualized using the Amersham Imager 680 (GE Healthcare, Chicago, 
IL).

2.8. Immunofluorescence staining

Cells were seeded into confocal plates at a density of 3 × 105 cells per 
well. After overnight incubation to ensure cell adherence, the culture 
medium was changed with fresh culture medium containing either PBS, 
naked PTEN mRNA, PTEN mRNA@PEG-LNP, or PTEN mRNA@HA-LNP. 
After 48 h of incubation, the culture medium was aspirated, and all cells 
were washed with PBS before being fixed with 4 % paraformaldehyde. 
Cells were permeabilized using Triton X-100 solution for 10 min, fol
lowed with 5 % bovine serum albumin (BSA) blocking buffer for 1 h. The 
dishes were incubated overnight at 4 ◦C with primary antibodies against 
CRT and PTEN (1:250). After that, the cell nuclei were stained with DAPI 
and washed again with PBS. Images were captured with Leica Micro
systems CMS GmbH and TCapture software was used to acquire the 
images.

2.9. Detection of cytokines

To assess ATP release from tumor cells, B16F10 cells were seeded in a 
six-well plate at a density of 4 × 105 cells per well and incubated 
overnight with 1.5 mL of medium containing 10 % FBS. On the following 
day, the culture medium was removed from the 6-well plates and 
replaced with 1.5 mL of fresh medium containing either PBS, naked 
PTEN mRNA, PTEN mRNA@PEG-LNP, or PTEN mRNA@HA-LNP. The 
cells were incubated for 48 h, and the supernatants were collected for 
subsequent analysis. The collected cell culture medium was measured 
with an ATP assay kit. To evaluate the intertumoral levels of ATP, 
HMGB-1, and TNF-α, tumor tissues were harvested from experimental 
animals and homogenized in a tissue extraction solution with protease 
inhibitors. The supernatants were measured according to the manufac
turer’s protocols. Cytokine levels in supernatants from tumor tissue 
homogenates were quantified using the ATP assay kit, the HMGB-1 
ELISA kit, and the TNF-α ELISA kit, according to the manufacturers’ 
protocols.

2.10. Animal tests

Six-week-old BALB/c nude mice were used to investigate LNP 
transdermal delivery, and C57BL/6 mice approximately 6 weeks old 
were used to investigate immune responses. All mice bred in pathogen- 
free facilities at Pohang University of Science and Technology (POST
ECH) were used in these studies. All mouse experiments were conducted 
in accordance with a protocol approved by the Institutional Animal Care 
and Use Committee of POSTECH (2024–0068, 2024–0095).

2.11. In vivo and ex vivo transdermal delivery of Cy5-conjugated mRNA

A subcutaneous melanoma mouse model was established by inject
ing B16F10 cells (1 × 106 cells/mL) into the left flank. After 7 days, mice 
were anesthetized, and PBS, EGFP mRNA-Cy5@PEG-LNP, and EGFP 
mRNA-Cy5@HA-LNP were topically applied to the surface of tumor skin 
tissue. The mice were kept immobile under anesthesia for 60 min to 
ensure adequate contact time, followed by a thorough wash with PBS. 
After bioimaging with in vivo imaging system (IVIS) (Revvity, Waltham, 
MA), mice were sacrificed, their organs were harvested for ex vivo 
analysis, and then sections were cut to a thickness of 5 μm. The trans
dermal delivery of EGFP mRNA-Cy5@PEG-LNP and EGFP mRNA- 
Cy5@HA-LNP was assessed by detecting the intensity of Cy5 at 640 
nm wavelength with LSM 900 with Airyscan 2 (ZEISS, Germany). 
Following the same protocol, PBS, naked EGFP mRNA-Cy5, EGFP 
mRNA-Cy5@PEG-LNP, and EGFP mRNA-Cy5@HA-LNP were topically 
applied to the surface of porcine skin and incubated at room tempera
ture for 4 h before analysis to assess transdermal delivery.

2.12. In vivo tumor treatment with PTEN mRNA@HA-LNP complex

After 7 days of establishing the subcutaneous melanoma mouse 
model, when the tumor volume reached approximately 70 mm3, PBS 
was used as a control, along with naked PTEN mRNA, PTEN 
mRNA@PEG-LNP, and PTEN mRNA@HA-LNP, which were topically 
applied to the tumor site on the skin of the mice. LNPs were topically 
applied to the tumor skin surface for 60 min while the mice were 
anesthetized and immobilized. LNP groups received an mRNA dose of 
700 μg/kg on days 7, 10, and 13. The tumor size was measured every 2 
days, and the average tumor volume was calculated using the formula: 
(length × width2)/2. Two days after the final treatment with mRNA 
complexes, the mice were sacrificed to harvest tumors for cytokine 
analysis and ICD assessment.

2.13. Histological analysis of tumor apoptosis

After 15 days of in vivo treatment, mice were sacrificed for 
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histological analysis with hematoxylin and eosin (H&E) and TUNEL 
staining. The tumors were collected and fixed in 4 % formaldehyde. The 
prepared paraffin slices were visualized and examined with a DMi8 light 
microscope (Leica, Germany). The TUNEL assay kit was used to detect 
apoptotic cells according to the manufacturer’s instructions. Fluores
cence images were captured with Leica Microsystems CMS GmbH, and 
TCapture software was used to acquire the images.

2.14. Statistical analysis

Statistical analysis was performed using the t-test in SigmaPlot 12.5 
software (Systat Software Inc., San Jose, CA). The values for *P < 0.05, 
**P < 0.01, and ***P < 0.001 were considered statistically significant. 
All data are represented as means ± standard deviation (SD) from 
several separate experiments.

3. Results and discussion

3.1. Characteristics of HA-DMG and HA-LNP

LNPs have emerged as a remarkable delivery platform for mRNA- 
based therapeutics, as demonstrated by the clinical success of the Bio
NTech/Pfizer and Moderna COVID-19 vaccines. These vaccines rely on 
the intramuscular administration of LNPs, which are composed of 
ionizable lipids, cholesterol, helper lipids, and PEGylated lipids. PEG has 
long been employed to enhance the stability of therapeutics, including 
proteins, liposomes, antibodies, and LNPs, by reducing aggregation. 
However, PEG is associated with notable drawbacks, including hyper
sensitivity reactions (HSRs) [32–34]. To address these limitations, we 
developed HA-LNP by replacing PEGylated lipids with HA-conjugated 
lipids. Our previous work demonstrated that HA improved both 

transdermal penetration and cell-specific targeting [23]. As a natural 
ligand for the CD44 receptor, highly expressed on many tumor cells, HA 
facilitates selective uptake into cancerous tissues. Additionally, the low- 
molecular-weight HA is known to modulate the tumor microenviron
ment (TME) and acts as an immunological adjuvant, enhancing anti- 
tumor immune responses [35,36]. HA-LNP offers a dual advantage: 
effective transdermal delivery and immunomodulatory potential, mak
ing it a promising platform for cancer immunotherapy (Fig. 1).

As illustrated in Fig. 1A, the HA-LNP formulation comprises four 
main components: an ionizable lipid, a helper lipid, cholesterol, and HA- 
DMG, a hyaluronate-conjugated lipid. These components were mixed 
with mRNA using a microfluidic mixing system to ensure uniform par
ticle formation. Unlike conventional PEG-containing LNPs, our formu
lation integrates HA directly into the lipid bilayer, enhancing CD44- 
mediated targeting, skin penetration, and immunological engagement 
within the TME. The incorporation of HA enables transdermal delivery 
and cancer cell targeting via HA receptor-mediated endocytosis 
(Fig. 1B). HA-LNP facilitates endosomal escape and cytoplasmic release 
of PTEN mRNA, thereby initiating PTEN expression. This induces ICD, 
triggers the release of DAMPs, and promotes T cell activation (Fig. 1C).

HA-DMG was designed as an amphiphilic molecule, consisting of a 
hydrophilic segment derived from HA and a hydrophobic segment from 
DMG (Fig. 2A). The HA-DMG lipid was synthesized via the tosylation 
reaction (Fig. S1) using low molecular weight HA (5 kDa) to enhance its 
adjuvant-like effects with a controlled particle size. The synthesis 
strategy used the single reducing end of the HA polymer chain for 
conjugation via reductive amination with diaminobutane, followed by 
reaction with tosylated DMG, aiming for site-specific conjugation. The 
successful synthesis of HA-DMG was confirmed by 1H NMR analysis 
(Fig. S2A). The degree of substitution was calculated using the integral 
of the acetyl protons of the HA backbone versus the integral of the 

Fig. 1. Schematic illustration for the design and therapeutic strategy of the HA-LNP complex (created with BioRender.com). (A) The HA-LNP, comprising ionizable 
lipid, helper lipid, cholesterol, and hyaluronated lipid, is formulated with mRNA using a microfluidic system. (B) The incorporation of HA enables transdermal 
delivery and cancer cell targeting via HA receptor-mediated endocytosis. (C) Once internalized, the HA-LNP facilitates the endosomal escape and cytoplasmic release 
of mRNA, triggering PTEN expression. This induces immunogenic cell death (ICD), enhances the release of DAMPs, and promotes T cell activation.
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Fig. 2. Synthesis and characterization of EGFP mRNA@HA-LNP complexes. (A) Chemical structure of HA-DMG. (B) Cryo-EM image of HA-LNP (scale bar = 50 nm) 
alongside a schematic illustration showing HA presentation on the LNP surface. (C) Size distribution, (D) ζ potential, and (E) mRNA encapsulation efficiency of PEG- 
LNP and HA-LNP complexes. (F) Confocal laser scanning microscopy (CLSM) images of DAPI-stained B16F10 cells showing internalized Cy5-labeled EGFP mRNA 
delivered via different LNP formulations (Scale bars = 50 μm). (G) Flow cytometry graphs of competitive binding assay demonstrating reduced HA-LNP uptake upon 
HA receptor blocking, confirming CD44-mediated endocytosis (n = 3, mean ± SD, two-tailed Student’s t-test, ***P < 0.001). (H) Transfection efficiency of PEG-LNP 
and HA-LNP complexes in B16F10 cells (n = 3, mean ± SD, two-tailed Student’s t-test, ns: not significant). (I) Cell viability of B16F10 cells treated with increasing 
concentrations of EGFP mRNA delivered via PEG-LNP or HA-LNP.
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terminal methyl protons of the DMG alkyl chains. HA was functionalized 
with approximately 13.67 ± 0.64 mol% of DMG (Fig. S2B). In addition, 
gel permeation chromatography (GPC) analysis showed the slight in
crease in the molecular weight and the peak shift in the retention time 
for HA-DMG compared with that of the 5 kDa HA backbone (Fig. S3).

The optimal N/P ratio for mRNA complexation was determined using 
an agarose gel retardation assay (Fig. S4). No mRNA leakage was 
observed when the N/P ratio exceeded 6, reflecting efficient mRNA 
encapsulation via electrostatic interactions. In accordance, all subse
quent HA-LNP formulations were prepared at an N/P ratio of 6. The 
morphology of the HA-LNP was analyzed by cryogenic electron micro
scopy (cryo-EM), which revealed spherical nanoparticles with a distinct 
lipid bilayer structure and a layered surface architecture (Fig. 2B). Dy
namic light scattering (DLS) analysis showed a hydrodynamic diameter 
of 169.9 nm (Fig. 2C). Furthermore, the colloidal stability of HA-LNP 
was evaluated under physiological conditions. The HA-LNP main
tained a stable particle morphology over 24 h, confirming their stability 
(Fig. S5). Zeta (ζ) potential analysis exhibited that HA-LNP had a surface 
charge of − 13.86 ± 3 mV, significantly more negative than that of PEG- 
LNP (− 2.65 ± 0.6 mV), likely due to the presence of negatively charged 
HA on the particle surface (Fig. 2D). While ζ potential differences were 
noted, they are not the primary determinant of transfection efficiency. 
As reported elsewhere [37,38], factors such as particle size, lipid 
composition, and surface chemistry have a greater influence. To assess 
mRNA encapsulation efficiency, Ribogreen™ assays were performed 
using EGFP mRNA, showing comparable encapsulation efficiencies of 
84.04 ± 1.19 % for HA-LNP and 84.87 ± 1.40 % for PEG-LNP (Fig. 2E).

Cellular uptake and gene expression were evaluated in B16F10 
melanoma cells using Cy5-labeled EGFP mRNA formulated in PEG-LNP 
or HA-LNP, or delivered as naked mRNA. Confocal laser scanning mi
croscopy (CLSM) showed efficient cellular uptake and EGFP expression 
in both PEG-LNP and HA-LNP groups, whereas naked mRNA exhibited 
neither uptake nor expression (Fig. 2F and S6). To quantitatively 
confirm the HA receptor-mediated uptake, cells were pretreated with 
excess free HA to block CD44 receptors prior to LNP exposure. Following 
HA pretreatment, HA-LNP showed a significant reduction in EGFP 
expression, whereas the uptake of PEG-LNP was unaffected (Fig. 2G). 
According to the FACS analysis, the percentage of EGF-positive cells was 
54.46 % for HA-LNP, compared to 29.21 % for PEG-LNP. This compet
itive inhibition provides direct quantitative evidence that HA-LNP up
take occurs primarily via HA receptor-mediated endocytosis with 
specificity.

We further confirmed that HA-LNP facilitated the efficient cytosolic 
delivery and translation of EGFP mRNA in B16F10 cells with the per
formance comparable to lipofectamine (Fig. 2H). To evaluate biocom
patibility, cytotoxicity assays were performed after 48 h of exposure to 
various concentrations of EGFP mRNA-loaded PEG-LNP or HA-LNs 
(Fig. 2I). At concentrations above 750 ng/mL, HA-LNP-treated cells 
exhibited higher viability than PEG-LNP-treated cells. This may be 
attributed to the biological activity of HA, which has been reported to 
support cell proliferation and interactions with the extracellular matrix 
[39–41]. Collectively, these results demonstrate that HA-DMG can 
effectively replace PEG in LNP formulations, maintaining nanoparticle 
uniformity, stability, and transfection efficiency, while also offering 
enhanced biocompatibility and targeted delivery via HA receptor- 
mediated endocytosis.

3.2. Transdermal penetration of HA-LNP in porcine skin and mouse 
melanoma models

The transdermal delivery of HA-LNP was first evaluated ex vivo in 
porcine skin. EGFP mRNA-Cy5@HA-LNP was topically applied, and the 
cross-sections of the treated skin were analyzed by CLSM after 24 h. 
Strong fluorescence signals, indicative of mRNA localization, were 
observed deep within the skin layers in the HA-LNP group, reflecting 
efficient skin penetration, whereas only weak signals were detected in 

the other groups (Fig. 3A). As this is non-viable tissue, EGFP protein 
expression was not expected. This enhanced penetration might be 
attributed to the properties of HA, including its ability to disrupt lipid 
bilayers, increase skin hydration, and interact with highly expressed 
CD44 receptors in the skin and the TME. Given the high density of CD44 
receptors in tumors, HA-LNP is also expected to exhibit tumor-targeting 
capability [42]. These findings suggest that HA-LNP offers superior skin 
permeability and targeted delivery compared to PEG-LNP, supporting 
their great potential for transdermal mRNA therapy.

To validate these findings in vivo, a xenograft melanoma model was 
established by subcutaneously injecting B16F10 cells into BALB/c nude 
mice. EGFP mRNA-Cy5@HA-LNP was topically administered to tumor- 
bearing skin. After 24 h, the skin and tumor tissues were excised, 
cryosectioned, and examined via CLSM. In the PEG-LNP group, Cy5 
fluorescence was limited to the skin surface, whereas the HA-LNP group 
exhibited strong fluorescence throughout the dermis and within tumor 
tissue (Fig. 3B). Additionally, intracellular EGFP expression within the 
tumor confirmed the successful delivery and translation of mRNA in 
vivo. IVIS imaging further confirmed the precise localization of HA-LNP 
within the tumor tissue, with negligible signal detected in major organs 
such as the spleen, indicating minimal systemic circulation (Fig. S7). 
These results demonstrate that HA-LNP enables efficient transdermal 
penetration and tumor-specific delivery, validating its feasibility for 
non-invasive cancer gene therapy.

3.3. In vitro delivery and ICD induction of PTEN mRNA@HA-LNP

PTEN is a well-established tumor suppressor gene, and its restoration 
can promote ICD and the release of DAMPs, which initiate immune re
sponses against cancer cells. To assess the effect of PTEN restoration on 
tumor cell viability, B16F10 cells were treated with PBS, naked PTEN 
mRNA, PTEN mRNA@PEG-LNP, or PTEN mRNA@HA-LNP at varying 
mRNA concentrations (Fig. 4A). Cell viability was assessed 48 h post- 
treatment and normalized to the PBS-treated control. Both PTEN 
mRNA@PEG-LNP and PTEN mRNA@HA-LNP induced the dose- 
dependent cytotoxicity. The half-maximal inhibitory concentration 
(IC50) was approximately 500 ng/mL for both PEG- and HA-LNP for
mulations. In contrast, naked PTEN mRNA did not produce a significant 
reduction in cell viability at any tested concentration.

To investigate whether PTEN-induced cell death was immunogenic, 
we measured two hallmark DAMPs: cell-surface exposure of calreticulin 
(CRT) and extracellular ATP release. CRT is an endoplasmic reticulum 
chaperone and translocates to the cell surface during ICD and serves as 
an “eat-me” signal that promotes phagocytosis and antigen presentation 
by dendritic cells. ATP is released into the extracellular space during ICD 
and acts as a chemoattractant, recruiting and activating immune cells, 
particularly dendritic cells. Together, CRT exposure and ATP release 
enable the robust assessment of ICD and its potential to stimulate an 
antitumor immune response. CRT surface expression was evaluated via 
immunofluorescence staining and CLSM. CRT exposure was observed in 
the PTEN mRNA@PEG-LNP, and PTEN mRNA@HA-LNP groups after 48 
h, with the HA-LNP group displaying the highest levels of CRT expres
sion (Fig. 4B). This result suggests that the low molecular weight of HA 
(LMW-HA) may have promoted the CRT expression by increasing 
endoplasmic reticulum (ER) stress [43]. ATP release was quantified by 
ATP assay, and both PEG-LNP and HA-LNP resulted in significantly 
elevated ATP secretion compared to the control (Fig. 4C). Quantitative 
analysis of fluorescence intensity confirmed that HA-LNP results in 
markedly higher CRT exposure than PEG-LNP (Fig. 4D).

The enhanced ICD observed with HA-LNP, despite comparable 
transfection efficiencies with PEG-LNP (Fig. 2H), suggests a synergistic 
effect between PTEN restoration and the properties of HA carrier itself. 
This mechanism likely involves two cooperative immunogenic in
teractions. First, the restoration of PTEN expression induces endo
plasmic reticulum (ER) stress, a well-established trigger of CRT 
translocation to the cell surface [15]. This is the primary ICD-inducing 
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mechanism shared by both formulations. Second, the 5 kDa HA used in 
the HA-DMG conjugate serves as a DAMP signal recognized as a pro- 
inflammatory, immunostimulatory molecule [43]. The LMW-HA can 
activate immune cells via toll-like receptor (TLR) 2, TLR 4, and CD44 
signaling. Thus, HA-LNP delivers two distinct immunogenic signals: (1) 
DAMP signals released by the PTEN-induced cell death and (2) the 
intrinsic DAMP-like activity of LMW-HA. This dual stimulation creates a 
more potent pro-ICD environment, leading to the observed increase in 
the CRT exposure [44]

RT-PCR, immunofluorescence, and western blot analyses were con
ducted to confirm the intracellular delivery of PTEN mRNA and subse
quent protein expression mediated by the LNP. RT-PCR analysis 
confirmed significantly elevated PTEN mRNA levels in cells treated with 
both LNP formulations (Fig. 4E). Immunofluorescence staining 
confirmed the cytoplasmic accumulation of the PTEN protein (Fig. 4F). 
Western blot analysis further validated the successful restoration of 
PTEN protein expression following treatment with the LNP formulations 
(Fig. 4G).

3.4. The antitumor effect of PTEN mRNA@HA-LNP in B16F10 tumor- 
bearing mouse models

Based on in vitro findings, we evaluated the therapeutic efficacy and 
immunostimulatory effect of PTEN mRNA@HA-LNP in vivo using a 
B16F10 melanoma mouse model. To establish the model, 4 × 105 

B16F10 cells were subcutaneously injected into the right flank of 
C57BL/6 mice (Fig. 5A). When tumors reached an average volume of 60 
mm3 on day 7, the tumor site was treated by topical administration with 
PBS, naked PTEN mRNA, PTEN mRNA@PEG-LNP, or PTEN mRNA@HA- 
LNP at a dose of 0.7 μg mRNA per mg body weight. Treatments were 
repeated on days 7, 10, and 13. The mice were euthanized, and tumor 
tissues and blood samples were collected on day 14. Macroscopic tumor 
images and measurements revealed that PTEN mRNA@HA-LNP signif
icantly suppressed tumor growth compared to all other groups (Fig. 5B). 
Tumor volume and weight were substantially reduced in the HA-LNP 
group, while the body weight remained stable (Fig. 5C, D, and E), 
demonstrating its strong antitumor efficacy. Furthermore, histological 

analysis of normal skin tissue adjacent to the tumor showed no evidence 
of apoptosis in fibroblasts or normal tissue upon delivery of PTEN mRNA 
(Fig. S9), supporting the selectivity and safety of this approach.

To assess ICD induction in vivo, immunofluorescence staining was 
performed on tumor sections to assess CRT surface exposure. CRT 
expression was significantly elevated in the PTEN mRNA@HA-LNP 
group compared to the other treatments (Fig. 5F), indicating enhanced 
ICD. ATP release, another hallmark of ICD, was also increased in the HA- 
LNP group (Fig. 5G), supporting its role in promoting ICD. To further 
investigate immune activation, we measured HMGB1 levels in serum by 
ELISA. The PTEN mRNA@HA-LNP group exhibited significantly higher 
HMGB1 release compared to all other groups, consistent with increased 
DAMP signaling (Fig. 5H). Additionally, TNF-α levels were quantified to 
evaluate inflammatory cytokine responses. Significantly elevated TNF-α 
levels were observed in the HA-LNP group (Fig. 5I), suggesting that 
modulation of the TME activated the immune system. These results 
indicate that PTEN mRNA@HA-LNP not only delivers mRNA effectively 
via the transdermal route but also induces robust ICD and stimulates 
antitumor immune responses, highlighting its feasibility as a non- 
invasive immunotherapeutic strategy.

3.5. Histological analysis of tumor cell apoptosis

Histological analysis with H&E staining of skin tumor sections 
revealed minimal morphological alterations in the PBS, naked PTEN 
mRNA, and PTEN mRNA@PEG-LNP groups, indicating limited thera
peutic efficacy (Fig. 6). In contrast, the PTEN mRNA@HA-LNP group 
exhibited substantial tissue disruption and architectural damage, 
reflecting effective tumor suppression. The other treatment groups 
frequently showed features such as chromatin condensation and nuclear 
irregularities, consistent with aggressive tumor progression. Notably, 
the PTEN mRNA@HA-LNP group also showed marked macrophage 
infiltration in tumor tissue (Fig. S8), confirming that the HA-LNP 
formulation stimulated an immune response and contributed to tumor 
immunomodulation.

To further assess apoptosis, a TUNEL assay was performed to detect 
DNA fragmentation, a hallmark of apoptotic cell death caused by 

Fig. 3. Transdermal penetration of HA-LNP in porcine skin and mouse melanoma models (Epi: Epidermis, Der: Dermis). (A) CLSM images of porcine skin following 
24 h topical application of EGFP mRNA-Cy5 formulated with PEG-LNP or HA-LNP (scale bars = 100 μm). (B) CLSM images of skin and tumor tissues from B16F10 
tumor-bearing mice after topical application of naked EGFP mRNA-Cy5, EGFP mRNA-Cy5@PEG-LNP, or EGFP mRNA-Cy5@HA-LNP (scale bars = 100 μm).
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endonuclease-mediated DNA cleavage. The PTEN mRNA@HA-LNP 
group exhibited significantly stronger TUNEL-positive signals than the 
other groups (Fig. 6), indicating enhanced apoptosis. These histological 
findings confirm that HA-LNP enables efficient transdermal delivery of 
PTEN mRNA to tumor tissues, leading to effective induction of tumor 
cell apoptosis and modulation of the TME.

4. Conclusions

We achieved non-invasive transdermal mRNA delivery by incorpo
rating HA-DMG directly into the LNP formulation to encapsulate full- 
length PTEN mRNA for cancer immunotherapy. The HA-DMG played a 
multifunctional role in the formulation: replacing PEG to maintain 
nanoparticle stability and biocompatibility, enabling transdermal 
penetration, and mediating specific targeting to CD44-expressing cells in 

the TME. Furthermore, the use of LMW-HA appears to synergize with 
PTEN restoration to enhance ICD induction, likely through its intrinsic 
activity as a DAMP signal. This dual functionality distinguishes HA-LNP 
from conventional PEG-based LNP, highlighting their potential as a 
versatile, non-invasive delivery system. Overall, our transdermal HA- 
LNP platform offers a promising approach for mRNA-based cancer 
immunotherapy, particularly in tumors harboring PTEN loss-of-function 
mutations. The topical application strategy is particularly relevant for 
accessible tumors such as melanoma, offering high patient compliance 
and localized delivery with minimal systemic exposure. In addition to its 
therapeutic efficacy, the system exhibits remarkable safety, biocom
patibility, and manufacturing scalability, facilitating its clinical trans
lation. While the current study demonstrates significant local tumor 
control, it did not evaluate the efficacy against metastatic tumors or the 
ability to prevent relapse. Future studies will focus on assessing the long- 

Fig. 4. In vitro delivery of PTEN mRNA and induction of ICD in cancer cells. (A) Cell viability of B16F10 cells treated with naked PTEN mRNA, PTEN mRNA@PEG- 
LNP, and PTEN mRNA@HA-LNP at various mRNA concentrations. Viability is normalized to the PBS-treated control group (n = 3, mean ± SD, two-tailed Student’s t- 
test, ***P < 0.001). (B) Surface exposure of CRT assessed by CLSM 48 h after treatment with the indicated PTEN mRNA formulations (scale bar = 50 μm). (C) 
Quantification of extracellular ATP release using an ATP assay following 48 h treatment with naked PTEN mRNA, PEG-LNP, or HA-LNP formulations (n = 3, mean ±
SD, two-tailed Student’s t-test). (D) Quantification of CRT Immunofluorescence (n = 3, **P < 0.01) (E) The mRNA levels in B16F10 cells were analyzed using RT-PCR 
(n = 3, mean ± SD, two-tailed Student’s t-test, **P < 0.01). (F) Quantification of PTEN Immunofluorescence (n = 3, **P < 0.01) (G) Western blot analysis of PTEN 
expression after 48 h treatment.
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Fig. 5. The antitumor effect of PTEN mRNA@HA-LNP in a B16F10 tumor-bearing mouse model. (A) Schematic timeline of the therapeutic regimen in the B16F10 
melanoma model. (B) Representative images of excised tumors from mice treated with (i) PBS, (ii) naked PTEN mRNA, (iii) PTEN mRNA@PEG-LNP, or (iv) PTEN 
mRNA@HA-LNP (scale bar = 10 mm). (C) Tumor growth curves showing the average tumor size over time (n = 3, mean ± SD, two-tailed Student’s t-test, *P < 0.05, 
**P < 0.01). (D) Final tumor weights at the endpoint (14 days) (n = 3, mean ± SD, two-tailed Student’s t-test, *P < 0.05). (E) Body weight. (F) Immunofluorescence 
staining of CRT in tumor tissues post-treatment (scale bar = 100 μm). (G) Quantification of extracellular ATP levels in tumor supernatants by the ATP metabolism 
assay (n = 3, mean ± SD, two-tailed Student’s t-test, **P < 0.01). (H) HMGB1 expression in tumor lysates measured by ELISA (n = 3, mean ± SD, two-tailed 
Student’s t-test, *P < 0.05). (I) TNF-α levels in tumor supernatants determined by ELISA (n = 3, mean ± SD, two-tailed Student’s t-test, *P < 0.05).
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term immunological memory effect of this treatment, including its 
effectiveness in avoiding tumor relapses and controlling metastatic 
cancer, and further validating the versatility of HA-LNP as a next- 
generation, non-invasive mRNA delivery system.
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T. Kambayashi, Y.K. Tam, D. Brisson, D. Allman, M. Locci, D. Weissman, E. Fikrig, 
N. Pardi, Development of an mRNA-lipid nanoparticle vaccine against Lyme 
disease, Mol. Ther. 31 (2023) 2702–2714.
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