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ABSTRACT: Efficient transdermal delivery of the genetic material remains a key challenge for noninvasive gene therapy due to
skin’s barrier properties. While lipid nanoparticles (LNPs) effectively encapsulate and protect mRNA, they cannot freely penetrate
the skin. Hydrogel-forming microneedle (HFMN) patches, which swell upon skin insertion, offer a promising strategy to overcome
this limitation. However, integrating fragile LNPs into HFMNs without compromising the patch integrity or nanoparticle function
remains an unresolved issue. Here, we present a method for the spatially controlled, post-manufacturing loading of mRNA-
encapsulated LNPs into HFMN patches. Key parameters�including the HFMN patch height (250, 500, and 800 μm), insertion
depth, duration (15−60 s), and repetition (up to six times)�were systematically evaluated in an agarose gel containing a dye model
to optimize loading while preserving the microneedle and overall patch integrity. Under optimized conditions, 500 μm HFMN
patches loaded with either MC3-DOPE-DiI-LNPs or MC3-DOPE-eGFP-LNPs, at 400 μm insertion depth and 15 s hold time,
achieved up to 140 μg of payload after six insertions. Ex vivo experiments using fluorescently labeled empty LNPs confirmed the
nanoparticle release. Despite modest recovery, functional studies demonstrated the successful delivery and cellular uptake of
functional LNPs into human skin, as confirmed by IVIS imaging. This approach offers a robust and minimally invasive method to
load and deliver the genetic material through the skin, supporting the advancement of the microneedle-based transdermal gene
therapy.
KEYWORDS: mRNA-encapsulated lipid nanoparticles, hydrogel-forming microneedle patches, spatially controlled loading,
texture analyzer, transdermal delivery, GFP transfection

■ INTRODUCTION
The transdermal route is a minimally invasive drug delivery
way that bypasses first-pass metabolism, reduces pain, and
enhances patient compliance.1−3 However, the stratum
corneum (SC), the outermost skin layer, acts as a major
barrier.4 Composed mainly of corneocytes, it is 10−15 μm
thick, preventing water loss and blocking external substances.
Only drugs with low molecular weight (<500 Da) and
moderate lipophilicity (log(P) 1−3) can passively diffuse
through.3,5−7 To overcome this barrier, microneedle (MN)

patches have been developed. These microsized needles (100−
2000 μm) puncture the SC without reaching dermal nerves or
blood vessels, creating microchannels that enhance drug
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diffusion into the epidermis and dermis, improving systemic
absorption.4,8−11

Various MN patches have been developed for drug delivery:
solid, coated, dissolving, hollow, and hydrogel-forming micro-
needles (HFMNs).4,12−14 Solid MNs create microchannels
before drug application but often result in low efficiency and
inconsistent dosing.15 Coated MNs rely on a dissolvable
surface layer; however, irregular coatings, low drug-loading
capacity, and drug waste limit their performance.16,17

Dissolving MNs embed drugs in a water-soluble matrix that
dissolves upon skin insertion. Although biocompatible,
limitations include poor delivery of hydrophobic or high-
dose compounds and reduced mechanical strength when
hygroscopic materials such as sugars are used.18−20 Hollow
MNs inject liquid drugs but can be obstructed when applied to
thicker or less elastic skin.21−23 Finally, HFMN patches, made
from hydrophilic cross-linked polymers,14,24 can deliver drugs
by embedding them in the polymer matrix or loading them
into a reservoir.4,25 Common polymers include poly-
(methylvinylether-co-maleic acid) (PMVE/MA) and poly-
(methylvinylether-co-maleic anhydride) (PMVE/MAH),
cross-linked with poly(ethylene glycol) (PEG).26 Compared
to other MN types, HFMNs are particularly well-suited for
lipid nanoparticle (LNP) delivery due to their swelling
behavior, biocompatibility, and tunable matrix. These proper-
ties allow gentle loading and controlled release of thermo-
sensitive cargo such as mRNA (mRNA)-encapsulated LNPs,
without requiring harsh fabrication steps that may compromise
the nanoparticle stability.
In recent years, smart responsive hydrogels have also gained

attention for enabling controlled drug release in response to
stimuli such as temperature, pH, light, or electrical signals.27−30

For instance, Wang et al. developed an injectable, conductive
hydrogel for ischemic stroke treatment, demonstrating the
potential of electrically assisted delivery.31 Similar stimulus-
responsive systems have already been explored in HFMNs for
on-demand drug release.27−30 Incorporating similar designs
into MNs could enable the transdermal delivery of
thermosensitive or complex biologics, such as LNP-mRNA.
While our current system relies on passive loading and release,
future work may integrate responsive mechanisms to improve
precision and efficacy.
In parallel, the intra- and transdermal delivery of LNP-

mRNA has been recognized for its ability to protect mRNA
from nucleases and enhance cellular uptake. LNPs generally
consist of ionizable lipids, cholesterol, phospholipids, and
PEG-conjugated lipids.32,33 Traditionally administrated via
hypodermic injection, LNP-mRNA formulations have proven
safe and effective in delivering the genetic material.34 Once
inside cells, the mRNA escapes the LNPs and initiates
translation in the cytoplasm to produce therapeutic pro-
teins.34−36 Incorporating LNPs into MN patches could
enhance the stability and enable localized RNA delivery for
skin diseases. However, successful skin delivery depends on
factors such as LNP stability, MN type, and loading method.37

Despite their therapeutic success, LNP-mRNA formulations
face stability challenges due to temperature variations during
transport and storage, requiring strict handling conditions to
prevent degradation.38 Therefore, manufacturing MN patches
loaded with LNP-mRNA is complex, as both components are
highly sensitive to environmental, chemical, and mechanical
stresses. During premanufacturing, LNPs may interact with
oppositely charged polymers, causing nanoparticle aggregation,

while elevated temperatures (≥ 25 °C) required for solvent
evaporation during patch solidification may further compro-
mise stability.39 Additionally, pH fluctuations during polymer
solidification can alter the LNP membrane structure, as many
components are sensitive to ionic changes, potentially reducing
functionality.39−42 Research on MN-based nucleic acid
delivery, including mRNA, plasmid DNA, and small interfering
RNA, remains limited. Exiting studies use solid, coated,
dissolving, and hollow MNs with nucleic acids either naked
or encapsulated in nonviral vectors (e.g., cationic polymer,
liposome, protamine, PLGA-based nanoparticle, and LNPs).37

To date, LNP-mRNA delivery has only been reported using
dissolving MNs.43 While post-manufacturing strategies such as
dip-coating, spray-coating, or piezoelectric inkjet printing have
been applied to solid MNs, they typically offer limited drug-
loading capacity, uneven coating, and potential drug loss.17

These limitations highlight the need for alternative post-
manufacturing approaches that can accommodate higher
payloads while preserving the structure and function of
sensitive cargo.
To address this gap, we developed a method for spatially

controlled loading of mRNA-encapsulated LNPs into
prefabricated HFMN patches using a texture analyzer in
compression mode. To optimize this approach, we employ
MN patches of different heights, and quantification studies
measured LNP loading, followed by ex vivo experiments to
evaluate delivery into the skin. Subsequently, the MN loaded
with MC3-DOPE-eGFP LNPs was applied to the human
abdominal skin, confirming functional mRNA expression via
IVIS imaging. To our knowledge, this is the first demonstration
of LNP-mRNA delivery using HFMNs via a post-manufactur-
ing method, offering a promising platform that overcomes the
limitations of high-temperature exposure and enables efficient,
stable, and targeted gene delivery to the skin.

■ MATERIALS AND METHODS
Materials. HFMN Patches Fabrication: Gantrez S97

(Ashland, Kidderminster, UK), sodium carbonate (Na2CO3,
>99.7%, Fisher Chemical, Fair Lawn, NJ, US), polyethylene
glycol 10 kDa (PEG 10 kDa, flakes form, Sigma-Aldrich, St.
Louis, MO, US), poly(acrylic acid) 450 kDa (Sigma-Aldrich,
St. Louis, MO, US), and distilled water. Preparation of agarose
gels: Agarose powder, molecular biology grade, and low EEO/
multipurpose (Fisher Bioreagents, Fair Lawn, NJ, US).
Preparation of PEG-Cy5: Cy5-NHS (synthesized in our
laboratory following a previously described protocol44), PEG-
Amine (M-NH2HCl-5000 MW 5000 g/mol, Jenkem Tech-
nology, Beijing, CN), triethylamine (99.0%, Anachemia
Chemicals, Mississauga, ON, CA), dimethyl sulfoxide
(DMSO, HPLC grade, 99.9%, Fisher Chemical, Fair Lawn,
NJ, US), sodium chloride (NaCl, 99.0% Fisher Scientific, Fair
Lawn, NJ, US), Milli-Q water (Milli-Q advantage A10,
Millipore, Burlington, USA), and G-15 Sephadex (Cytiva
BioProcess, Uppsala, SE). Preparation of lipid nanoparticles
(LNPs): (6Z,9Z,28Z,31Z)-heptatriaconta-6,9,28,31-tetraen-
19-yl-4-(dimethylamino)butanoate (DLin-MC3-DMA, Avanti
Polar Lipids, Alabaster, AL, US), 1,2-dioleoylphosphatidyle-
thanolamine (DOPE, Avanti Polar Lipids, Alabaster, AL, US),
cholesterol (Sigma-Aldrich, St. Louis, MO, US), and 1,2-
dimyristoyl-rac-glycero-3-methoxypolyethylene glycol-2000
(DMG-PEG 2000, Avanti Polar Lipids, Alabaster, AL, US).
Buffer solutions: Phosphate-buffered saline (PBS, pH 7.4,
Sigma-Aldrich, St. Louis, MO, US), sodium acetate (NaOAc,
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Sigma-Aldrich, St. Louis, MO, US), and anhydrous ethanol
(Commercial Alcohols, Brampton, ON, CA). LNP Cargo:
Enhanced green fluorescent protein mRNA (eGFP, CleanCap
5-methoxyuridine, TriLink Biotechnologies, San Diego, CA,
US) and tetramethyl indocarbocyanine perchlorate (DiI,
Invitrogen, Carlsbad, CA, US) were used for LNPs without
nucleic acid cargo (empty). For ex vivo experiments: Excised
porcine skin samples were kindly provided by the Faculty of
Veterinary Medicine, University of Montreal, and stored at
−20 °C until use. Excised human abdominal biopsies were
obtained from healthy donors undergoing abdominoplasties at
Helios-Klinikum Berlin-Buch, Germany, from the Clinic for
Plastic and Aesthetic Surgery.

■ METHODS
Fabrication of the HFMN Patches. The manufacture of

HFMN patches was carried out as previously described.45 A
polymeric mixture that comprises Gantrez S-97 (20% w/w),
PEG 10 kDa (7.5% w/w), Na2CO3, (3% w/w), and
poly(acrylic acid) 450 kDa (1.5% w/w) was prepared using
5 mL of ultrapure deionized water. The blend was
centrifugated at 4500 rpm for 5 min at 21 °C; then, each 5
mL pf mixture was poured into 2 PDMS molds (Micropoint
Technologies Pvt. Ltd., Singapore) for MN fabrication. For
this experiment, we employed PDMS molds with 3
dimensions: a 10 × 10 pyramidal array with 250 μm needle
height (H), 100 μm needle base width (B), and 250 μm needle
pitch (P, or tip-to-tip spacing); a 10 × 10 pyramidal array with
500 μm H, 200 μm B, and 500 μm P; and a 10 × 10 pyramidal
array with 800 μm H, 200 μm B, and 500 μm P. The molds
were placed in 12-well plates, subsequently immersed in the
polymeric mixture, and later centrifugated at 4000 rpm for 10
min at 21 °C. The centrifugation step was repeated 4 times,
and then the molds were left to dry at room temperature for 24
h. In the meantime, the excess polymeric mixture in the 12-well
plates was recovered and used to form a polymeric backing
layer onto the 24 h-dried MNs in the molds. This backing layer
will facilitate the complete detachment of the MN patches
from the mold and further attachment to a cover glass for post-
manufacturing loading with a dye or LNPs. To form the
backing layer, the molds were placed into 12-well plates,
dipped again in the polymeric mixture, and centrifuged at 4000
rpm for 5 min at 21 °C. The molds were left to dry at room
temperature for 24 h and then placed in an oven for 48 h at 70
°C to facilitate the cross-linking reaction. This reaction
involves an esterification reaction, forming an ester bond
between the carboxylic acid groups from the copolymer
Gantrez S-97 and poly(acrylic acid) 450 kDa and the hydroxyl
groups from PEG 10 kDa. The MN patches were carefully
demolded after the curing step was completed and kept at
room temperature until used.
Preparation of the Agarose Gel Containing the

Therapeutic Agent. The agarose gel plays a crucial role in
the post-manufacturing loading approach. It acts as a
supportive matrix to incorporate and retain a dye or
nanoparticle that we want to load into the patches. The gel
acts as a stable reservoir, allowing the controlled loading of the
dye or nanoparticles when the MN patches come into contact
with it. We prepared two types of agarose gels, the first mainly
to optimize the loading method using a dye model, PEG-Cy5
(5 kDa), and another gel containing LNPs, whose preparation
is described below.

Preparation of the Agarose Gel Containing PEG-Cy5 (5
kDa). For all experiments to optimize the post-fabrication
loading approach, we prepared 1% (w/v) agarose gels by
placing an appropriate amount of agarose powder and distilled
water in an Erlenmeyer flask, sealing the flask using a stopper
with a capillary tube, and then heating the mixture in a
microwave. This setup enables efficient heat transfer and
ensures that any pressure buildup within the flask can be
released without disrupting the agarose solution. This method
aids to maintain the integrity of the agarose gel preparation by
providing a stable environment during the heating process with
the microwave, while also reducing the loss of agarose mixture
due to evaporation or spillage. The mixture was heated in the
microwave in short intervals of 15 s until 1 min, swirling gently
after each interval until the agarose completely dissolved and
the solution appeared clear. Once dissolved, we allowed the
agarose solution to cool to approximately 40−50 °C. We then
added the appropriate amount of PEG-Cy5 (5 kDa) to the
agarose solution, gently swirling the mixture by hand to ensure
thorough mixing before carefully pouring it into a Petri dish
(100 × 100 × 20 mm). The targeted concentrations of PEG-
Cy5 (5 kDa) in the gels were 40, 80, 120, 160, and 200 μM.
Afterward, we allowed the gel to cool to room temperature
until it completely solidified. Once solid, the gels were ready
for the post-manufacturing loading with the texture analyzer.
Preparation of the Agarose Gel Containing MC3-DOPE-

DiI LNPs or MC3-DOPE-mGFP LNPs. The 1% w/v agarose gels
were prepared following the same procedure as previously
described, with the only difference being that the LNPs were
not added to the clear agarose solution after microwaving.
Instead, the agarose solution was poured directly into a Petri
dish (100 × 100 × 20 mm) and allowed to cool to room
temperature to solidify. Once the gel was fully solidified, 10 μL
of either MC3-DOPE-DiI LNPs or MC3-DOPE-mGFP LNPs
was carefully added to the surface of the gel and allowed to air-
dry. Each 10 μL of LNPs added to the surface represented a
single attempt to insert the MN patch into the agarose gel.
After the LNPs were air-dried on the gels, the setup was ready
for post-manufacturing MN patch loading using the texture
analyzer.
Synthesis of PEG-Cy5. PEG-Cy5 was prepared following

the previously described method.44 Cy5-NHS (7.4 mg, 12
μmol, 2 equiv) and M-NH2HCl (MW 5000, 30 mg, 6 μmol, 1
equiv) were dissolved in 1 mL of DMSO with a drop of
triethylamine. The reaction mixture was stirred for 18 h,
protected from light. Subsequently, the mixture was diluted
with 20 mL of Milli-Q water and lyophilized. The residue was
redissolved in 1 mL of 180 mM NaCl solution and purified
using a G-15 Sephadex column. The combined fractions were
lyophilized to yield PEG-Cy5 as a blue solid, which was diluted
to the desired concentration for use.
Preparation of Lipid Nanoparticles. LNPs were

prepared as previously described.46 Briefly, the lipids DLin-
MC3-DMA, DOPE, cholesterol, and DMG-PEG 2000, at 50/
10/38.5/1.5 mol %, respectively, and 10 mM final lipid
concentration, were dissolved in anhydrous ethanol and then
rapidly mixed by T-junction with an aqueous solution at a 1:3
ratio (20 mL/min final flow rate). For LNPs containing mRNA
encoding eGFP, the mRNA was first dissolved in a 25 mM
NaOAc pH 4 buffer before rapid mixing with the ethanolic
mixture of lipids (amine-to-phosphate ratio of 6), with the
resulting solution dialyzed overnight against a 500-fold volume
of 1× pH 7.4 PBS. For LNPs without any nucleic acid cargo
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(empty), 0.2 mol % of DiI was added to the initial lipid
mixture before mixing with the 25 mM NaOAc pH 4 buffer
and subsequently dialyzing overnight in a 500-fold volume 25
mM NaOAc pH 4 buffer. All LNPs were filter-sterilized with
0.2 μm Supor membrane syringe filters (Pall Corporation, Port
Washington, NY) and concentrated in Amicon 10 kDa
MWCO ultra centrifugal filters (EMD Millipore, Billerica,
MA). The total lipid content was extrapolated using the
Cholesterol E Kit (Wako Diagnostics, Richmond, VA), while
encapsulation was determined using the Quant-it RiboGreen
RNA Assay Kit (Thermo Fisher Scientific, Mississauga, ON,
CA).
Procedure for Loading Manufactured HFMN Patches

Using a Texture Analyzer. The texture analyzer was set up
by selecting a probe with a flat, 6 mm diameter stainless-steel
cylinder for the post-manufacturing loading of the HFMN
patches. The instrument was calibrated by adjusting both the
force and the height, with the probe positioned 40 mm from
the stainless-steel base of the analyzer. The experimental
library “hold until time” was chosen for all loading experi-
ments, with consistent testing conditions: a pretest speed of 1
mm/s, a test speed of 2 mm/s, a post-test speed of 10 mm/s,
and a trigger force of 0.049 N. The procedures for securing the
blank HFMN patch to the probe involved attaching it to a
cover glass using a double-sided tape. After the patch was
firmly fixed to the cover glass, the entire assembly was attached
to the probe of the texture analyzer, again utilizing a double-
sided tape. The MN tips were oriented toward the stainless-
steel base of the texture analyzer. Following this, the texture
analyzer was set to move the probe downward toward the base,
where an agarose gel (1% w/v) containing either a dye model,
PEG-Cy5 5 kDa, or LNPs (MC3-DOPE-DiI LNPs or MC3-
DOPE-mGFP LNPs) had been placed. The MN patch is
inserted into the agarose gel at a specified depth and held in
position for a specified time, after which the probe returns to
its initial position. The MN patches loaded with PEG-Cy5 5
kDa or MC3-DOPE-DiI LNPs were stored at 4 °C until
further characterization. Meanwhile, the MN patches loaded
with MC3-DOPE-mGFP LNPs were kept at −80 °C until
further analysis.
Optimization of the Post-manufacturing Loading

Approach for HFMN Patches Using a Texture Analyzer.
To optimize the post-manufacturing loading approach, we
utilized PEG-Cy5 (5 kDa) as a model dye for loading into the
HFMN patches. This process involved fine-tuning several
critical parameters, such as adjusting the insertion depth into
agarose gels containing PEG-Cy5, optimizing the duration for
which the MNs remained within these gels, varying the
concentration of PEG-Cy5 in the agarose gels, and performing
multiple insertions to further enhance the loading capacity.
These optimizations were intended to maximize the amount of
PEG-Cy5 loaded into the MN patches while ensuring that they
maintain their structural integrity, which is essential for
efficient skin penetration.
Studying the Effect of Penetration Depth and Holding

Time in the Agarose Gels Containing PEG-Cy5 (5 kDa)
When Loading HFMN Patches. Agarose gels (1% w/v)
containing the model dye PEG-Cy5 (5 kDa) at a concentration
of 40 μM were prepared. Moreover, MN patches with three
different needle heights (250, 500, and 800 μm) were
manufactured. All of the patches were attached to the probe
of the texture analyzer as previously described. As shown in
Table 1, the texture analyzer was configured to insert the MN

tips into the gel at specific depths based on each MN patch
dimension: 50, 100, and 200 μm for MNs with a height of 250
μm; 100, 200, 300, and 400 μm for MNs with a height of 500
μm; and 200, 400, and 600 μm for MNs with a height of 800
μm. Each MN patch was inserted into the gel at the designated
depth and held in position for 15, 30, 45, or 60 s.
Studying the Effect of Tuning the Concentration of PEG-

Cy5 (5 kDa) in the Agarose Gels on the Loading of HFMN
Patches. Agarose gels (1% w/v) containing PEG-Cy5 (5 kDa)
at concentrations of 40, 80, 120, 160, and 200 μM were
prepared. Moreover, MN patches with a needle height of 500
μm were manufactured and selected based on the results of the
previous experiment, which indicated that this height provides
optimal balance between dye uptake efficiency and structural
integrity of the MN patches. All the patches were attached to
the probe of the texture analyzer as previously described. The

Table 1. Experimental Conditions to Evaluate the Effect of
the Insertion Depth and Holding Time in the Agarose Gels
Containing PEG-Cy5 (5 kDa) with a Concentration of 40
μM on the Loading of HFMN Patches

sample needle height [μm] insertion depth [μm] holding time [s]

A1 250 50 15
B1 30
C1 45
D1 60
E1 100 15
F1 30
G1 45
H1 60
I1 200 15
J1 30
K1 45
L1 60
A2 500 100 15
B2 30
C2 45
D2 60
E2 200 15
F2 30
G2 45
H2 60
I2 300 15
J2 30
K2 45
L2 60
M2 400 15
N2 30
O2 45
P2 60
A3 800 200 15
B3 30
C3 45
D3 60
E3 400 15
F3 30
G3 45
H3 60
I3 600 15
J3 30
K3 45
L3 60
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texture analyzer was set to insert the MN tips into the gel at a
depth of 400 μm and to maintain this position for 15 s, as
shown in Table 2.

Studying the Effect of Performing Multiple Insertions in
Agarose Gels Containing PEG-Cy5 (5 kDa) on the Loading
of HFMN Patches. Agarose gels (1% w/v) containing PEG-
Cy5 (5 kDa) at 40 μM were prepared. Additionally, MN
patches with a needle height of 500 μm were also prepared. As
previously mentioned, all patches were attached to the texture
analyzer probe. The texture analyzer was set so that the MN
tips were inserted into the gel at a depth of 400 μm and held in
this position for either 15 or 60 s, as shown in Table 3. At the

end of the specified holding time, the MN patches were
allowed to air-dry for 5 min before the procedure was repeated.
This allowed multiple applications or insertions into the
agarose gels to assess how the loading capacity and structural
integrity of the patches were affected.
LNPs Loading into HFMN Patches by the Post-

manufacturing Approach. The post-manufacturing loading
of LNPs into HFMN patches followed a similar approach to
the dye-loading method. Two types of LNPs, MC3-DOPE-DiI
and MC3-DOPE-mGFP, were loaded. For each type, a 10 μL
volume was applied to a solid 1% (w/v) agarose gel and air-
dried on its surface before the MN patch was inserted. All
patches were fixed to the texture analyzer probe, as previously
described. Table 4 shows the texture analyzer settings, where
MN tips were inserted to a depth of 400 μm and held in
position for 15 s. Each patch was subjected to up to six
insertions into the 1% agarose gel with a 5 min interval
maintained between consecutive insertions.
Characterization of Loaded Microneedles Using a

Stereomicroscope. In all experiments, the HFMN patches
were characterized by using a stereomicroscope (ApoTome.2,
ZEISS) equipped with a back-illuminated sCMOS camera

(Prime 95B, Photometric, ZEISS). Brightfield images were
captured to assess the height and integrity of the MNs at zero
and 90° before and after loading. Moreover, we used two types
of high-efficiency filters, each filter mounted in a reflector
module to measure the height of the needles and the whole
integrity of the patch loaded with either the dye model, PEG-
Cy5 (5 kDa), or MC3-DOPE-DiI LNPs. A filter with an
excitation bandpass of 640/30 nm, a beamsplitter filter of 660
nm, and an emission bandpass of 690/50 nm (Filter Set 50;
488050-9901, Carl ZEISS Microscopy) was used to capture
the images of the PEG-Cy5-loaded MN patches. Cy5 is a far-
red fluorescent dye with an excitation wavelength band with a
maximum peak at 646 nm and an emission band with a
maximum peak at 664 nm. Meanwhile, another filter (Filter Set
63; 489063-0000, Carl ZEISS Microscopy) with an excitation
bandpass of 572/25 nm, a beamsplitter filter of 590, and an
emission bandpass of 629/62 nm was used to image the MC3-
DOPE-DiI LNPs-loaded MN patches. DiI is a lipophilic
membrane dye with an excitation band with a maximum peak
at 551 nm and an emission band with a maximum peak at 565
nm.
Particle Size and Surface Charge Characterization.

The hydrodynamic diameter, polydispersity index (PDI), and
zeta potential of MC3-DOPE-DiI LNPs and MC3-DOPE-DiI
LNP-loaded HFMNs were measured using a Zetasizer Nano
ZS (Malvern Instruments, UK) equipped with a 633 nm laser
and a detection angle of 173°. For size measurements, MC3-
DOPE-DiI LNPs were diluted 1:10 in distilled water and
loaded into a disposable 40 μL UV microcuvette (Cat. No.
03840300, BRAND). To assess the LNP release from HFMNs,
patches were immersed in 1 mL of distilled water, and the
resulting supernatant was recovered and used for analysis. Zeta
potential measurements were carried out using folded capillary
zeta cells (DTS1070, Malvern Instruments). All measurements
were conducted at 25 °C, using the viscosity and refractive
index of water as analysis parameters (material absorption:
0.010; material refractive index: 1.49). For each sample, five
independent measurements were performed, each consisting of
at least 10 runs. Results are reported as the mean ± standard
deviation (SD).
Quantification of the Dye or LNPs Loaded in the

HFMN Patches. Quantification of PEG-Cy5 (5 kDa) Loaded
into the HFMN Patches. The amount of PEG-Cy5 (5k Da) in
all HFMN patches, loaded under different conditions, shown
in Tables 1−3, was quantified. In detail, each patch was placed
in 1 mL of DMSO in a 2 mL microcentrifuge tube and
incubated at 70 °C overnight to dissolve. The following day,
the tubes were removed from the oven and allowed to cool to
room temperature, and the solutions showed a reddish tint.
Fluorescence intensity was then measured using a Spark

Table 2. Experimental Conditions to Evaluate the Effect of
the Concentration of PEG-Cy5 (5 kDa) in Agarose Gels
when Loading HFMN Patches

sample

needle
height
[μm]

insertion
depth
[μm]

holding
time [s]

concentration of PEG-Cy5 in
agarose gel 1% (w/v) [μM]

A 500 400 15 40
B 80
C 120
D 160
E 200

Table 3. Experimental Conditions to Evaluate the Effect of
Multiple Insertions in Agarose Gels Containing PEG-Cy5 (5
kDa) on the Loading of HFMN Patches

sample

needle
height
[μm]

insertion
depth
[μm]

holding
time [s]

concentration of
PEG-Cy5 in agarose
gel 1% (w/v) [μM]

times
inserted in
the agarose

gel

A 500 400 15 40 1
B 3
C 6
D 60 1
E 3
F 6

Table 4. Experimental Conditions for Post-manufacturing
Loading HFMN Patches through Multiple Insertions into
Agarose Gels Containing LNPs

sample
needle

height [μm]
insertion

depth [μm]
holding
time [s]

times inserted in the
agarose gel

A 500 400 15 1
B 2
C 3
D 4
E 5
F 6
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multimode fluorescence microplate reader (Tecan Group, Ltd.,
Ma ̈nnedorf, Switzerland). The measurement conditions
included an excitation wavelength of 630 nm, an emission
wavelength of 675 nm, a gain of 80, and a Z-position of 20000
μm using a black 96-well plate with an untreated, nonsterile
surface. The obtained fluorescence intensity was used to
calculate PEG-Cy5 (5 kDa) concentrations using a calibration
curve, which was prepared by adding a known volume of 1 mM
PEG-Cy5 (5 kDa) directly to the patches, allowing them to
dry, and then dissolving the samples as previously described to
ensure the consistency of quantification.
Quantification of the MC3-DOPE-DiI LNPs Loaded into

the HFMN Patches. The HFMN patches loaded with the
MC3-DOPE-DiI LNPs, as shown in Table 4, were immersed in
methanol and left for 2 h under agitation to extract the DiI
from the LNP membrane. The fluorescence intensity of DiI

was then measured using a multimode fluorescence microplate
reader. Measurement conditions included an excitation
wavelength of 530 nm, an emission wavelength of 580 nm, a
gain of 100, and a Z-position of 20000 μm, using a black 96-
well plate with an untreated, nonsterile surface. A calibration
curve was prepared by adding a known volume of 10 mM
MC3-DOPE-DiI LNPs directly to the patches, drying, and
extracting DiI from the LNP membrane as previously
described to ensure consistent quantification.
LNP Delivery to Ex Vivo Skin Samples. Preparation

and Characterization of Skin Samples for Ex Vivo Experi-
ments with HFMN Patches Loaded with MC3-DOPE-DiI
LNPs. To study the release of LNPs, initially, porcine
abdominal skin samples were used. The skin was shaved to
remove any hair that could interfere with MN patch
application. The skin samples were then trimmed to remove

Figure 1. (a) Images of HFMN patches, with a needle height of 250 μm, inserted into 1% w/v agarose gels containing 40 μM PEG-Cy5 (5 kDa) at
varying depths of 50, 100, and 200 μm. The patches were held at each depth for 15, 30, 45, and 60 s. Images were captured at zero degrees, with
insets showing 90-degree zoomed-in views to highlight loaded needle tips under the respective conditions. Structural defects, such as needle
twisting or fusion, are indicated within the red boxes. (b) Quantification of PEG-Cy5 (5 kDa) dye loaded in MN patches under the different
insertion depths and hold times. The conditions included 50 μm insertion depth for 15 s (A1), 30 s (B1), 45 s (C1), and 60 s (D1); 100 μm
insertion depth for 15 s (E1), 30 s (F1), 45 s (G1), and 60 s (H1); and 200 μm insertion depth for 15 s (I1), 30 s (J1), 45 s (K1), and 60 s (L1).
Comparison of MN height before loading (dark blue) and after loading (light blue), with the average loaded height (red) achieved at varying
insertion depths and holding times: 15 s (c), 30 s (d), 45 s (e), and 60 s (f). Error bars, mean ± SD (n = 3).
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excess adipose and connective tissue and sectioned into 1 cm ×
1 cm pieces for experimental use. The skin was then acclimated
at 32 °C for 1 h prior to starting the experiment. A spring
applicator (Micropoint Technologies Pvt. Ltd., Singapore) was
used to apply the MN patch to the skin, with the needles
oriented toward the skin and the patch secured to the
applicator with an adhesive tape. After patch application, the
samples were left in contact with MC3-DOPE-DiI LNP-loaded
patches for 1, 6, and 24 h. After each time interval, the patches
were removed and characterized using a stereomicroscope,
with images captured at a zero-degree angle in both the
brightfield mode and fluorescence mode using the 63 filter Set.
Quantification of the Delivered Amount of MC3-DOPE-

DiI LNPs into the Skin Samples. To quantify the amount of
LNPs released into the porcine skin samples, DiI from the
LNP membrane was extracted. The treated skin samples with
the MC3-DOPE-DiI LNP-loaded HFMN patches were placed
in 15 mL Falcon tubes with 1 mL of methanol and agitated
overnight. The next day, fluorescence intensity was measured
in a black 96-well plate with an untreated, nonsterile surface
using a multimode fluorescence microplate reader set to
excitation at 530 nm, emission at 580 nm, gain at 100, and Z-
position at 20000 μm. A calibration curve was generated by
adding a known volume of 10 mM MC3-DOPE-DiI LNPs
directly to the skin samples, drying, and extracting DiI from the
MC3-DOPE-DiI LNPs in the skin samples, as previously
described, to ensure consistent quantification.
IVIS Imaging and Quantification of Functional mRNA

Expression in Human Skin. In Situ MN-Assisted LNP
Delivery in Excised Human Skin. Freshly excised human
abdominal biopsies were obtained from healthy donors
undergoing abdominoplasties at the Helios-Klinikum Berlin-
Buch, Germany, from the Clinic for Plastic and Aesthetic
Surgery (written consent obtained; ethics approval EA1/356/
21). Excess adipose and connective tissue were previously
removed. Skin pieces were cultured in transwells (Corning Life
Sciences, Cat. No. 353093) inserted into a 6-well plate
(Corning Life Sciences, Cat. No. 353502) with 1% penicillin
and streptomycin-supplemented medium (Thermo Fisher
Scientific, cat. no. MEPI500CA) in the outer wells. The skin
surface was gently wiped with saline and 70% ethanol, and
HFMNs loaded with LNP-GFP mRNA were inserted. After 24
h, the MN patches were removed, and skin biopsies were
prepared for imaging.
To measure functional mRNA expression following insertion

of LNP-GFP-mRNA-loaded HFMNs in human skin, an IVIS
system (PerkinElmer, USA) was used. Skin biopsies were
positioned on a black, low-fluorescence XFM-1 imaging mat
(PerkinElmer, USA) for analysis using an IVIS Lumina
imaging system (PerkinElmer, USA). Imaging settings were
adjusted to optimize fluorescence signal detection with either
medium or large binning and an f-stop of 1/8. Excitation and
emission filters were 465/520 for GFP. The exposure time was
1 s. Uniform imaging parameters, including the field of view,
filter configurations, and exposure times, were applied to all
samples to ensure consistency for comparative purposes.
Background signals and autofluorescence were minimized
using the system’s software tools. During post-imaging analysis,
regions of interest (ROIs) were manually delineated for each
human skin sample, and fluorescence intensity within each
ROI was calculated as total radiant efficiency ([p/s]/[μW/
cm2]). Fluorescence intensity data from the treatment group
were normalized to the average values of the control groups

and expressed as fold changes. These fold-change measure-
ments were assessed for statistical significance using 0.05, with
a total of three independent biological replicates.
Statistical Analysis. Statistical analyses were conducted

using GraphPad Prism (version 8.4.0; GraphPad Software, San
Diego, CA) for data processing and interpretation throughout
the study. Depending on the experimental design, either a one-
way analysis of variance followed by Tukey’s multiple
comparisons test or a t-test was used. Results were considered
statistically significant at a p-value <0.05. All experiments were
performed in triplicate (n = 3), and data are presented as mean
± SD. Statistical significance was denoted as follows: (*) p <
0.05, (**) p < 0.01, (***) p < 0.001, and (****) p < 0.0001,
while nonsignificant differences were marked as n.s.

■ RESULTS
MN patches with nominal needle heights of 250, 500, and 800
μm were used to optimize the post-manufacturing loading
method. After fabrication, 10 × 10 arrays of pyramidal MNs
were obtained with heights of 263 ± 17, 440 ± 11, and 679 ±
22 μm, reflecting slight alterations due to water evaporation
during curing at 70 °C.37 MN patches were inserted into a 1%
w/v agarose gel containing PEG-Cy5 with a concentration of
40 μM at specified insertion depths and held for defined
durations, as shown in Table 1. Fluorescence images captured
at a zero-degree angle and 90-degree angles reveal the impact
of insertion depth and holding time on dye uptake,
highlighting how these factors influence loading efficiency
and needle integrity.
As shown in Figure 1a, deeper insertion of HFMN patches

into agarose gels and longer holding times resulted in an
increased fluorescence intensity. Zero-degree angle images
show brighter needles with deeper insertion and longer holding
times. Similarly, 90-degree angle images demonstrate a clear
correlation between insertion depth and holding time with
enhanced dye loading, where needles appear brighter with
longer dye-loaded regions in the needles. These observations
align with the PEG-Cy5 concentrations obtained from
dissolving PEG-Cy5-loaded MN patches with a 250 μm
needle height, as shown in Figure 1b. When HFMN patches
were held in agarose gels for 15 s, no clear trend in dye uptake
was observed, with dye loading ranging from 500 to 600 ng for
insertion depths of 50, 100, and 200 μm. However, as the
holding time increased to 30, 45, and 60 s, dye uptake
increased alongside insertion depth.
Figures 1c−f depicts the average needle height before and

after insertion of 250 μm HFMN patches into the agarose gel
at depths of 50, 100, and 200 μm for 15, 30, 45, and 60 s.
Across all conditions, the needle height decreased by 19.8 ±
11.9% compared to the initial value. Notably, longer insertion
times of 45 and 60 s led to a greater reduction of 25.9 ± 12.3%,
while shorter insertions times of 15 and 30 s resulted in a
smaller reduction of 13.6 ± 8.3%. The analysis of average
loaded needle height with PEG-Cy5 (Figure 1c−f) shows that
both insertion depth and holding time significantly affect
HFMN loading. As the insertion depth increases from 50 to
200 μm, the average loaded height consistently rises, with the
longest holding time amplifying this effect to between
approximately 130 and 180 μm. For example, at 15 s (Figure
1c), the loaded height ranged from 83 ± 27 μm to 134 ± 52
μm, while at 60 s (Figure 1f), it increased to 145 ± 45 μm to
174 ± 44 μm.
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HFMN patches with a needle height of 500 μm were also
evaluated to further explore the relationship between insertion
depth, holding time, and structural integrity in the post-
manufacturing loading process. The patches were tested at
insertion depths of 100, 200, 300, and 400 μm with holding
times of 15, 30, 45, and 60 s. Figure 2a displays the images of
the HFMN arrays captured at a zero angle and side views at
90°, revealing increased brightness with longer holding times
and deeper insertions, along with minimal torsion or fusion
defects. Quantitative analysis of dye uptake, shown in Figure
2b, confirms that deeper insertions result in higher dye uptake
across all holding times. These findings suggest that greater
insertion depths enhance the interaction between the needles
and agarose gel, improving dye absorption. The increased
surface area exposed at deeper insertion depths likely
contributes to this effect, offering more contact area for dye
loading and promoting a higher uptake.

Moreover, HFMN patches with a nominal needle height of
500 μm showed an overall reduction of 8.1 ± 8.0% in needle
height compared to the initial value after insertion into the
agarose gel across all conditions. Specifically, longer insertion
times of 45 and 60 s resulted in a slightly higher reduction of
9.7 ± 3.0%, while shorter times of 15 and 30 s led to a
reduction of 6 ± 2.7%. Figure 2c−f shows the average loaded
needle heights at different conditions. As insertion depth and
holding time increased, the average loaded height also
increased. As the insertion depth rises from 100 to 400 μm
and holding times are extended, the average loaded height
reached between 260 and 280 μm. For example, at 15 s (Figure
2c), the loaded height ranged from 114 ± 51 μm to 264 ± 44
μm, while at 60 s (Figure 2f), it ranged from 226 ± 50 to 281
± 66 μm. These results demonstrate the significant impact of
both insertion depth and holding time on HFMN loading.

Figure 2. (a) Images of HFMN patches with a needle height of 500 μm inserted into 1% w/v agarose gels containing 40 μM PEG-Cy5 (5 kDa) at
varying depths from 100, 200, 300, and 400 μm and held at each depth for 15, 30, 45, and 60 s. Images captured at zero degrees, with insets
showing 90-degree zoomed views to highlight loaded needle tips under respective conditions. Structural defects, such as needle twisting or fusion,
are indicated within the red boxes. (b) Quantification of PEG-Cy5 (5 kDa) dye loaded in MN patches under different insertion depths and hold
times. The conditions included 100 μm insertion depth for 15 s (A2), 30 s (B2), 45 s (C2), and 60 s (D2); 200 μm insertion depth for 15 s (E2),
30 s (F2), 45 s (G2), and 60 s (H2); 300 μm insertion depth for 15 s (I2), 30 s (J2), 45 s (K2), and 60 s (L2); and 400 μm insertion depth for 15 s
(M2), 30 s (N2), 45 s (O2), and 60 s (P2). Comparison of MN height before loading (dark blue) and after loading (light blue), with the average
loaded height (red) achieved at varying insertion depths and holding times: 15 s (c), 30 s (d), 45 s (e), and 60 s (f). Error bars, mean ± SD (n = 3).
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To further optimize the post-manufacturing approach, we
tested MN patches with an 800 μm needle height inserted into
agarose gels at depths of 200, 400, and 600 μm, with holding
times of 15, 30, 45, and 60 s. Figure 3a shows an increased
needle array brightness with deeper depths and longer holding
times, accompanied by higher needle torsion or fusion defects.
Quantitative analysis (Figure 3b) confirms that the PEG-Cy5
uptake increased with longer holding times. Figure 3c−f shows
that as the insertion depth increased from 200 to 600 μm, the
average loaded height also rose, reaching 342 ± 73 at 600 μm
after 30 s. However, at 45 and 60 s, the average loaded height
at 600 μm decreased to 220 ± 97 μm and 325 ± 130 μm,
respectively. This trend may result from a 23.3 ± 11.2%
reduction in needle height across all conditions, with more
pronounced reductions (30.1 ± 11.3%) at 45 and 60 s. In

contrast, the reduction is less pronounced (16.5 ± 6%.) at 15
and 30 s. Despite the reduction in needle height, dye uptake
remained higher with deeper insertion and longer holding
times. The reduction in needle height, potentially caused by
needle torsion or fusion, may affect drug release efficiency in
the skin when using these patches.
Comparative analysis of the HFMN patch with needle

heights of 250 μm, 500 μm, and 800 μm reveals distinct
performance characteristics. The 250 μm patches showed
consistent dye uptake, peaking at 1052 ± 633 ng after 60 s at a
200 μm insertion depth. Prolonged holding at deeper depths
improved the dye absorption. However, structural defects, such
as needle twisting and the fusion of multiple needles, were
observed at greater insertion depths and holding times. These
defects could interfere with the drug release efficiency and

Figure 3. (a) Images of HFMN patches with a needle height of 800 μm inserted into 1% w/v agarose gels containing 40 μM PEG-Cy5 (5 kDa) at
varying depths from 200, 400, and 600 μm and held at each depth for 15, 30, 45, and 60 s. Images captured at zero-degree angle, with insets
showing 90-degree zoomed views to highlight loaded needle tips under respective conditions. Structural defects, such as needle twisting or fusion,
are indicated within the red boxes. (b) Quantification of PEG-Cy5 (5 kDa) dye loaded in MN patches under different insertion depths and hold
times. The conditions included 200 μm insertion depth for 15 s (A3), 30 s (B3), 45 s (C3), and 60 s (D3); 100 μm insertion depth for 15 s (E3),
30 s (F3), 45 s (G3), and 60 s (H3); and 200 μm insertion depth for 15 s (I3), 30 s (J3), 45 s (K3), and 60 s (L3). Comparison of MN patch
height before loading (dark blue) and after loading (light blue), with the average loaded height (red) achieved at varying insertion depths and
holding times: 15 s (c), 30 s (d), 45 s (e), and 60 s (f). Error bars, mean ± SD (n = 3).
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hinder skin penetration. Despite a manageable 19.8 ± 11.9%
reduction in needle height after loading, the 250 μm patches’
limited insertion depth and smaller loaded needle height
(maximum 174 ± 44 μm) reduced their effectiveness in deeper
agarose gel penetration.
On the other hand, the 500 μm needle patches offered

improved dye absorption, reaching a maximum uptake of 1209
± 447 ng at 60 s and 400 μm insertion depth. Longer holding
times and deeper insertion depths enhanced the dye uptake
without significant structural defects. These patches exhibited

an 8.1 ± 8.0% reduction in needle height post-loading and
higher loaded needle heights (up to 281 ± 66 μm) with greater
fluorescence intensity compared to the 250 μm design. Their
balanced performance and minimal deformation make them
ideal options for further applications demanding medium
penetration depth and efficient drug delivery.
Finally, the 800 μm needle patches showed the highest dye

uptake of 1816 ± 637 ng at 60 s and 600 μm insertion depth
but showed significant structural issues, including a 23.3 ±
11.2% height reduction and increased torsion and fusion

Figure 4. (a) Images at zero-degree angles of HFMN patches inserted into agarose gels containing PEG-Cy5 (5 kDa) at concentrations of 40, 80,
120, 160, and 200 μM. The needles were inserted to a depth of 400 μm and held for 15 s. Structural defects, such as needle twisting or fusion, as
well as dye absorption in the patch’s base substrate, are indicated within the red boxes. (b) Quantification of PEG-Cy5 loaded into HFMN patches
under the same conditions as (a). (c) Comparative images of HFMNs inserted into agarose gels containing 40 μM PEG-Cy5. The patches were
inserted to a depth of 400 μm and held for 15 and 60 s. The structural integrity of the needles was assessed after one, three, and six insertions.
Structural defects, such as needle twisting or fusion, as well as dye absorption in the patch’s base substrate, are indicated within the red boxes. (d)
Comparison of HFMN patch height before loading (dark blue) and after loading (light blue), alongside the average loaded height (red). The
measurements correspond to the same conditions as (c) at a 400 μm insertion depth, with holding times of 15 and 60 s. (e) Quantification of PEG-
Cy5 (5 kDa) dye loaded into HFMN patches under the conditions described in (c). The analysis compares 15 s and 60 s holding times after one,
three, and six insertions into the agarose gels. Error bars, mean ± SD (n = 3 HFMN patches for each condition).

Molecular Pharmaceutics pubs.acs.org/molecularpharmaceutics Article

https://doi.org/10.1021/acs.molpharmaceut.5c00403
Mol. Pharmaceutics 2025, 22, 4778−4793

4787

https://pubs.acs.org/doi/10.1021/acs.molpharmaceut.5c00403?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.molpharmaceut.5c00403?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.molpharmaceut.5c00403?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.molpharmaceut.5c00403?fig=fig4&ref=pdf
pubs.acs.org/molecularpharmaceutics?ref=pdf
https://doi.org/10.1021/acs.molpharmaceut.5c00403?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Figure 5. (a) Comparison of zero-degree images of HFMN patches inserted at a 400 μm depth for a 15 s holding time across multiple insertions:
one, two, three, four, five, and six times. Structural defects, such as needle twisting or fusion, as well as dye absorption in the patch’s base substrate,
are indicated within the red boxes. (b) Zoomed-in images of HFMN patches captured at a 90-degree angle after multiple insertions into agarose
gels at a 400 μm depth with a 15 s holding time. Fluorescence images acquired using the 63-filter set reveal LNP distribution within the needles,
while corresponding bright-field (BF) images display structural integrity and deformation. (c) Quantification of the distance from the microneedle
pyramid base and the tip width after insertion into agarose gels, indicating potential structural deformation caused by repeated applications. (d)
Comparison of HFMN patch height before loading (dark blue) and after loading (light blue), with the average loaded height (red). Measurements
correspond to a 400 μm insertion depth and 15 s holding times after one, three, and six insertions. (e) Quantification of MC3-DOPE-DiI LNPs
loaded into HFMN patches under the same conditions as (a). Data are presented for one, two, three, four, five, and six insertions into the agarose
gels. Error bars, mean ± SD (n = 3 HFMN patches for each condition).
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defects. Despite their high loading capacity (up to 325 ± 130
μm), their mechanical instability limits reliability for precise
applications. In contrast, the 500 μm patches with balanced
performance and minimal deformation were selected as the
most suitable candidate for further experiments.
The following experiments focused on optimizing the drug

uptake in 500 μm HFMN patches by increasing the PEG-Cy5
concentration and testing multiple insertions. PEG-Cy5 was
gradually increased to 200 μM in a 1% w/v agarose gel, with
patches inserted to 400 μm for 15 s, as detailed in Table 2.
This depth and duration were chosen to minimize the
structural defects. Microscopic images in Figure 4a show
increased needle brightness with higher PEG-Cy5 concen-
trations. However, when the patches were inserted into gels
with concentrations of 80 μM and above, dye uptake was
observed at the base substrate of the patches, suggesting
potential drug waste.17

Figure 4b illustrates the loading capacity of the MNs at
various PEG-Cy5 concentrations. At 40 μM, the loading was
578 ± 383 ng, increasing significantly with PEG-Cy5
concentration on the agarose gels to 4019 ± 1577 ng at 80
μM and 4975 ± 1263 ng at 120 μM. At higher
concentrations�160 μM and 200 μM�the loading further
increased to 8939 ± 954 ng and 11,988 ± 1465 ng,
respectively. These elevated values likely reflect not only
greater loading within the MNs but also increased dye
absorption by the patch’s base substrate. This off-target uptake
becomes more evident at concentrations of ≥80 μM, as shown
in Figure 4a, and may result in an overestimation of the actual
payload delivered into the needle region. These findings
demonstrate the impact of drug concentration in the agarose
gels on loading efficiency while maintaining a fixed insertion
depth and holding time. They emphasize the importance of
identifying an optimal concentration range that maximizes
loading into the MNs while minimizing waste due to
nonspecific absorption by the patch base. Notably, 578 ng
may represent the maximum loading capacity confined to the
MN tips under these conditions, without significant diffusion
into the base. Striking this balance is critical for improving the
cost-efficiency and reproducibility of MN-mediated delivery,
particularly when working with expensive or sensitive
therapeutics.
Furthermore, we evaluated multiple insertions of 500 μm

HFMN patches into agarose gels containing PEG-Cy5 at a
concentration of 40 μM to enhance the loading capacity.
Patches were inserted up to six times at 400 μm depth, with 15
s and 60 s holding times, as shown in Table 3. This approach
assessed total loading capacity and structural integrity after
repeated insertions. Figure 4c presents zero-degree images of
patches after one, three, and six insertions into agarose gels.
After three insertions with 60 s hold, needle twisting and fusion
appeared, while six insertions with 15 s hold caused only minor
defects. In both cases, staining in the substrate base indicated
PEG-Cy5 absorption, with more pronounced absorption at 60
s than at 15 s. Figure 4d shows the needle height before and
after each insertion. With a 15 s holding time, the needle
height decreased by 18% from its initial height after six
insertions. Despite this reduction, the loaded needle height
remained stable, rising from 245 ± 61 μm to 352 ± 32 μm. In
contrast, with a 60 s holding time, the loaded height declined
from 355 ± 36 μm to 310 ± 38 μm after six insertions due to
increased needle fusion, compromising the overall structural
integrity of the patch. Figure 4e quantifies PEG-Cy5 uptake,

showing a steady increase with a 15 s holding time. The dye
uptake was 578 ± 382 ng after one insertion, 1483 ± 533 ng
after three insertions, and 1945 ± 470 ng after six insertions.
For a 60 s holding time, the dye uptake rose from 1209 ± 447
ng to 3356 ± 591 ng after six insertions but caused structural
defects including needle fusion and twisting, as well as
increased dye absorption in the patch’s base substrate. Due
to these limitations, the 15 s holding time with multiple
insertions (ranging from one to six) was selected for further
studies with LNPs.
After optimization of the loading approach, 500 μm HFMNs

were tested with LNPs containing DiI as a fluorescent tracer.
As detailed in Table 4, patches were inserted to a depth of 400
μm for 15 s, with a 5 min interval between up to six insertions
to allow drying. This method ensured efficient loading while
maintaining the structural integrity. Figure 5a shows zero
images of patches after one−six insertions, with a progressive
increase in fluorescence, indicating enhanced LNP loading.
Fluorescence on the base substrate suggests off-target loading.
Minor structural defects, such as slight needle twisting, were
observed with increasing numbers of insertions, as shown in
Figure 5b. This observation is supported by the analysis of the
MN pyramid base distance (Figure 5c), which remained stable
at approximately 190 μm�even after six insertions into
agarose gels�and was comparable to that of prefabricated
patches. A modest increase in tip width was also detected,
rising from 28 ± 7 μm in prefabricated patches to 40 ± 9 μm
after one insertion. With additional insertions, the tip width
remained stable, measuring 46 ± 22 μm after three
applications and 55 ± 23 μm after six. This slight broadening
did not appear to compromise the structural integrity of the
MNs. Overall, the findings indicate that the integrity of the
HFMN patches is largely preserved after multiple insertions
into agarose gels, and the minimal deformation observed is
unlikely to negatively affect drug release performance when
applied to the skin. Additionally, the needle height before and
after loading remained relatively unchanged, maintaining
values close to the initial height, as shown in Figure 5d.
However, the average loaded height increased from 280 ± 118
μm after one insertion to 359 ± 65 and 374 ± 70 μm after
three and six insertions, respectively. These results are
consistent with the quantification data of MC3-DOPE-DiI
LNPs shown in Figure 5e, where the LNP loading increased
from 26 ± 11 μg after one insertion to 141 ± 25 μg after six
insertions.
Recent post-manufacturing loading approaches have primar-

ily focused on surface-coating methods applied to solid MNs,
including dip-coating, spray-coating, and inkjet printing.17

While these techniques are relatively simple, they range from
basic processes with high drug waste to more elaborate
procedures designed to reduce such losses. Although they have
been successfully used for the delivery of small molecules and
vaccines, they generally allow only modest drug loading,
ranging from a few nanograms to hundreds of micrograms, and
are often associated with uneven coatings and drug loss during
handling or skin insertion. In contrast, the strategy developed
in this study leverages the intrinsic swelling and absorptive
capacity of HFMNs to facilitate the volumetric-matrix-based
loading of nanoparticles. Using this approach, up to 140 μg of
mRNA-LNPs was successfully integrated into the HFMN
patches after six repeated insertions at 400 μm insertion depth,
15 s per insertion. This represents a substantially higher
payload compared to conventional surface-coating methods.
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Furthermore, this integration was achieved under mild ambient
conditions using compression-assisted insertion, which also
enabled spatially defined loading within the MN patches. Such
gentle processing is particularly advantageous for preserving
the structure and integrity of LNPs. This method thus provides
a complementary and potentially superior alternative for
applications requiring the delivery of sensitive or complex
therapeutics, such as mRNA.
To evaluate the RNA delivery, MC3-DOPE-DiI LNP-loaded

HFMNs were applied to porcine skin and incubated at 32 °C,
to mimic physiological conditions, for 1, 6, and 24 h. At each
time point, patches were carefully removed, and skin samples
were visualized using a stereomicroscope, Figure 6a.
Fluorescent images, depicted in Figure 6b, demonstrated a
time-dependent release of LNPs into the skin, with the
fluorescence intensity increasing over time. This indicated
effective and progressive delivery into the skin. HFMNs loaded
with approximately 140 μg of MC3-DOPE-DiI LNPs released
4 μg upon skin application, suggesting a limited drug release
efficiency (∼2.9%).
Fluorescence-based stereomicroscopy is a widely used

method for qualitative and semiquantitative evaluation of

nanoparticle release in ex vivo skin models.47 Although the
study included only three sampling points, they were selected
to capture representative early, intermediate, and prolonged
release phases under physiologically relevant conditions. This
allowed for proof-of-concept validation of the LNP delivery.
Future work will include more frequent sampling and
quantitative techniques to better characterize the release
kinetics.
Despite the evident increase in fluorescence intensity

observed in skin samples imaged by using fluorescence-based
stereomicroscopy (Figure 6b), the subsequent quantification of
LNPs delivered into the tissue resulted in relatively low
recovery values (Figure 6c). Several factors may explain this
discrepancy. The low recovery of DiI after is likely due to the
limitations in the extraction method.
MC3-DOPE-DiI LNPs exhibited a hydrodynamic diameter

of 83 ± 7 nm before loading (polydispersity index [PDI] =
0.128), which increased to 648 ± 96 nm (PDI = 0.209) after
extraction from HFMN patches. Blank patches (without
LNPs) yielded particles of 574 ± 34 nm. These results suggest
that the measured particle size postextraction is largely
influenced by the method of extraction, which may affect the

Figure 6. (a) Schematic representation of the drug delivery assessment conducted in an ex vivo experiment using porcine skin samples. (b) Images
of porcine skin samples after contact with MC3-DOPE-DiI LNP-loaded HFMNs at different time points: 1, 6, and 24 h, captured under the
brightfield (BF) mode and the fluorescence mode using the 63 filter. (c) Quantification of the delivered amount of MC3-DOPE-DiI LNPs into the
skin at 1, 6, and 24 h. Data are presented as mean ± SD (n = 3 skin samples per time point).
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particle size. The zeta potential of the LNPs shifted slightly
from −1.4 ± 0.4 mV prior to loading to −8.1 ± 6.2 mV after
extraction while the hydrogel matrix alone exhibited a surface
charge of −6.58 ± 3.33 mV. All values remained near neutral
(−10 to +10 mV), suggesting minimal aggregation48 (Figure
S1).
Functional delivery was confirmed through ex vivo imaging

studies. HFMN patches were then loaded with MC3-DOPE-
eGFP LNPs using a multi-insertion approach. HFMN patches
underwent up to six insertions into agarose gels, each lasting 15
s at a 400 μm, with 10 μL of air-dried MC3-DOPE-eGFP
LNPs applied per insertion and a 5 min drying interval. The
loaded patches were then applied to freshly excised abdominal
skin from three independent human donors (Figure 7a).
Imaging analysis revealed that treated samples with MC3-
DOPE-eGFP LNP-loaded HFMNs exhibited significantly
higher fluorescence intensity, measured as the average radiant
efficiency, compared to control samples treated with blank
HFMN patches (Figure 7b). However, the difference in
quantified average radiant efficiency was less pronounced
(Figure 7c), which may be attributed to skin autofluorescence,
variability in tissue composition, and dilution of the localized
signal during ROI-based quantification. These findings confirm
functional mRNA expression in human skin using MC3-

DOPE-eGFP LNP-loaded HFMNs, highlighting the potential
of this system for localized and efficient genetic material
delivery.

■ CONCLUSION
This study presents a novel, spatially controlled method for
loading mRNA-encapsulated LNPs into HFMN patches using
a texture analyzer in compression mode. By systematically
varying parameters such as insertion depth, duration, dye
concentration, and repeated insertions. This method enables
efficient and reproducible LNP loading, while maintaining the
structural integrity of MNs. The hydrogel’s absorption capacity
ensures precise uptake with minimal material waste, requiring
only small volumes per patch. The selected 500 μm HFMN
patches proved to be optimal for LNP uptake, further
enhanced by repeated insertions. The successful ex vivo
delivery of LNPs into human skin and subsequent GFP
transfection confirm the utility of this approach for the precise
and effective delivery of nucleic acid therapeutics, while the
current optimization was conducted through sequential
experimentation to isolate and assess how individual variables
affect LNP loading, patch integrity, and delivery performance.
Future studies will incorporate advanced statistical methods
such as response surface methodology within a Design of

Figure 7. (a) Schematic representation of the IVIS imaging setup for analyzing eGFP transfection in human skin excision samples. (b) IVIS images
of human skin samples: control samples treated with blank HFMN patches and treated samples transfected with eGFP using MC3-DOPE-eGFP
LNP-loaded HFMN patches. (c) Quantification of average radiant efficiency in human skin samples from three different patients, comparing
control and treated groups.
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Experiments framework. This approach is expected to enhance
predictive capabilities, reduce experimental workload, and
improve reproducibility under more physiologically relevant
conditions, especially as we advance toward in vivo studies for
gene editing applications. Altogether, this work highlights the
potential of post-manufacturing loading strategies for advanced
transdermal applications, providing a minimally invasive
platform for the targeted delivery of sensitive therapeutics
such as LNPs. The findings pave the way for future clinical and
translational efforts to utilize HFMN patches for vaccine
delivery, gene therapy, and RNA-based therapeutics.
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