¥ ROYAL SOCIETY
P OF CHEMISTRY

RSC
Pharmaceutics

View Article Online

View Journal

Controlled delivery of IL-10 and retinoic acid for
the treatment of psoriasis using a multilayered
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Psoriasis is a chronic autoimmune disease driven by a proinflammatory feedback cycle that deteriorates
normal skin function and structure. Current treatments often provide incomplete skin clearance or require sys-
temic immunosuppression, which elevates the risk of infection and development of cancers. Here we report a
novel dual modality immunotherapy delivered to a spatially localized target that avoids systemic exposure. We
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combined the cytokine interleukin-10 and the small molecule all-trans retinoic acid for the treatment of psor-
iasis, delivered in a single microneedle patch. The treatment improved psoriasis area and severity index scores
and local biomarkers measured through histology, immunofluorescence, and flow cytometry. Ultimately, this
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1. Introduction

Psoriasis is a cutaneous autoimmune disease that affects
approximately 2% of the world population.'™ Plaque psoriasis,
the most prevalent form of the disease, is characterized by the
dysregulation of IL-23/IL-17 axis, driven by the complex inter-
play of T cells, antigen presenting cells, neutrophils, and kera-
tinocytes. Specifically, Th17 cells drive the hyperproliferation
of keratinocytes through the release of pro-inflammatory cyto-
kines, notably IL-17A.* In turn, keratinocytes release anti-
microbial peptides that in combination with inflammatory
cytokines promote the chemotaxis of neutrophils and mono-
cytes to the local tissue.>*™® These recruited cells further
stimulate T cell activity, perpetuating disease progression in
an inflammatory cycle.

Given the therapeutic potential of interleukin 10 (IL-10)
and all-trans retinoic acid (ATRA), we developed a locally deli-
vered immunotherapy to treat the affected skin in the imiqui-
mod (IMQ) mouse model. IL-10 is a pleiotropic cytokine that
acts as a master regulator of immune homeostasis, suppres-
sing monocytes, macrophages, and CD4" T cells while promot-
ing peripheral tolerance.””® Although previous clinical studies
have shown IL-10 to be well tolerated, its efficacy was variable,
with high systemic dosages (20 pg kg™') required for thera-
peutic effect."®™** While each of these topicals target various
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study provides a foundation for the localized delivery of immunotherapeutics for psoriasis.

aspects of the disease, retinoids such as ATRA exert anti-
inflammatory effects on immune cells and inhibits keratino-
cyte hyperproliferation.”*™*® ATRA can be delivered topically or
orally but has limited efficacy seen as incomplete skin clear-
ance after months of treatment.”> Other therapeutics also fail
to meet or maintain satisfactory skin clearance over time."”™°
These underline the importance of finding an appropriate con-
trolled release mechanism for IL-10 and ATRA.

We designed a novel immunomodulatory therapy that deli-
vers therapeutics into a localized area thereby avoiding large
scale systemic exposure. We used a coacervate microneedle
patch for controlled release of IL-10 and ATRA. Given that pre-
vious studies utilized bolus injections of IL-10, we hypoth-
esized that the simultaneous controlled delivery of IL-10 and
ATRA would enhance the therapeutic effect of both com-
pounds. Coacervation, a liquid-liquid phase separation, has
been used for the controlled delivery of various cytokines and
growth factors.”*”>* We used a poly(ethylene argininylaspartate
diglyceride) (PEAD)/heparin coacervate system encapsulated
within the first layer of the microneedle to protect IL-10 and
control its release, thereby avoiding the rapid degradation of
the cytokine in vivo and enabling sustained long-term dosing.
The second layer of the microneedle was loaded with ATRA.
Upon application, the rapid dissolution of the first layer
releases the coacervate into the local tissue for controlled deliv-
ery of IL-10 from the coacervate with the slow release of ATRA
from the microneedle.>® The resultant microneedle therapy
improved outcomes in the IMQ mouse model, as revealed by
PASI score, histology, immunofluorescence, and cell infiltra-
tion. The decreases in key markers of disease progression

RSC Pharm.


http://rsc.li/RSCPharma
http://orcid.org/0000-0002-9366-0934
http://orcid.org/0000-0003-2067-382X
http://crossmark.crossref.org/dialog/?doi=10.1039/d5pm00233h&domain=pdf&date_stamp=2026-04-23
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5pm00233h
https://pubs.rsc.org/en/journals/journal/PM

Open Access Article. Published on 24 April 2026. Downloaded on 6/14/2026 1:23:47 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

demonstrate promise for local treatment of psoriasis with
microneedles as anti-inflammatory immunotherapy.

2. Methods
2.1 Materials

The following materials were purchased and used: PEAD as
previously synthesized,”® sodium heparin (Scientific Protein
Labs, WI, USA), sterile saline 0.9% (NaCl) (GROWCELLS,
Irvine, CA, USA), Sylgard 184 Kit (Dow, Midland, MI, USA),
bovine serum albumin (VWR, Radnor, PA, USA), ethanol
(Decon Labs, PA, USA), recombinant mouse interleukin 10
(IL-10) (R&D Systems, MN, USA), all-trans retinoic acid (ATRA)
(Enzo Life Sciences, Farmingdale, NY, USA), polyvinylpyrroli-
done (PVP) 360 kDa (Sigma-Aldrich, MO, USA), ethyl cellulose
(Grainger, NY, USA), poly(p,i-lactide-co-glycolide) 50:50
(Polysciences, PA, USA), murine IL-10 standard TMB ELISA
development kit (VWR, Radnor, PA, USA), VERIGUIDE OS
Resin (Whip Mix, Louisville, KY, USA), isopropyl alcohol (VWR,
Radnor, PA, USA), imiquimod cream (Perrigo, MI, USA),
Epredia™ Cryomatrix™ embedding resin (Fisher Scientific,
Waltham, MA), CD31 monoclonal antibody (14-0311-82), TNF-
a monoclonal antibody (14-7321-85), and anti-rat TRITC sec-
ondary antibody (Thermo Fisher, Waltham, MA).

2.2 Microneedle preparation

Microneedles were prepared as previously described.>® Briefly,
polyvinylpyrrolidone (PVP) was dissolved in sterile saline at 5%
w/v. Poly(ethylene argininylaspartate diglyceride) (PEAD) and
heparin were then separately added at 10 mg mL™" to PVP solu-
tion. I1L-10 was added to the heparin/PVP solution to allow for
binding to the glycosaminoglycan prior to the addition of PEAD/
PVP solution at a final mass ratio of 3.6:1 PEAD: heparin.
Immediately following coacervate formation, the first layer of the
microneedles was made through vacuuming and then drying the
needles. The subsequent layer was made from a 15/85 (w/w) blend
of poly(lactic-co-glycolic acid) (PLGA) and ethyl cellulose (EC)
selected for compatibility with the fabrication process. ATRA was
kept out of light and added to the PLGA/EC solution. The solution
was used to generate microneedle patches with 10 pg of ATRA.

2.3 SEM images of microneedles

Microneedles were first sputter coated with 10 nm of Au-Pd
prior to imaging with the SEM. Images were taken using a
NeoScope™ Benchtop SEM, JCM-7000. Scale bars were added
using Image].

2.4 Axial and transversal testing of microneedles

Microneedles were made using varying amounts of PVP in
saline from 2.5 to 10% w/v with or without coacervate. Groups
containing coacervate were made using a PEAD: heparin of
3.6:1. Analysis of the failure for each sample was measured
using an Instron 5943 with a 50 N load cell. Instron platforms
were positioned parallel to each other with the microneedle
patch flat across the center. The top platform was brought into
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contact with the needles of the microneedle patch prior to
beginning compression experiments. Failure points were col-
lected for each group (N = 8) at the point of needle failures.

2.5 1L-10 controlled release from microneedles

Microneedles were prepared with 200 ng of recombinant
murine IL-10 in a single patch without any ATRA to avoid spec-
tral interference from the small molecule. Complex coacervates
were prepared with 200 ng recombinant murine IL-10 follow-
ing previously described protocols. Then, patches were incu-
bated at 37° for 30 days. On days 0, 1, 2, 3, 4, 5, 6, 7, 8, 10, 12,
14, 16, 19, 23, 27, and 30 samples were removed from the incu-
bator, spun down at 12 100 RCF, and the supernatant replaced
then frozen prior to analysis by ELISA.

IL-10 was recovered from prepared microneedles using a
PBS solution to rapidly dissolve the PVP and collect the encap-
sulated protein. After collection, proteins were isolated from
PVP using Sartorius Vivaspin columns. Stock protein was com-
pared using a JASCO 1500 CD spectrometer to collected
samples. Measurements were taken from 250-200 nm, at a rate
of 50 nm min~" for three iterations at 0.1 mg mL™".

2.6 IMQ mouse model experimental design

All animal procedures were performed in accordance with the
Guide for Care and Use of Laboratory Animals of Cornell
University, including the IMQ Mouse Model and subsequent
experiments and animal sacrifice for histological and flow
cytometry analyses. All procedures were approved by the
Cornell Institutional Animal Care and Use Committee (IACUC
Protocol 2018-0033) prior to being conducted.

Imiquimod (IMQ) is a TLR7/8 agonist commonly used to
induce a psoriasiform phenotype in mice.>**” Mice were shaven
days prior to the beginning of the experiment. To induce and
maintain the psoriaform skin, 62.5 mg of 5% IMQ cream was
applied over an area of 5 cm” starting on day 1, and for a total of
8 days on the flank of C57BL/6 mice 6-8 weeks of age. PASI
scores were recorded daily for 8 days following application. Six
experimental groups were followed during the 8-day application
period as shown below. Treatment began on day 2 (Table 1).

On days 4 and 8, blood samples were taken from the sub-
cutaneous vein, additionally, one mouse per group was eutha-
nized by CO, to collect skin samples. Tissues were either disso-
ciated and homogenized for further analysis via ELISA or used
for histological sectioning. Tissues for sectioning were fixed in
4% PFA and then stored overnight at 4 °C in 30% sucrose solu-
tion. Tissue was then frozen in Epredia™ Cryomatrix™ embed-
ding resin prior to sectioning on the Cryostar NX70. Sections
were cut at 8 pm thickness and placed onto glass slides.

2.7 Histology and immunostaining

Excess OCT was removed with a PBS wash prior to staining.
Samples were stained with hematoxylin and eosin (H&E),
Masson’s trichrome, and antibodies for immunofluorescence.
H&E staining was done following standardized protocols for
OCT embedded samples. Masson’s trichrome was done
through Animal Health Diagnostic Center at Cornell

© 2026 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5pm00233h

Open Access Article. Published on 24 April 2026. Downloaded on 6/14/2026 1:23:47 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Pharmaceutics

Table 1
Treatment type, dosage, and route are also described
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In vivo groups for PASI scoring and tissue collection. All but the naive group received imiquimod cream to induce psoriasiform skin.

IMQ

Group name applied IL-10 dosage/form RA dosage/form Delivery route

Naive No None None Untreated

Imiquimod Yes None None Control

RA cream Yes None 10 pg RA Topical

IL-10 bolus + RA cream Yes 4 pg IL-10 (soluble) 10 pg RA (cream) Subcutaneous + topical

IL-10 Coacervate bolus + RA cream  Yes 4 pg IL-10 (coacervate) 10 pg RA (cream) Subcutaneous injection + topical

Microneedle treated Yes 4 ug IL-10 (coacervate microneedle) 10 ug RA Multilayered microneedle
(microneedle)

University. Immunofluorescence was carried out as follows;
CD31 (Invitrogen), and TNF-a (Invitrogen) were diluted at a
rate of 1:100, 1:100, and 1:20 respectively. CD31 and TNF-o
were then counterstained with an anti-rat IgG, Tritc
(Invitrogen) and CD3 stained with anti-Armenian Hamster,
Alexa Fluor 488. DAPI was applied to the slides for 5 minutes
and washed off prior to coverslip placement. Images were
taken using a Nikon T2 Eclipse inverted microscope. Both fluo-
rescent and bright field images were taken using 20x objec-
tives (40x magnification).

2.8 Image analysis

Images were analyzed using Image]. H&E and Masson’s tri-
chrome stains were normalized using Reinhard normalization.
Epidermal thickness was measured using H&E sections with
three replicates across each group. Fluorescence was calculated
following background subtraction from unstained areas. Mean
fluorescence intensity was then calculated from within desig-
nated ROIs using the measurement function of Image]J. Data
was normalized to the control for each group to minimize any
staining variation.

2.9 Flow cytometry of cells from treatment site

Three groups of C57BL/6 mice, from Jackson Labs, were ana-
lyzed with 5 mice per time point and tissue harvested on days
4 and 8. Mice were treated with imiquimod cream and eutha-
nized following Cornell’s IACUC protocols before harvesting
skin. Skin samples were harvested, digested, filtered, and
stained either with anti-CD45 BUV395 (1:500, 30-F11, BD
Bioscience), anti-CD64 BV605 (1:200, X54-5/7.1, Biolegend),
anti-CD11c BV711 (1:450, N418, Biolegend), antiCD19 BV786
(1:100, 1D3, BD Biosciences), anti-F4/80 PE-Cy5 (1 :200, BMS,
Invitrogen), anti-CD88 anti-APC (1:800, 20/70, Biolegend),
anti-MHC-II APC-ef780 (1:2000, M5/114.15.2, eBioscience),
anti-CD26 PE-Cy7 (1:150, H194-112, Biolegend), anti-XCR1
BV650 (1:200, ZET, Biolegend), anti-Ly6G FITC (1:500, 1AS8,
Biolegend), anti-CD4 BUV805 (1:500, 145-2C11, eBioscience),
Ghost dye violet 510 dead cell stain (1:1000, Biolegend). Near-
IR fluorescent reactive dye APC-Cy-7 dead cell stain (1:1000,
Invitrogen), anti-CD45 BUV395 (1:200, 30-F11, BD
Biosciences), anti-CD4 BUV805  (1:200, 145-2C11,
eBioscience), anti-CD8b BV421 (1:200, X54-5/7.1, Biolegend),
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anti-Tbet BV711 (1:100, 04-48, BD Biosciences), anti-RORgT
PE-CF594 (1:100, Q31-378, BD Biosciences), anti-IL-17a
PE-Cy5.5 (1:100, TC11-18H10.1, Biolegend), anti-IFN-y APC
(1:100, XMG1.2, Biolegend), anti-FoxP3 Alexa Flour 488
(1:100, MF23, BD Biosciences) or with anti-CD45 BUV396
(1:250, IM7, BD Bioscience), anti-CD4 BUV805 (1 : 250, GK1.5,
BD Bioscience), anti-CD64 BV605 (1:100, x54-5/7.1,
BioLegend), Ghost Live/Dead BV510 (Tonbo Biosciences), anti-
XCR1 BV650 (ZET, BD Bioscience), anti-CD11c BV711 (1:225,
N418, BioLegend), anti-CD19 BV786 (1:250, 1d3, BD
Bioscience), anti-Ly6G FITC (1:250, 1A8, BioLegend), anti-F4/
80 PE-cy5 (1:100, BMS8, Invitrogen), anti-CD26 PE-cy7 (1:75,
H194-112, BioLegend), anti-CD88 APC (1:400, 20/70,
BioLegend), and anti-MHCII APCef780 (1:750, MS5/114,
Invitrogen) prior to analysis on a FACSymphony A3 Analyzer.

2.10 Statistical analysis

Statistical analysis of data was completed using R (4.3.2) and
PRISM 10. PASI score of all groups were compared using a
one-way ANOVA followed by a post hoc Tukey test as the mul-
tiple comparison procedure. Error bars shown represent stan-
dard deviation and significance is determined from the Tukey
test. Epidermal thickness measurement analysis was con-
ducted in PRISM 10 using a one-way ANOVA followed by a post
hoc Tukey test. Flow analysis was conducted in PRISM 10 using
Student’s t test. Error bars are shown with SEM. Analysis of
MFI data was done using a two-ways Student’s ¢ test. Error bars
are shown with SEM including propagated error from
normalization.

3. Results

3.1 Coacervate microneedles maintain mechanical properties
required to pierce the skin

Microneedles were fabricated with coacervate at a 10 mg mL™"
concentration. Layered microneedles were fabricated using a
previously described process: the first layer consisted of polyvi-
nyl pyrrolidone (PVP) containing varying amounts of complex
coacervate; and the second layer of a 15/85 (w/w) blend of poly
(lactic-co-glycolic acid) (PLGA) and ethyl cellulose (EC).
Polymers were selected based on biocompatibility, compatibil-
ity of the polymers with coacervate, and previous work within
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the Wang lab (data not shown). The SEM images taken of the
microneedles show a similar morphology to previous layered
microneedles®® (Fig. 1). The microneedles retained their
obelisk shape with the pyramidal head improving skin pene-
tration over conical heads.”®*° Importantly, even with the
incorporation of coacervate in the multilayered microneedle,
they retained their previously observed morphology. Next, we
verified the mechanical stability of the microneedles for skin
penetration.

To further validate the addition of coacervate to micronee-
dles we also examined the mechanical properties showing
enough force to puncture skin (Fig. 2). Multiple concentrations
of PVP were tested to ensure that microneedles met the
minimum criteria for skin penetration. Microneedles were fab-
ricated with 2.5, 5, or 10% PVP (w/v). After fabrication micro-
needles were subjected to Instron mechanical compression
and the minimum force at failure was recorded. Eight micro-
needles were used for each group shown. In Fig. 2 the force
required to break the needles for 2.5% PVP (p < 0.05) and 5%
PVP (p < 0.005) was significantly decreased while there was a
trending decrease in 10% PVP (p > 0.05). From this we con-
clude that the incorporation of the coacervate into the PVP
matrix significantly impacts the ability of the needles to with-
stand mechanical force.
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Coacervate Microneedle Mechanical Properties

3.5 ns

25

ek

5% PVP

1.5

Force at Fracture (N)

0.5 i
0

2.5% PVP

10% PVP

OWithout Coacervate B Coacervate

Fig. 2 Microneedle fracture force indicates sufficient strength to pierce
the skin. Measurements were taken using a compression test on micro-
needles (n = 8) with an Instron. The amount of PVP used to fabricate
microneedles ranged from 2.5% to 10% (w/v). Coacervate was intro-
duced into the microneedles at 1% (w/v) and decreased the force
required to fracture 2.5% and 5% PVP microneedles but was not signifi-
cant for 10% PVP. SEM shown.

3.2 Controlled release of IL-10 from coacervate

The controlled release of interleukin-10 (IL-10) from coacer-
vates displayed protein release over a 30-day period at 37 °C in

Fig. 1 SEM images of microneedles loaded with recombinant murine IL-10 in coacervate and ATRA. (A) Wide view of microneedle patch, scale bar:
500 pm. (B) Focus on four needles of image A, scale bar: 200 pm. (C) Zoomed in image of B, scale bar: 100 pm. (D) Side profile of an individual
microneedle, scale bar: 100 pm. The microneedle tips are sharp and pyramidal shaped heads matching the 3D master mold. The 3D printed master
mold is used to fabricate the negative mold, giving rise to the layer lines seen on the microneedles.
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saline, stabilized by 1% BSA (Fig. 3). There was a steady release
of 71% of the total protein over the first 10 days followed by a
slower release of another 18% over the subsequent 20 days.
This sustained release of IL-10 demonstrates the potential for
delivery across prolonged time frames.

3.3 Therapeutics loaded microneedles maintain efficacy

in vitro

We evaluated the bioactivity of the active pharmaceutical ingre-
dients after fabrication of the microneedles. IL-10 was encap-
sulated within our microneedles as previously described.
Following fabrication, the protein was isolated before being
analyzed with circular dichroism (CD) to examine the second-
ary structure of IL-10. After multiple runs (N = 3), the pre-
viously encapsulated IL-10 and native IL-10 were analyzed
using BestSel to investigate secondary structures.’® This was
used to determine no significant difference between groups
(Fig. 4). We have previously reported the preservation of bioac-
tivity of all-trans retinoic acid (ATRA) within a layered micro-
needle fabricated in the same manner,>® thus we did not
repeat the experiment here.

Cumulative Release of IL-10 from Coacervate
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Fig. 3 Controlled release of IL-10 encapsulated in PEAD/heparin coa-
cervate (n = 3). 89% of IL-10 that was loaded into the coacervate was
released over the 30-day observation period. The initial 14 days showed
a linear like release of IL-10 with 71% being released. This demonstrates
the ability of coacervate to control the release of IL-10. SEM shown.

Circular Dichorism of IL-10

210 220 230 ..0220 250

Wavelength (nm)
e Microneedle e Native

Fig. 4 Circular dichroism spectra of IL-10 as a free protein and recov-
ered after it was encapsulated in a microneedle. IL-10 recovered from
the microneedle exhibits the same circular dichroism spectrum as the
native IL-10, indicating an excellent preservation of the secondary struc-
ture of IL-10 throughout the microneedle fabrication process.
Measurements conducted at 0.1 mg mL™.
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3.4 Treatment improves psoriasis area and severity index
score

The Psoriasis Area and Severity Index (PASI) is a tool for the
measurement of three main markers of psoriasis; erythema,
thickness, and scaling of the skin.?' These measurements are
given in a range of 0 or none to 4 or severe then subsequently
summed into a final cumulative score. The scores provide
healthcare professionals with a quantitative measurement of
the disease progression and severity.>> The imiquimod (IMQ)
mouse model is a reproducible and reliable model of psoriasis
that was used to investigate the therapeutic potential of the
layer microneedles.>®

PASI scores were recorded starting the day of IMQ appli-
cation (day 1) until the last day (day 8). Treatment began on
day 2 allowing for psoriasis to begin spreading unimpeded
by treatment. The disease progression was seen in all groups
treated with IMQ, however, groups that received treatment
had lower PASI scores (Fig. 5). The coacervate and micronee-
dle treatments had the most significant improvement on the
disease whereas other treatments had less durable
responses (Fig. 5). Bolus injection of IL-10 in combination
with ATRA cream failed to achieve results comparable to the
coacervate treatment highlighting the necessity of a con-
trolled delivery method, consistent with many other cyto-
kines. Given that all treatments were done with equivalent
dosages, the impact of controlled delivery should be
explored further.

Psoriasis Area Score Index Plot
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Fig. 5 Cumulative PASI score index of IMQ treated mice (n = 4). All
treatments improved the disease symptoms. Two treatments stood out:
microneedles loaded with IL-10 coacervate and RA, and RA cream com-
bined with injection of IL-10 coacervate. On day 4, comparisons
between groups and IMQ naive control showed the following differ-
ences: RA cream (p > 0.05), bolus IL-10 and RA cream (p < 0.05), IL-10
coacervate and RA cream (p < 0.001), and microneedle treated
(p < 0.001). On day 8 comparisons between groups and IMQ naive
control showed the following: RA cream (p < 0.05), bolus IL-10 and RA
cream (p > 0.05), IL-10 coacervate and RA cream (p < 0.01), and micro-
needle treated (p < 0.001). These results highlight the importance
of controlled release of IL-10 provided by coacervate and to some
extent RA.
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3.5 Histological impact of treatment on IMQ skin

On days 4 and 8 of the study, skin samples were collected,
fixed, cryopreserved, and sectioned for histological analysis.
H&E and Masson’s trichrome staining were used to evaluate
impact of treatment on disease pathology and immune cell
infiltration into the local tissue. By day 4, rete ridges, long pro-
trusions from the epidermis into dermal skin layers, were
observed prominently in the IMQ groups with the formation of
the ridges in other treatment groups (Fig. 6). By day 8, rete
ridge formation had increased throughout all the groups;
however, this change was notably less pronounced within the

Day 4

Day 8

= 'IL-10 and RA Cream

IL-10 Coacervate
and RA Cream

"IL-10 Coacervate and
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bolus coacervate, and microneedle treated groups. Despite
some morphological changes, immune cell infiltration is seen
throughout all IMQ treated groups. These results suggest that
while treatment with IL-10 and ATRA may influence structural
remodeling, it did not significantly reduce immune cell infil-
tration into the local environment.

Masson’s trichrome staining was utilized to visualize kerati-
nocyte hyperproliferation in the skin through the high contrast
created between the red stained epidermis and the blue
stained dermis (Fig. 7). As seen in the naive group, the stratum
corneum is a thin layer of non-nucleated material along the
outermost edge of the skin. However, this is commonly dis-

“Microneedle Treated

RA Cream

Fig. 6 H&E images of treatment groups on days 4 and 8. Scale bars: 100 pm. On day 4 groups receiving treatment in addition to IMQ show
decreases in epidermal thickening and rete ridge formation (A—F). By day 8, only the microneedle group showed a decreased epidermal thickening
and a resistance to rete ridge formation (G-L). Rete ridge formation is denoted by black arrows. Scale bar: 100 pm.
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Fig. 7 Tissues were harvested on day 4 (A—F) and day 8 (G-L), then embedded in OCT. Tissues were then sectioned and stained with Masson'’s tri-
chrome. Resulting images show an increase in epidermal thickening across days. Scale bar: 100 pm.

rupted in the IMQ mouse model leaving only the hyperprolifer-
ated keratinocytes in the epidermis. As of day 4, all treatment
groups had decreased skin thickening but was most pro-
nounced in the bolus coacervate injection with RA cream
(Fig. 7). Significant differences were identified between all
treatment groups and the imiquimod skin control. A robust
response to treatment was seen in all groups treated with
IL-10, especially those containing coacervate, bolus, and
microneedle treatments.

Using the H&E stained tissue samples, we quantified the
epidermal thickening using Image] to measure thickening
across multiple sections and completed analysis in

© 2026 The Author(s). Published by the Royal Society of Chemistry

GraphPad Prism (Fig. 8). The results followed the trends
seen in PASI score tracking with increasing thickness across
the experiment duration. While strong therapeutic responses
were evident at day 4, the differences between most treat-
ment groups and the imiquimod control became non-sig-
nificant by day 8, except for both the coacervate and micro-
needle treatment groups which maintained a significant
therapeutic effect (Fig. 8).

3.6 Impact of treatment on CD31 and TNF-a expression

To verify the expression levels of CD31 and TNF-a in mouse
skin, immunofluorescence (IF) was performed on harvested
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Fig. 8 Analysis of epidermal thickening from H&E staining on day 4 (A) and day 8 (B). Analysis was conducted using a one-way ANOVA followed by
post hoc Tukey test (n = 30). Box plots of the resulting analysis are displayed with significance compared to the imiquimod treated group.

Measurement ranges are shown.

tissues on day 4 (Fig. 9) and day 8 (SI Fig. S1). Following
primary antibody application and secondary antibody appli-
cation, nuclei were stained with DAPI, and sections were
imaged on a TI2 Nikon inverted microscope. Image analysis
revealed that treatments significantly reduced CD31 in IL-10
bolus and IL-10 Coacervate treatment groups at day 4 (SI
Fig. S2). The microneedle treated group approached signifi-
cance on day 4. By day 8 all three IL-10 treatment groups
showed significantly reduced CD31 expression. Interestingly,
on day 4 only the IL-10 coacervate group showed significant
reduction in TNF-a. Only the IL-10 bolus treatment group
showed significant reduction on day 8 with other two
IL-10 groups trending towards significance. As CD31 facilitates
both angiogenesis and leukocyte transmigration, these
reductions are consistent with attenuation of local inflamma-
tory and angiogenic markers. Additionally, a trending decrease
in TNF-a lends itself to this conclusion. However, conclusions
are limited by the temporal resolution.

3.7 Flow cytometry analysis of microneedle treatment on cell
infiltration and populations within IMQ skin

To evaluate the impact of IL-10 and ATRA microneedles had
on individual cell populations, we performed flow cytometry.
Myeloid and T cell populations were specifically explored

RSC Pharm.

within these experiments based on previous work.>> Mice
received daily topical IMQ applications, with a cohort of mice
treated with microneedles on day 2. Skin tissues were har-
vested on days 4 and 8 for analysis. Our results indicate a
reduced inflammatory response to IMQ when treated with the
IL-10 and ATRA microneedles, despite the initial influx of
immune cells caused by microneedles (Fig. 10). There was a
significantly lower frequency of CD4" T cells found within the
tissue on day 8 following patch treatment with a highly vari-
able number of Tregs. Both the number of neutrophils, mono-
cytes and cDCs in the microneedle patch treated skin were
higher on day 4. However, by day 8 we observed a higher
monocyte and c¢DC cell number within the IMQ mice
approaching significance with the number of neutrophils fol-
lowing a similar trend. The accumulation of infiltrating cells
across the observation window was compared in Fig. 10F and
G and showed that the significant increase in immune cell
infiltrate between day 4 and day 8 was abolished with micro-
needle treatment. This demonstrates the dampening effect of
the IL-10 and ATRA microneedle patch on the accumulation of
pro-inflammatory cell populations in the IMQ mouse
model which led to the reduced clinical score reported in
Fig. 5. This is also in line with DAPI mean fluorescence inten-
sity in Fig. 9.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Immunofluorescence of mouse skin with CD31 and TNF-« on day 4. CD31, or PECAM-1, immunofluorescence is shown in A—F. TNF-a IHC is

shown in G—-L. All skin samples were stained with DAPI to label nuclei of cells. Scale bar: 100 pm.

4. Discussion

Psoriasis is a prevalent autoimmune disease that imposes sig-
nificant health burdens to individuals and healthcare
systems.>?* Current first-line psoriasis treatments include reti-
noids, corticosteroids, vitamin D analogues and light
therapy.'”” While recent advancements have introduced various
biological treatment options, these require systemic immuno-
suppression, increasing risk of infection, cancer, and other
diseases.**® There is a critical need for treatments to avoid
these deleterious side effects through improved targeting and

© 2026 The Author(s). Published by the Royal Society of Chemistry

providing alternatives for patients who fail to respond to
current therapies.

Alternative delivery methods such as nanoparticles and
liposomal carriers have been explored to increase delivery
across the stratum corneum which limits many topical
treatments.>”*® No such treatments have translated clinically
with recent FDA authorizations being biological options.***°
Other efforts have been made to explore combination therapies
to circumvent negative side effects or to increase the effective-
ness of treatment.’”” Microneedles offer a painless delivery
method for a wide range of biological compounds including
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treatment (n = 5). Changes in cell infiltrate are also shown (F and G). Despite an initially higher neutrophil count on day 4, by day 8 cell infiltrates

were decreased within the microneedle treated mice. SEM shown.

vaccines, insulin, and antibodies.*'™** The ability of micronee-

dles to deliver potent biologics holds great promise for the
treatment of autoimmune and infectious diseases.*’
Additionally, microneedles have been used to deliver retinoic
acid for actinic keratosis, lentigo, atrophic scar, or photo-aged
skin.">***” We sought to leverage this platform for a novel
combination therapy of both a biologic and a small molecule.
By incorporating coacervate into a microneedle, a first for the
technology, we aimed to enhance the stability of encapsulated
proteins and biologic compounds.

We developed a dual modality spatially localized delivery
system to administer immunotherapeutics directly to psoriatic
skin without systemic exposure. This platform utilizes biological
and small molecules to simultaneously target multiple drivers of
the disease. To address T cell activity, Treg stability, and keratino-
cyte hyperproliferation, we delivered Interleukin-10 (IL-10) and
all-trans retinoic acid (ATRA) across the cutaneous barrier. These
two molecules have known anti-inflammatory effects for the
immune signaling pathways involved in psoriasis. The micronee-
dle architecture facilitates this through a staged release: the rapid
dissolution of a polyvinyl pyrrolidone (PVP) matrix deploys IL-10
encapsulated coacervates for sustained delivery, while ATRA is
released from a secondary microneedle layer.

RSC Pharm.

We first validated the incorporation of coacervate into a
microneedle, a novel approach for the delivery of these dro-
plets whilst protecting unstable proteins.’’>> SEM and
mechanical testing demonstrated that the microneedles main-
tained their desired structure and were capable of skin pene-
tration.*® The introduction of coacervate significantly
decreases mechanical strength. Unfortunately, this weakness
limits polymer selection and requires high-molecular-weight
polyvinyl pyrrolidone (PVP) to meet mechanical requirements
for skin penetration. Minimum skin penetration strength is
achieved by increasing the amount of PVP used in microneedle
fabrications from 2.5% to 5%. The large decrease in strength
of 10% PVP with the introduction of coacervate suggests coa-
cervate may interfere with chain entanglement of PVP. This
may also explain the large difference in strength between 10%
and 5% PVP solutions. This design was used for subsequent
in vivo testing.

Imiquimod (IMQ) is a TLR7/8 agonist, known for reliably
inducing psoriasiform skin in mice.”®*” Using the micronee-
dle treatment on IMQ treated C57BL/6 mice, we ameliorated
markers of PASI caused by IMQ. Across the treatment groups,
the microneedle treatment did not show significant improve-
ment across early timepoints. Skin thickness was measured on

© 2026 The Author(s). Published by the Royal Society of Chemistry
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days 4, and 8 using H&E stained samples from each of the
groups. The decreased thickening in IL-10 treated models
matches the results seen visually using PASI measurements.
Moreover, we confirmed the decreased response to IMQ using
immunostaining for TNF-a, a common pro-inflammatory cyto-
kine associated with worse patient outcomes, and CD31, a
marker for vascularization of skin tissues. Abnormal and
excessive vascularization of the tissues is correlated with poor
disease outcomes.*® Indeed, other treatments of psoriasis have
also displayed a decrease in CD31 in diseased tissue in
response to methotrexate.”® We therefore conclude that the
decrease in both CD31 and TNF-o correlates with a partial
control of skin pathology triggered by IMQ. We then expanded
upon this work to investigate the individual effects on
immune cell populations within inflamed skin.

To further investigate the effect of the treatment and
accumulation of immune cells within the tissue, we analyzed
the skin using flow cytometry. Flow cytometry revealed shifts
in the cell infiltration into the cutaneous tissue, namely a
decrease in the number of neutrophils and total number of
CD4" T cells. Neutrophils are a known contributor to disease
and a major source of IL-17 production within psoriasis. CD4"
T cells also contribute to the production of IL-17, commonly
taking on the Th17 phenotype in psoriasis. Limiting the infil-
tration of these immune cells into cutaneous tissues is likely
one of the key factors in disease prevention over the course of
IMQ application.

While the treatment significantly improved disease
markers, it did not fully halt progression. The surge in neutro-
phil infiltration observed on day 4 may be triggered by the
microneedle application on day 2. Microneedles are known to
generate a sterile immune response, and it is possible that
only the end of the response is seen on day 4 but is corrected
by day 8 due to IL-10 and ATRA.”"* This also aligns with the
higher TNF-o0 MFI measurements on day 4 compared to day 8.
Early PASI scores of microneedle treatment do not show sig-
nificant improvement over other groups. This is seen in MFI
values of the samples as well but by day 8 the large changes to
disease progression have become clearer.

Furthermore, early damage may also result in an increased
proliferation of anti-inflammatory macrophages leading to an
improved response similar to what is seen in narrow-band
ultraviolet B therapy.>>> Additional exploration with
scRNA-Seq would reveal the subtle changes in macrophage
population if any exist. Investigation of various microneedle
geometries should also be done to minimize adverse effects
caused by larger needles. It was also found there was not a sig-
nificant response increase in the percentage of Treg CD4',
further work could explore increasing the dosage of ATRA.
This could help generate stable Tregs for resolution of the
disease.

Immunotherapies have great potential not only for psoria-
sis, but also for autoimmune diseases, cancers and allergies.
There is a growing need for treatments for autoimmune dis-
orders as prevalence continues to increase.>® Personalized
medicine holds promise to facilitate improvements of out-

© 2026 The Author(s). Published by the Royal Society of Chemistry
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comes and quality of life, however, more targeted treatment
strategies are needed. This microneedle therapy, while targeted
to psoriasis, has many potential benefits that can be leveraged
in future treatments. The potent combination of biologics and
small molecules in a localized treatment limits toxic systemic
effects often seen with immunotherapies. Future work done
should focus on minimizing unwanted inflammation caused
by microneedle insertion followed by greater control of the
release of RA and IL-10 to ensure maximum bioactivity.
Additionally, pharmacokinetics will give a deeper insight into
treatment efficacy.

5. Conclusions

We have designed a multilayered microneedle to deliver bio-
logics and small molecules simultaneously for the treatment
of psoriasis. The outermost layer contains IL-10 encapsulated
in a coacervate to control its release over time while preserving
its secondary structure and bioactivity. The second layer is
designed to degrade and dissolve allowing for simultaneous
delivery of ATRA by microneedles. This strategy combines two
treatment modalities into one with a therapeutic outcome
matching the PASI score of IL-10-coacervate injection and
topical treatment of ATRA cream, but with a superior skin
architecture. Without the protection of coacervate, free IL-10
protein combined with ATRA cream shows little improvement.
Flow cytometry on cell populations within the cutaneous
tissue reveals a decrease in infiltrating immune cells upon
microneedle treatment leading to decreased disease pro-
gression. The microneedle is expected to be painless, protect
the bioactivity of IL-10 and lower key markers of psoriasis in
the IMQ model. Therefore, this microneedle system is poten-
tially highly useful for immunotherapies and warrants further
exploration in psoriasis and other diseases.
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