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Abstract Melanoma is one of the most threatening
cancers due to its metastatic capacity and its incidence is
recently increasing due to ozone depletion and excessive
exposure to ultraviolet. Adjuvant therapy after primary
surgical resection is commonly used to prevent tumor
recurrence. However, its clinical outcome is not often
satisfactory, mainly due to insufficient local accumulation
and the systemic toxicity of antitumor drugs. Herein, we
reported a self-biodegradable tissue adhesive microneedle
(MN) patch for localized and sustained delivery of
doxorubicin (DOX) via microchannels for melanoma growth
inhibition. DOX-loaded MN patches were fabricated by
casting bioengineered mussel adhesive protein (MAP)
solution containing DOX onto poly (dimethyl siloxane)
molds with MN-shaped cavities under backside vacuum.
The fabricated MAP-based MN patch enabled effective
tissue insertion for fresh and living mice skins as well as
firm surface adhesion. Notably, DOX-laden MN (DOX-
MN) patch significantly suppressed B16F10 melanoma
cell proliferation in vitro, while drug-free MN patch did not
show any cytotoxicity for both NIH3T3 fibroblasts and
B16F10 melanoma cells. In a melanoma-bearing mice
model, DOX-MN patch treatment induced greater antitumor
efficacy as demonstrated by significant decrease in tumor
volume and weight and larger necrotic region compared
with intratumoral injection of free DOX. We expect that
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this strategy can also integrate with other immunomodulators
to provide further combinative therapy for effectively
eradicating tumors.
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1. Introduction

Skin cancer incidence is increasing globally due to
deterioration of ozone layer and consequent higher exposure
to ultraviolet radiation [1]. Among skin cancers, malignant
melanoma that arises from melanocytes is the greatest
concern because of its propensity to metastasize to other
body regions [1-3]. Melanoma has significant adverse effects
on life quality including functional morbidity, esthetic, and
psychological implications as well as substantial economic
burden for treatments [4,5]. Surgery is considered as the
primary treatment for early-stage melanoma. However, its
efficacy at advanced stage is lower and thus, adjuvant
therapies such as radiation, chemotherapy, and immuno-
therapy should be followed [6,7]. Promisingly, the
combination of immune checkpoint inhibition and small-
molecule drug, including doxorubicin (DOX) is ongoing in
preclinical and clinical studies to increase immune
responses against immune-suppressive tumor microenviron-
ments [7-9]. Although DOX can promote immunogenic
cell death in tumor cells by enhanced presentation of tumor
antigens, the direct use of soluble DOX has shown the risk
of cardiotoxicity and insufficient circulatory half-life [10,11].
Thus, there is still the need for development of improved
methodology and formulations for DOX delivery.

The skin, as a protective barrier against external stimuli,
serves as the immune surveillance system, reducing
therapeutic effects of conventional topical drug delivery
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systems [12]. Microneedle (MN) technology has been
widely explored in transdermal delivery of drugs, vaccines,
and genes [13,14]. Polymeric MNs enable effective delivery
of therapeutics to the immune cell-rich dermis through
reversible microchannels in a painless and less invasive
manner. Our previous finding proposed the potential of
protein-based MN patches as a novel tissue adhesive bandage
under wet and dynamic conditions [15]. Bioengineered
mussel adhesive protein (MAP)-based swellable MN patch
effectively closed and healed wounds, allowing strong
surface adhesion via both MAP-inherent adhesive property
and swelling-mediated entanglement effect and gradual
biodegradation. Moreover, we explored the application of
tissue adhesive MN patch system for myocardial infarction
alleviation by delivering biofunctional MAP incorporating
growth factor-derived therapeutic peptides [16].

MAPs have been discovered as essential materials for
marine mussels to securely attach to various surfaces in the
underwater conditions [17,18]. Previously, bioengineered
MAP was successfully mass-produced in a bacterial
system to overcome the limited yield of natural extraction
[19,20]. Bioengineered MAP has demonstrated its superior
adhesive property, biocompatibility, and biodegradability
as well as easy fabrication into various formulations
including hydrogels, nanoparticles, and patch, as an ideal
tissue adhesive biomaterial [21-25].

In the present work, we proposed DOX-loaded MAP-
based MN patch system for regression of melanoma with
the aim of providing transdermal and sustained release by
both diffusion and enzymatic biodegradation and enhancing
local retention of the released drug. MN patch was mainly
composed of MAP and hydrophilic hyaluronic acid (HA)
to increase water-absorption ability and involved the
previously reported dityrosine crosslinking by visible light.
DOX-loaded MN (DOX-MN) patch was readily fabricated
by casting photocrosslinking solution containing drug onto
the female molds under backside vacuum and visible light
irradiation. The present work successfully provided in vitro
and in vivo demonstration of the utility of tissue adhesive
MN patch for trans-tumoral delivery of DOX to suppress
melanoma growth. Based on current findings, further study
would involve combined therapy with other immuno-
modulators for durable and specific antitumor immune
responses.

2. Materials and Methods

2.1. Preparation of bioengineered MAP and water-
soluble silk fibroin

Bioengineered MAP was produced and purified from an
Escherichia coli expression system following previously
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reported methods [19,20]. In brief, transformed E. coli
BL21 (DE3) cells (Sigma-Aldrich, St. Louis, MO, USA)
that were cultured in 5 L Luria-Bertani (LB; Invitrogen,
Carlsbad, CA, USA) medium containing ampicillin (Sigma-
Aldrich) were induced by the addition of 1 mM isopropyl-
b-D-thiogalactopyranoside (Sigma-Aldrich) for the expression
of bioengineered MAP. After centrifugation, the cell pellets
were lysed and then the isolated inclusion bodies were used
to extract bioengineered MAP using 25% (v/v) acetic acid
solution (Sigma-Aldrich). MAP also underwent elimination
of lipopolysaccharides and endotoxins by previously
described further purification steps for in vivo applications
[20]. Water-soluble silk fibroin (SF) was prepared by
dissolution with neutral salts to weaken intermolecular
hydrogen bonds. Cocoons of silkworms (Uljin Farm, Uljin,
Korea) was degummed at 100°C for 40 min twice to
remove sericin proteins using a mixture of 0.094 g/L
sodium oleate and 0.056 g/L sodium carbonated dissolved
in distilled water (DW). Resultant SF fibers were fully
dried at room temperature and then dissolved in a certain
solution containing CaCl,:H,O:ethanol at a molar ratio of
1:8:2 at 100°C for 20 h. The solution was filtered twice
through a MiraCloth (Calbiochem, CA, USA), dialyzed in
DW, and then lyophilized. Protein concentration was
determined following Bradford assay (Bio-Rad, Hercules,
CA, USA) with bovine serum albumin (Promega, Madison,
WI, USA) as a standard protein.

2.2. Fabrication of protein-based MN patch
A grayscale lithography technique was utilized to construct
a female mold for MN patches [15]. Briefly, 1-mm-thick
SU-8 (SU-8 2150; MicroChem Laboratory, Round Rock,
TX, USA) was selected as a negative photoresist and
underwent spin-coating on a glass wafer followed by
baking for 12 h. After hardening, back side of SU-8 layer
was placed under UV light (365 nm, 350 mJ/cm?) through a
grayscale photomask. Post exposure baking was performed
for another 2 h, slowly raising temperature up to 55°C and
cooling to room temperature. Finally, this photoresist was
developed with propylene glycol methyl ether acetate
(MicroChem Laboratory) for 1h in an ultrasonic bath,
followed by 10 sec of rinsing up with isopropyl alcohol
(Sigma-Aldrich). Final female mold could be obtained by
casting poly (dimethyl siloxane) (Sylgard 184 PDMS;
Dow Corning, Midland, MI, USA) on the constructed SU-
8-based master mold. The female mold includes 10 x 10
conical micro-sized cavities with a tip-to-tip distance of
750 pm, a height of 750 um, and a basal diameter of
250 um, and a tip radius of under 15 pm.

MAP-based MN patch was fabricated as previously
described. Briefly, 0.1 mL of photocrosslinking solution
containing 35% (wt/vol) MAP, 15% (wt/vol) HA (100 kDa;
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LifeCore, Chaska, MN, USA), 1 mM tris(bipyridine)
ruthenium(IT) chloride (Ru(I)bpys>"; Sigma-Aldrich), and
30mM sodium persulfate (SPS; Sigma-Aldrich) was
casted onto the PDMS female mold and then kept under
backside vacuum at -85 kPa and irradiation of fluorescent
light for 12 h to induce the filling of solution into the
microcavities and photocrosslinking between tyrosine
residues of bioengineered MAP.

To fabricate drug-loaded MN patch, molecules such as
doxorubicin hydrochloride (Sigma-Aldrich) and rhodamine
B (Sigma-Aldrich) were simply mixed in photocrosslinking
solutions. DOX and rhodamine B-loaded MN patches were
utilized for in vitro and in vivo anticancer studies and
visualization of punctured tissue sites, respectively. Similarly,
SF-based MN patch as a control group for ex vivo skin
adhesive strength and swelling ratio measurements were
fabricated by dispensing a mixture of 70% (wt/vol) SF,
1 mM Ru(I)bpys**, and 30 mM SPS dissolved in DW on
the PDMS molds. All MN patches were observed with a
confocal microscope (Leica TCS SP5; Leica Microsystems,
Wetzlar, Germany) to sort out the defective patches.

2.3. In vitro cytocompatibility test

To evaluate cytocompatibility of MAP-based MN patches,
the extracts from MN patches were harvested according to
ISO 10993-5 [26]. In brief, MN patches were incubated in
Dulbecco’s modified Eagle’s medium (DMEM; Hyclone,
Logan, UT, USA) containing 10% (v/v) fetal bovine serum
(FBS; Hyclone) and 1% (v/v) streptomycin (Hyclone) at a
ratio of 0.1 g/L at 37°C for 24 h. NIH3T3 fibroblasts were
seeded in a well of a 24-well tissue culture plate (Corning,
NY, USA) at a cell density of 10* cells/well and cultured
for 24 h at 37°C and 5% CO,. The supernatant medium of
each well was replaced with MN patch-derived extracts
and cells were cultured for another 24, 48, and 72 h. The
blank medium and 15% dimethyl sulfoxide (DMSO;
Sigma-Aldrich) were used as positive and negative controls,
respectively. Cell viability was quantitatively assessed
using a Cell Counting Kit-8 assay (CCK-8; Dojindo,
Rockville, MD, USA). The results from at least triplicates
were averaged.

Furthermore, to visualize cytotoxicity of MAP-based
MN patches, live/dead staining (Invitrogen) was performed.
NIH3T3 fibroblasts were seeded on the 12 mm cell culture
coverslips (SPL Life Sciences, Pocheon, Korea) which was
located on each well in a 24-well tissue culture plate at a
cell density of 10* cells/well, and culture at 37°C and 5%
CO,. After 24 h of incubation, the supernatant medium was
replaced with gel extracts and cells were incubated for
another 24 h. Live/dead reagents were treated to dye cells,
and the images was taken at 10x magnification by the
confocal microscope.

2.4. Measurement of swelling ratio

To measure the swelling ratios of MN patches, fully-dried
MN patches were weighed before (Wi) and after (Wt)
immersion in phosphate buffered saline (PBS) at 37°C. After
incubation of 10 min, the swollen MN patches were blotted
to remove PBS on the surface and then weighed. The
swelling ratio was determined from the following equation:

swelling ratio (%) = [(Wt-Wi)/Wi] x 100 @)

The results from at least four samples were averaged to
obtain each measurement.

2.5. Measurement of failure force

To measure the failure force of MNs, uniaxial compression
tests were performed with a universal test machine
(Instron, Norwood, MA, USA) equipped with a 10 kN load
cell [27]. Each MN patch was placed on the lower basal
stainless-steel plate, and upper moving steel rod with
sensor was applied perpendicularly to the attached patch at
a constant speed of 1.2 mm/min. Upon contact with the
uppermost tips of MNs, the compressive force started to be
recorded and the failure force of MNs was thought as a
maximum value just before a decline in the force. The
fracture force of each MN was calculated by dividing the
maximum force by the number of fractured MNs that was
identified by a bright-field microscopy (Leica TCS SP5;
Leica Microsystems). The results from five samples were
averaged to obtain each measurement.

2.6. Ex vivo and in vivo mouse skin penetration tests
To demonstrate ex vivo skin insertion ability of MAP-based
MN patch, rhodamine B-loaded patch was applied onto
fresh mouse skin (BALB/c nude mouse; Orient Bio,
Seongnam, Korea) by gently pressing its backside with a
thumb for 5 min. After insertion, the patch was gently
removed in parallel direction to skin layer to detach it. The
insertion site was washed with PBS and observed by the
bright-field microscopy.

Furthermore, in vivo skin penetration capacity of MN
patch was investigated. MAP-based MN patch was applied
onto mouse skin (5 weeks old BALB/c nude mouse; Orient
Bio) in the same way above. After 24 h, punctured skin
sections were harvested and fixed in 10% buffered formalin
(Sigma-Aldrich). For histological analysis, 7-pum-thick
sections were stained with hematoxylin and eosin (H&E)
and observed with the bright-field microscope. All animal
studies were conducted according to guidelines of national
regulations and the approval of the local Institutional
Animal Care and Use Committee (POSTECH-2018-0009).

2.7. Ex vivo porcine skin wet adhesion test
To examine tissue adhesive strength of MAP-based MN
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patch under wet condition, uniaxial 90° pulling-off tests
were conducted with a universal testing machine. Porcine
skin (Stellen Medical, Saint Paul, MN, USA) as a skin
substrate was adhered onto a lower stainless-steel plate
using cyanoacrylate glue (3M, Maplewood, MN, USA).
For wet adhesion testing, 0.2 mL of PBS was dispensed
onto the top surface of the skin. Each sample including
MAP- and SF-based MN patches and medical skin sealing
tape (SteriStrip; 3M) was bonded to the moving upper rod
using a double-sided tape, and then applied to porcine skin
with 30 N of preload at a rate of 50 mm/min. After 10 min,
the attached samples were pulled off until complete
displacement at a speed of 2 mm/min with a 10 kN load cell.
The results from at least three triplicates were averaged.

2.8. Drug release study

To profile in vitro drug releasing kinetics from MNs, 100 pg
of doxorubicin hydrochloride was loaded in a MAP-based
MN patch by simply mixing it with photocrosslinking
solution. DOX-MN patches were incubated in PBS with or
without trypsin of 0.2 mg/mL to simulate in vivo conditions
at 37°C, 180 rpm, and the supernatant including released
drugs was monitored by a fluorescence plate reader (Victor3;
Perkin Elmer, Waltham, MA, USA) with with A, =470 nm
and Aep, = 585 nm. The results form at least four samples
were averaged.

2.9. In vitro anticancer efficacy test

To assess in vitro anticancer efficacy, DOX-MN patches were
fabricated by loading 10 pg of doxorubicin hydrochloride
in 0.1 mL of photocrosslinking solution. Murine melanoma
cell line B16F10 was cultured in DMEM containing 10%
(v/v) FBS, and 1% (v/v) streptomycin at 37°C and 5%
CO,. B16F10 were seeded per well in a 12-well cell
culture plate at a cell density of 10° cells/well and cultured
for 24 h, and then medium was replaced with fresh one.
After 24 h of incubation, a reservoir tank with porous
membrane (Transwell; Corning) was installed in each well,
and then the DOX-MN patch was placed in the reservoir.
This transwell system allowed diffusion of the released
drug to the cells in the lower well while preventing MN
patches from directly contacting the cells. The cells were
cultured for another 24 and 48 h, and the anticancer efficacy
of the DOX-MN patch was calculated based on the cell
viability determined by CCK-8 assay. Cells cultured with
drug-free MN patches were used as a control group. The
results from at least triplicates were averaged.

2.10. In vivo anticancer efficacy test

Mouse tumor experiments were performed in accordance
with guidelines of national regulations and the approval of
the local Institutional Animal Care and Use Committee
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(POSTECH-2018-0009). To build a mouse model bearing
melanoma, 10° B16F10 cells were suspended in Dulbecco’s
phosphate-buffered saline (Corning) containing Matrigel
(Corning, final concentration = 50% (v/v)) and subcu-
taneously injected into the flank of 5-week-old BALB/c
nude mice (Orient Bio). On day 7 when the volume of
tumors reached about 100 mm’, B16F10 tumor-bearing
mice were randomly segregated into three groups (5 mice
per group) including intratumoral injection of PBS or free
DOX solution, and insertion of DOX-MN patches. DOX-MN
patches containing 5 mg/kg of doxorubicin hydrochloride
or the same volume of drugs-free PBS were treated every
five days.

Tumor width (W) and length (L) were measured every
two days with an electronic caliper, and the volume of
tumors was calculated by following equation:

tumor volume = (L x W?) /2% )

All survived mice were euthanized on day 12 of post-
treatment. For histological analysis, mouse tumors were
dissected by a surgical blade, weighed, and finally fixed
with 10% buffered formalin. The fixed tumors were
embedded in paraffin, followed by cutting into 5 um-thick
sections. The sectioned tissues were stained with H&E and
observed by the bright-field microscope.

2.11. Statistical analyses

All experiments were performed independently at least in
triplicates, and all data are presented as means + standard
deviation (SD). Significance of differences between data
were assessed by Student’s #test. The values of “p < 0.05,
“p<0.01,and “p <0.001 were determined as statistically
significant.

3. Results and Discussion

3.1. Fabrication and cytocompatibility of MAP-based
MN patch

For effective delivery of anticancer drug into skin cancer,
we designed MAP-based patch having conical shaped
MNs with a base diameter of 250 um and a height of
750 pm that could reach the dermis layer (Fig. 1A). DOX-
loaded MAP-based MN patches were fabricated using a
previously reported customized backside vacuum chamber
and visible light-activated di-tyrosine crosslinking of MAP
(Fig. 1B) [15]. In particular, we utilized the mixture of
MAP and hydrophilic HA with the aim of increasing
swelling property of MNs. It was believed that swellable
MNs were essential for both improved interfacial adhesion
between MNs and surrounding tissue by mechanical
interlocking action and effective release of the encapsulated
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drug by diffusion. Bright-field images of the resultant MN
patch showed evenly distributed conical MNs with keen
tips both from a top view and a side view (Fig. 1C).

To assess biocompatibility of MAP-based MN patch,
NIH3T3 fibroblast cells were cultured with the extract of
the patch (MN extract) that was obtained by following ISO
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10993-5 method [26]. We found that there were no
statistical differences in cell viabilities between non-treated
and MN extracs-treated groups at different culture time
points including 24 and 48 h (Fig. 2A). When normalized
to the viability of non-treated cells at 24 h of incubation,
the viability of NIH3T3 cells grown in the blank medium

Swelling-mediated
localized DOX delivery

Fig. 1. Fabrication of DOX-loaded MAP-based MN patch for melanoma treatment. (A) Schematic overview showing application of
anticancer drug-laden MAP-based MN patch to skin tumor site and its swelling-mediated localized and sustained drug delivery via
micron-sized holes for effective tumor regression. (B) Schematic illustration of fabrication process of DOX-loaded MAP-based MN
patch. Photocrosslinking solution mainly consisting of MAP, HA, and DOX was casting onto the female PDMS mold under backside
vacuum chamber and visible light irradiation for dityrosine crosslinking of MAP. (C) Bright-field images of the resultant MAP-based
MN patch. Scale bar = 500 pm. DOX: doxorubicin, MAP: mussel adhesive protein, MN: microneedle, HA: hyaluronic acid, PDMS:

poly (dimethyl siloxane).
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Fig. 2. Cytocompatibility of MAP-based MN patch. (A) Relative viability of NIH3T3 cells cultured with non-treatment, MAP-based
MN patch-derived extract (MN extract), and 15% DMSO at 24, 48, and 72 h of incubation (n = 3). Each value was normalized to the
viability of non-treated cells at 24 h. (B) Representative images of live/dead staining of non-, MN extract-, and 15% DMSO-treated cells
at 24 h of incubation. Scale bar = 100 pm. The values shown are means + SD. Statistical significance is designated as “p < 0.05. MAP:

mussel adhesive protein, MN: microneedle, DMSO: dimethyl sulfoxide.
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or medium containing MN extract was 194 + 20% and 178
+ 30%, respectively at 72 h, which indicates that cells
cultured with MN extract normally proliferated, showing
negligible cytotoxic effect. In accordance with cell viability
results, live/dead staining of NIH3T3 cells also demonstrated
biocompatibility of MAP-based MN patch (Fig. 2B). Red
dead cells were rarely detected in non-treated and MN
extract-treated groups, whereas most of cells were observed
as dead and cell density also decreased a lot due to the
detached dead cells in 15% DMSO-treated group.

3.2. Skin penetration and adhesive abilities of MAP-
based MN patch

Skin penetration capability of MAP-based MN patch was
determined by measurement of the fracture force of MNs.
The fracture force was thought to be value when compressive
force began to suddenly decline. As shown in Fig. 3A,
MAP-based MN patch displayed the average fracture force
of 0.42 + 0.03 N/needle, which was approximately 4-fold
stronger than the force required for penetration of fresh

human skin of abdomen region (~0.107 N/needle [28]).
Moreover, fresh mouse skin was utilized immediately after
animal sacrifice to demonstrate ex vivo skin insertion
efficiency of MAP-based MN patch (Fig. 3B). Rhodamine
B-loaded MN patch having 10 x 10 MNs was gently applied
to mouse skin with a thumb for 5 min, and then slowly
detached for observation. The remaining rhodamine B clearly
represented punctured tissue sites, which demonstrated
~98% skin insertion efficiency of MNs. Furthermore, to
examine in vivo skin penetration ability, MAP-based MN
patch was applied to the back of the anaesthetized mice in
the same way as above, and then punctured skin sections
were harvested for H&E staining. Histological examination
obviously revealed successful insertion of MNs into the
dermis layer as shown by the presence of the remaining
tips (Fig. 3C, black arrow). In addition, it was proved that
the punctured holes by microneedling were naturally closed
without any further damage or infection through tiny holes.

Tight surface adhesion of the patch is necessary to assure
effective transdermal delivery of the encapsulated therapeutics
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Fig. 3. Characterizations of mechanical properties of MN patch. (A) The curve of compressive force-displacement for MAP-based MN
patch to determine the fracture point (indicated by a red arrow). The inset image represents a schematic illustration of the apparatus. (B)
Representative bright-field image showing ex vivo skin insertion capacity of MAP-based MN patch using fresh mouse skin as a tissue
substrate. For visualization of punctured sites, rhodamine B-loaded MN patch was utilized. (C) Representative histological image of
vertical sectioned mouse skin after MAP-based MN patch treatment. The black arrows indicate the remaining MNs close to the dermis
layer. (D) Measurements of tissue adhesive strengths of MAP- and SF-based MN patches and commercial medical tape on wet surfaces
of ex vivo porcine skin (n = 3). The inserted image shows the pull-off test setup to measure tissue adhesive strength. (E) Bright-filed
images showing swelling behaviors of MAP- and SF-based MNs before and after 10 min of immersion in PBS. (F) Measurement of the
swelling ratio of MAP- and SF-based MN patches immersed in PBS (n = 4). Scale bar = (B) 1 mm, (C) 100 um, and (E) 250 pm. The
values shown are means + SD. Statistical significance is designated as “*p < 0.001. MN: microneedle, MAP: mussel adhesive protein,
SF: silk fibroin, PBS: phosphate buffered saline, N.D.: not determined.
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into the target site. To evaluate tissue adhesive strength of
MAP-based MN patch under wet conditions, uniaxial 90°
pulling-off tests were performed using fresh porcine skin
immersed in PBS (Fig. 3D). Prior to this study, it was
found that MAP-based MN patch reached an equilibrium
swollen state in 10 min after incubation in PBS (Fig. 3E).
Thus, after 10 min of tissue insertion required for gradual
swelling of MNs, the attached patch was pulled off until
complete displacement to determine maximum strength.
As a result, tissue adhesive strength of MAP-based MN
patch was 223 + 36 kPa, while SF-based MN patch as a
negative control displayed lower strength of 88 + 27 kPa
and commercial medical tape lost its skin adhesion ability
after exposed to wet condition (Fig. 3D). These results
suggested that our MAP-based MN patch system could
achieve strong tissue adhesion by synergetic actions of
swellable MN-driven mechanical entanglement effect and
MAP-derived surface adhesion. Indeed, we found that
MAP-based MN patch showed radial expansion upon
contact with PBS and the swelling ratio of MAP-based
MN patch was 208.7 + 43.8%, which was approximately
4-fold higher than those of SF-based MN patch (52.4 +
3.2%) (Fig. 3F). The swollen MNs further could interact
with the surrounding tissue through the previously reported
MAP-inherent various interactions, leading to improvement
in surface adhesion. It has been thought that their characteristic
equal amounts of aromatic residues and cationic residues
allow diverse interfacial adhesion including cation-n, ©-nt
stacking, electrostatic interaction, hydrophobic interaction,
and hydrogen bonding [18,19,29-31]. Collectively, our
MAP-based MN patch provides easy and secure application
onto the wet surface of skin due to its excellent tissue
insertion and adhesive properties.
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3.3. In vitro drug release profile and anticancer efficacy
of DOX-MN patch

To evaluate drug release profile, 100 pg of doxorubicin
hydrochloride was loaded in MAP-based MN patch via
simple mixing before casting onto the mold. The amount
of DOX released from the patch was monitored by
incubation in PBS or PBS containing 0.02 mg/mL trypsin
to mimic physiological environments where proteolytic
enzymes are prominent. As shown in Fig. 4A, 70.5 + 6.1%
of DOX was continuously released from MN patch in the
presence of trypsin for 5 days. This gradual and sustained
release could be achieved via both initial swelling-mediated
diffusion and following enzymatic degradation of the
swollen MNss. In the case of small molecular drug delivery,
steady and controlled release ability is strongly required for
improving therapeutic efficacy by minimizing drug loss
and side effects resulting from burst release in the initial
stage [32-34]. It is also expected that drug release behavior of
MAP-based MN patch can be further fine-tuned by adjusting
the concentrations of components in photocrosslinking
solution for administration of target dose with desirable
release speed [21,35].

Moreover, antitumor efficacy of the released DOX was
assessed by culturing murine melanoma B16F10 cells with
DOX-MN patch. Cell viability was normalized to those of
cells cultured with drug-free MN patch. When cultured
with DOX-MN patch, the growth of the melanoma cells
was highly inhibited, as demonstrated by gradual decrease
in the relative cell viability from 54.6 + 9.5% at 24 h of
culture to 3.0 + 2.2% at 48 h (Fig. 4B). This result indicates
that the released DOX from MN patch effectively exerted
anticancer effect against melanoma cells.
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Fig. 4. In vitro DOX release profile and anticancer efficacy of DOX-MN patch. (A) Cumulative release of the encapsulated DOX from
DOX-MN patch immersed in PBS or PBS containing trypsin (n = 3). (B) In vitro anticancer efficacy of DOX-MN patch against B16F10
melanoma cells based on cell viabilities at 24 and 48 h of culture (n = 3). Cell viability was normalized to that of cells cultured with
drug-free MAP-based MN patch at each time point. The values shown are means + SD. Statistical significance is designated as “"p <
0.001. DOX: doxorubicin, MN: microneedle, PBS: phosphate buffered saline, MAP: mussel adhesive protein.
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3.4. In vivo evaluation of anticancer efficacy of DOX-
MN patch

To investigate in vivo anticancer efficacy, DOX-MN patch
was applied to the tumor site of BALB/c nu/nu mouse
when the tumor reached an average volume of 100 mm®
(Fig. 5A) [36]. PBS or free doxorubicin dissolved in PBS
(IT-DOX) were also intratumorally injected into the central
region of the tumor as a control group. DOX-MN patch
was successfully placed onto the tumor site without any aid
of suturing (Fig. 5B). As shown in Fig. 5C, an effective
regression of tumor growth was exerted by DOX-MN
treatment, while PBS or IT-DOX injection did not suppress
tumor growth. At day 12 of treatment, the tumor volume of
DOX-MN-treated group was significantly reduced by 29.7%
and 46.8% in comparison to the PBS and IT-DOX injections,
respectively. Gross observation and weighing of excised

tumors also clearly supported superior anticancer efficacy
in those receiving DOX-MN treatment (Fig. 5D and 5E).

Furthermore, H&E-stained tumor sections revealed that
in DOX-MN-treated mice, tumors showed large regions of
necrosis including both early stage (fragmented and small
nucleus) and late stage (ghost cells without nucleus)
[24,37,38], indicating that DOX-MN treatment had effects
on early and later aspects of cell death (Fig. 5F). In contrast,
no necrotic morphology and decrease in nuclear density
were observed in PBS- and IT-DOX-injected groups. It
would be reasonable assumption that free DOX injection
failed to exert durable antitumor efficacy due to fast loss of
DOX molecules from the injected site in bodily fluids [39].
To extend the circulation half-life of DOX and its retention
at tumor sites, early efforts utilizing poly(ethylene glycol)
coating have been extensively studied [40,41]. From this

A B Melanoma formation After MN patch treatment
B16F10 cells MN patch treatment
o &M or intratumoral injection
o,
& o
Tumor
¥ T ¥ l l l harvest
Rl DO D5 D10 D14
BALB/c
C -+~ Negative control D E
_— 2,800 -+ Free DOX 3.0+ *kk
1 Q
g -= DOX-MN patch = e
£ 2,100- =
- £ 50-
g ) =] . =§ 5 20
S 1,400 | * i
st |l X X 3
- T w Q 1.0
g 700+ & . - £
] é x < = 0.5
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Free DOX

DOX-MN patch
P
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Fig. 5. In vivo application and anticancer efficacy of DOX-MN patch in a mouse melanoma model. (A) Schematic illustration showing
experimental design: BI6F10 melanoma cells were injected subcutaneously into the flank of BALB/c mice at day -7 (n = 5). DOX-MN
patch was applied, or PBS and free DOX were intratumorally injected into the tumors at day 0, 5, and 10. (B) Photographs of the tumor-
bearing mouse before and after DOX-MN patch treatment. (C) Tumor growth profiles of three different groups for 12 days after
treatments. (D) Photographs and (E) measurements of the weights of harvested tumors from three different treatments at day 14. (F)
Histological observations of H&E-stained tissues after intratumoral injections of PBS and free DOX, and DOX-MN patch treatments at
day 14. Red dashed line indicates the necrotic regions. Scale bar = 100 um. The values shown are means = SD. Statistical significance is

sk

designated as “"p < 0.01 and
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aspect, MAP-based MN patch might be beneficial for
sustained and localized delivery of the encapsulated DOX
through micro-sized channels at tumor site, while assuring
tight surface adhesion of the patch to the tumor surface. In
particular, the combinative use of MAP and HA as the
backbone of MNs might contribute to improved local
retention of the released DOX upon dissolution of MNs
because of its inherent superior underwater adhesive and
water-immiscible properties [23,42-44]. Indeed, our previous
studies have demonstrated that injection of MAP/HA-
based coacervates into subcutaneous or cardiac infarcted
regions potentiated long-term retention of the delivered
stem cells at target sites compared to free cell injections
[43,44]. Collectively, our proposed DOX-MN patch system
achieved the greatest anticancer effects on melanoma
growth inhibition via localized release of the encapsulated
DOX in a simple and convenient way.

4. Conclusion

Transdermal delivery of DOX by tissue adhesive MAP-based
MN patch enabled the sustained release and improved
antitumor efficacy in mouse skin tumor studies. DOX was
easily loaded into MAP-based photocrosslinking solution
by simple mixing and fabricated into MN patch under
backside vacuum and visible blue light irradiation. These
MAP-based MN patch showed sufficient mechanical
stiffness to penetrate both intact mouse skin and tumor-
bearing mouse skin, strong tissue adhesive strength on wet
surface, biocompatibility, and biodegradability. /n vitro
studies demonstrated that the encapsulated DOX could be
sustainedly released from water-absorbing MN patch via
early diffusion and subsequent enzymatic degradation of
MAP-based crosslinked backbone. In addition, in vivo
studies revealed that significant tumor growth inhibition
was observed in mice treated with DOX-MN patches and
the tumor volume was 46.8% of those of mice that received
intratumoral injection of free DOX solution on day 12 of
post-treatment. Thus, drug-loaded MAP-based MN patch
system is a promising strategy for melanoma treatment as
adjuvant therapy to repress tumor recurrence.
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