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Abstract

Recurrent oral ulcer is a painful oral mucosal disorder that affects 20% of the world’s population. The lack of a radical cure
due to its unknown underlying cause calls for innovative symptomatic treatments. This work reports a hyaluronic acid-based
dissolvable microneedle patch (ROUMN patch, short for recurrent oral ulcer microneedle) loaded with dexamethasone acetate,
vitamin C and tetracaine hydrochloride for the treatment of recurrent oral ulcers. The ROUMN patch shows enhancement in
both the anti-inflammatory effect elicited by dexamethasone and the pro-proliferation effect of vitamin C. In vitro experiments
show that ROUMN has a higher efficiency in suppressing lipopolysaccharide (LPS)-induced interleukin-6 (IL-6) expression
than dexamethasone alone. Cell proliferation and migration were also significantly promoted by ROUMN compared to vitamin
C alone. The healing-promoting effect of ROUMN was also verified in vivo using an acetic acid-cauterized oral ulcer model
in rats. ROUMN as a treatment accelerated the healing process of oral ulcers, shortening the total healing time to 5 days
compared with the 7 days required by treatment using watermelon frost, a commonly used over-the-counter (OTC) drug for
oral ulcers. The rapid dissolution of the hyaluronic acid-based microneedles and the superior healing-promoting effect of the
drug combination could lead to a broad application prospect of the ROUMN patch in the treatment of recurrent oral ulcers.
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Introduction

Oral ulcer (aphthous stomatitis), or canker sore, is the most
common oral mucosa disorder that affects 20% of the world
population [1, 2]. The clinical manifestation of an oral ulcer
is a round- or oval-shaped superficial defect of the local
mucosa covered with a gray—white pseudomembrane [1, 2].
The central concavity of the ulcer is surrounded by an erythe-
matous halo [3, 4]. Due to the abundant distribution of nerves
in the oral mucosa, the progression of ulceration is usually
accompanied by spontaneous burning sensations and pain,
and worsens upon stimulation. Since ulcers have a clinical
progression that usually lasts for 1-2 weeks and recurs easily,
this oral disorder disturbs the patient’s life to varying degrees
[1, 3]. As the cause of oral ulcers is complex and no radical
cure exists to date, local medication for pain relief is common,
and symptomatic treatment, such as medication to promote
ulcer healing, is recommended as a first-line treatment [1, 2,
51

At present, drugs used for local treatment of recurrent
oral ulcers (ROU) include the following categories: corti-
costeroids, antimicrobials, drugs that promote healing, and
anesthetics [1, 6]. The above drugs are often applied to the
local mucosa in the form of mouthwash, topical paste, buccal
tablet/film or spray [1, 5, 7, 8]. However, drug concentra-
tion may be diluted by the saliva, and buccal tablets and
topical pastes that are designed to work as lesion adhesives
may detach from the lesion as the masticatory muscles move.
Additionally, as the pseudomembrane over the ulcer poses a
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physical barrier to local drug penetration, the residence time
of the drugs in contact with the lesion could be too short to
ensure clinical efficacy.

To better penetrate the pseudomembrane that is composed
mainly of necrotic epithelial cells, debris and fibrin [1] and
achieve steady release of drugs at unimpaired concentrations,
we constructed a drug-loaded dissolvable microneedle (MN)
patch for the treatment of ROU. The recurrent oral ulcer
microneedle (ROUMN) patch adopts hyaluronic acid (HA)
as the base material and carries three functional drugs, dex-
amethasone acetate (Dex), vitamin C (VC) and tetracaine
hydrochloride (TH), for anti-inflammation, pro-proliferation
and anesthetic purposes, respectively. As a naturally occur-
ring polysaccharide in the human body, typically in the
extracellular matrix, HA, especially of molecular weight
10—400 kDa, has widely been used to fabricate dissolvable
microneedles for various transdermal treatments [9-11]. In
addition to the fact that low molecular weight (20-300 kDa)
HA naturally participates in the biological process of wound
healing or significantly improves wound closure, HA’s
remarkable water-retaining ability makes it ideal for appli-
cation in the moist environment of the oral cavity [12—14].
Dexamethasone is a glucocorticoid that is typically used in
the wound healing context for decreased inflammation [15,
16]. It has been clinically tested to safely promote the heal-
ing of recurrent oral ulcers as a topical treatment, with an
additional pain-relief effect [6]. Vitamin C (ascorbic acid)
has been clinically proven to promote oral wound and ulcer
healing [17, 18]. The proliferative/regenerative effect of VC
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is manifested especially towards connective tissues by con-
tributing to the synthesis and cross-linking of collagen [19].
Tetracaine is an ester-type anesthetic agent that has been clin-
ically proven to exhibit a long-lasting local anesthetic effect
with a short application time when administered topically
[20, 21]. MNs have been proven to be a painless, efficient
transdermal drug delivery system [22, 23]; with anesthetic
loading, ROUMNS should cause minimal stimulation of the
ulcerated lesion and thus ensure the comfort and compliance
of patients. With the optimal concentration of HA, ROUMN
exhibits sufficient mechanical strength to effectively pene-
trate the pseudomembrane. The MN structure could fix the
ROUMN patch securely onto the oral ulcer, resulting in an
improved residence time of drugs compared with other top-
ical agents. Meanwhile, rapid dissolution of the HA-based
MNs allows for the release and distribution of the preloaded
drugs from the ROUMN patch directly into the bottom of
the ulcerated lesion for an accelerated therapeutic effect
[24]. These advantages combined present a broad applica-
tion prospect of ROUMN in the treatment of recurrent oral
ulcers.

Materials and methods
Materials and instruments

Commercial reagents used in this study include 300 kDa
hyaluronic acid (HA) (Macklin, 9004-61-9), poly-
dimethylsiloxane (Sigma-Aldrich, 63148-62-9), tetracaine
hydrochloride (TH) (9 Ding Chem, 136-47-0), vitamin C
(VC) (ACMEC, L65552), dexamethasone acetate (Dex)
(Macklin, D829854), fluorescein isothiocyanate (FITC)
(Biofroxx, 2284MGO050), methylene blue (Coolaber,
CM7291), lipopolysaccharide (LPS) (CST, 14011S), rat
interleukin-6 (IL-6) enzyme-linked immunosorbent assay
(ELISA) kit (BOSTER, EKO0421), rat tumor necrotic
factor alpha (TNF-a) ELISA kit (GPL, PO9R030), Fast-
Pure Cell/Tissue Total RNA Isolation Kit V2 (Vazyme,
RC112-01), One Step TB Green® PrimeScript™ Reverse
Transcriptase Polymerase Chain Reaction (RT-PCR) Kit
(TaKaRa, RR0O66A), quantitative reverse transcriptase PCR
(RT-gPCR) primers (Beijing RuiBiotech Co., Ltd.), Cell
Counting Kit-8 (CCK-8) reagent (Dojindo, CCK-8), and
IL-6 antibody (Abmart, IL-6 Antibody).

Instruments used in this study include a three-dimensional
(3D) printer, nanoArch P140 high-precision printing sys-
tem (BMF Material Technology Inc., Shenzhen, China);
a universal testing machine, ESM303 Motorized Ten-
sion/Compression Test Stand & Series 5 Advanced Digital
Force Gauge (MARK-10 Corporation, Copiague, USA); an

optical coherence tomography machine, MOPTIM QSLF-
1500 (Shenzhen Moptim Imaging Technique Co., Ltd.,
China); a transdermal diffusion tester, TP-6 Intelligent
Transdermal Diffusion Tester (Tianjin Xinzhou Science and
Technology Co., Ltd.); a plate reader, Spark® Multimode
Microplate Reader (Tecan Trading AG, Switzerland); and a
digital slide scanner, PANNORAMIC MIDIII (3DHISTECH
Ltd., Budapest, Hungary).

Methods
Fabrication of dissolvable microneedle patch

The 3D model of the dissolvable microneedle patch was con-
structed using 3D Max 2018. The MN patch has a 0.5 cm x
0.5 cm patch base with an array of 10x 10 cone-shaped MNs,
and each MN has a height of 350 um and a base diameter of
200 pm.

The designed model was then 3D printed (surface pro-
jection microstereolithography) with high temperature lam-
inating (HTL) yellow-5 resin (photo-curing wavelength =
405 nm) using the nanoArch P140 high-precision printing
system. The resin model was used as the template in the
micromolding of all dissolvable microneedle patches used in
this study. In brief, (1) the resin template was placed in a well
of a 6-well plate. (2) Polydimethylsiloxane (PDMS) base and
curing agent were stir-mixed in a 10:1 ratio by weight and
then poured onto the resin prototype until the prototype was
fully immersed. (3) The 6-well plate was placed in a vacuum
pump to eliminate the air bubbles in the PDMS. (4) The 6-
well plate was then placed in a drying oven at 60 °C for 1 h
for PDMS to solidify. (5) The resin template was removed
from the solidified PDMS mold with a blade. Two more
PDMS molds were made by repeating the above steps, and
each mold was used repeatedly for the fabrication of dissolv-
able microneedle patches. (6) For drugless HA microneedles,
0.0833 g 300 kDa HA powder was dissolved in 1 mL ultra-
pure water; for drug-loaded HA microneedle patches (i.e.,
ROUMN), 111 nL of 1 mM dexamethasone acetate solution,
58.6 pg vitamin C powder, and 5.5 mg tetracaine hydrochlo-
ride powder were added into the 1 mL HA solution. A 200 pL
portion of base solution was filled into each micromold,
resulting in 8.68 g dexamethasone acetate, 10.54 pg vita-
min C and 0.99 mg tetracaine hydrochloride in each ROUMN
patch. For gelatin/starch microneedles, gelatin, starch and
ultra-pure water were mixed at a 1:1:5 ratio (w/w) for the
preparation of the microneedle base solution. The base solu-
tion was poured into the PDMS mold, vacuumed, centrifuged
at 4000 r/min for 30 min at room temperature, and then dried
in a drying oven at 37 °C to obtain the corresponding type of
MN patches.
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Mechanical test of dissolvable microneedle patches

Compression test: Flat-surfaced metal blocks were installed
on the universal testing machine, and a ROUMN patch was
taped on top of the bottom block with MNs facing upwards.
The top block was moved downwards through the wired
control panel. The distance between the two blocks was
decreased by increments of 2 pm once the top block touched
the MNs. MN displacement and the corresponding force
applied were recorded by the computer.

Ex vivo penetration test: Two excisions of rat dorsal skin
were immersed in phosphate-buffered saline (PBS), and then
HA or gelatin/starch MN patches were pressed onto the skin
excisions with a finger. The skin excisions were stained with
methylene blue once the MN patches were removed and then
taken under a microscope for observation.

In vivo penetration test: ROUMN was pressed into the ven-
tral skin of anesthetized mice with hair thoroughly removed,
and then the marks left by MNs were examined with an opti-
cal coherence tomography (OCT) machine after the ROUMN
patch was removed.

Transdermal diffusion test of FITC-loaded dissolvable
microneedles

Preparation of FITC-loaded dissolvable microneedles: 10 wLL
of 10 mg/mL FITC was added to 12 mL ultrapure water and
mixed well; then, 1 g HA powder or 1 g 1:1 (w/w) gelatin-
starch mixture was added to FITC solution and mixed well.
The FITC-HA solution or FITC-gelatin/starch solution was
poured into the PDMS mold and dried in a drying oven. The
solidified microneedle patch was removed from the mold and
trimmed to weigh 2 mg. Multiple microneedle patches were
prepared.

Transdermal diffusion test: Sample flasks of the transder-
mal diffusion tester were filled with PBS and preheated to
37 °C in the reaction units. Dorsal skin was harvested from
sacrificed mice, and hair was thoroughly removed. Once
washed with saline 3 times, the skin was patted dry with
a paper towel and fully spread on a plastic sheet. The skin
was cut into 3 cmx3 cm pieces, and an FITC-HA and an
FITC-gelatin/starch MN patch were pressed onto separate
skin pieces. The MN patch was then firmly pressed with the
glass stamp accessory, and the whole system was transferred
and clipped onto the opening of a sample flask. The flask was
put back into the reaction unit, and the magnetic stirrer was
turned on. A 200 pL sample was extracted from each flask
through the cannula with a pipet at 10, 20, 30, 45, and 60 min,
respectively. PBS was added to the flasks after each sample
extraction to keep the flask full. Samples were distributed
in a black 96-well plate for fluorescence intensity measure-
ment using the Spark® multimode microplate reader with the
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excitation wavelength set at 494 nm, emission wavelength at
518 nm, and bandwidth at 20 nm.

LPS-induced inflammation in rat aortic endothelial cells
(RAECs)

LPS powder (1 mg) was completely dissolved in 1 mL com-
plete Dulbecco’s Modified Eagle Medium (cDMEM) in a
1.5 mL Eppendorf centrifuge tube to prepare a 1 mg/mL
concentrated LPS solution. Two milliliters of 50, 10, 1
and 0.5 ng/mL LPS solution were then prepared from the
1 mg/mL concentrated LPS solution with cDMEM. Log
phase RAECs were seeded into 96-well plates at 5x 10* cells
per well and incubated at 37 °C for 12 h. After 12 h, the seeded
wells were divided into 5 groups and labeled, and the origi-
nal culture medium was extracted. Two hundred microliters
of cDMEM or 50, 10, 1, or 0.5 ng/mL LPS solution was
added to each well of the 5 groups. After 4 h of incubation
at 37 °C, 100 pL supernatant was extracted from each well
for subsequent analysis.

ELISA measurement of IL-6 and TNF-o expressed by RAEC

Standard curves of IL-6 and TNF-a were plotted using the
standard samples provided in the IL-6 or TNF-a ELISA kit,
following the instruction manual. Preparation steps of the
experimental samples are as follows:

(1) Dex acetate crystal (1 mg) was dissolved in 2.301 mL
cDMEM to prepare a | mM Dex solution, which was then
diluted with cDMEM to make 100 uM, 50 wM, and 10 uM
Dex solutions. For the drug combination solution, 1 mg Dex,
0.7 mg VC and 0.4 mg TH were dissolved in 2.301 mL
cDMEM. (2) Log phase RAECs were seeded in 96-well
plates at a density of 5x10* cells per well. After 12 h of
incubation, the original cell culture medium was removed;
cells of the IL-6 group were treated with 100 pL of 10 ng/mL
LPS solution for 2 h, and cells of the TNF-a group were
treated with 100 pL of 500 ng/mL LPS solution for 24 h.
After removing the LPS solution, the seeded wells of each
group were divided into 5 subgroups and treated with 100 L.
Dex solution or drug combination solution of 1 mM, 100 WM,
50 uM, 10 wM and 0 uM (cDMEM). After 24 h of treatment
at 37 °C, the supernatant was collected for analysis.

Samples were read at 450 nm in the Spark® multimode
microplate reader.

RT-gPCR detection of ROUMN regulation of LPS-induced
IL-6 mRNA in RAEC

Primers used:
For rat IL-6: forward 5'-CACTTCACAAGTCGGAGGCT-
3’, reverse 5-TCTGACAGTGCATCATCGCT-3’; for rat
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GAPDH: forward 5'-TGATTCTACCCACGGCAAGTT-3,
reverse 5'-TGATGGGTTTCCCATTGATGA-3'.

Log phase RAECs were seeded in 96-well plates at 5x
103 cells/well and allowed to grow for 12 h. The wells
were divided into two groups, where the LPS group was
incubated with 100 pL 10 ng/mL LPS cDMEM and the con-
trol group with 100 L cDMEM. After 4 h of incubation,
the original medium was discarded, and both groups were
divided into three subgroups, treated with 100 WL 1 mM Dex
cDMEM, ROUMN with an equivalent amount of Dex in 100
pL cDMEM and blank cDMEM. The cells were incubated
for 24 h. The cells were then trypsinized and collected for
total RNA extraction using the Vazyme RNA isolation kit.
Total RNA was analyzed by RT-qPCR using the TaKaRa
One Step RT-PCR Kit and the above primers.

CCK-8 assay

Log phase RAECs were seeded in a 96-well plate at 1x10*
cells per well and incubated at 37 °C for 24 h with 10, 50,
100, 200 or 300 WM VC solution or drug combination (Dex,
VC and TH) solution with the same concentration gradient
of VC. CCK-8 solution was mixed with serum-less DMEM
at a ratio of 1:10, and 100 nL of the mixture was added
to the plate per well. After 1 h of incubation, the 96-well
plate was taken for measurement of absorbance at 450 nm
in the Spark® multimode microplate reader. The measured
values of absorbance were then converted to percentage cell
viability based on the blank sample (treated with PBS).

Scratch assay

Log phase RAECs were seeded into three 5 cm? Petri dishes
at 5x 107 cells/mL and incubated at 37 °C. After 12 h, the
original culture medium was replaced with 2 mL cDMEM,
2mL 300 uM VC-supplemented cDMEM, or 2 mg ROUMN
patch in 2 mL cDMEM. After 24 h of incubation at 37 °C,
the solutions in the Petri dishes were replaced with 2 mL of
5 WM calcein AM in cDMEM. After a 30 min incubation for
staining, a 1000 L pipet tip was used to create the scratch
in each Petri dish. The calcein AM solution was discarded,
the cells were washed with PBS 3 times, and then 2 mL of
cDMEM was added to each dish. The Petri dishes were incu-
bated at 37 °C after images of the scratches were taken with
a fluorescence. Images were taken again after 24 h of incu-
bation, and the area of the scratches was compared between
the two time points within each group. Area analysis was
performed with ImageJ.

Animal experiment

All rats used in this work were anesthetized by intraperitoneal
injection of 2% pentobarbital sodium at 50 mg/kg before

undergoing any surgical operations. The mice used in this
work were gas-anesthetized with isoflurane with a chamber
output of 0.5 and a mask output of 1.0.

Model establishment: on day 0, a cotton swab was
immersed in 99.9% acetic acid until fully saturated and then
pressed against the buccal mucosa of the anesthetized rat. For
each individual ulcer created, a new cotton swab was used,
and the pressing remained for 2 min. The morphology of the
oral ulcers was recorded on day 1 as the initial state.

Experimental procedure: On each day from day 1 to day
5, the morphology of the oral ulcers was first recorded, and
then treatments were applied once per day. In each rat, the
upper left ulcer was left untreated as the negative control;
the upper right ulcer was treated with a 2 mg ROUMN patch
(ROUMN group); the lower left ulcer was treated with a2 mg
drug-loaded patch without MNs (Patch group), and the lower
right ulcer was treated with 2 mg watermelon frost powder
(WF group). The morphology of the ulcers was recorded
daily from day 6 to day 9, and no treatments were applied.

Behavioral test: Three mice were anesthetized in a cham-
ber gassed with isoflurane; once the dorsal skin was exposed
with an electric shaver and hair removal cream, two ulcers
were created with a 99.9% acetic acid-saturated cotton swab
on each mouse on each side of the spine in the waist area while
the mouse remained under gas anesthesia through the mask.
Before removing the mask, a ROUMN patch was pressed
onto the right-side ulcer, and an MN patch without TH (the
control group) was pressed onto the left-side ulcer on each
mouse. Once the mice woke up from anesthesia, the number
of times that each mouse licked the ulcer on each side was
recorded for 45 min (when all control group MN patches
detached from the skin), and the time points of MN patch
detachment were also recorded for both groups.

Immunostaining

Tissues harvested from the rat oral cavity were fixed with
formalin and embedded in paraffin. Paraffin slides were sec-
tioned at 4 pm. For hematoxylin & eosin (H&E) staining, the
slides were stained with hematoxylin and eosin, dehydrated
with an ascending gradient of ethanol, and then deparaf-
finized with xylene. For immunohistochemistry staining, the
slides were deparaffinized with xylene and rehydrated with a
descending gradient of ethanol. The slides were then heated
in a microwave with citrate buffer for antigen retrieval and
blocked with 1.5% normal goat serum. Incubation with pri-
mary antibody (IL-6, 1:300 dilution) at 4 °C overnight was
followed by secondary antibody incubation at room temper-
ature. Finally, the slides were stained with diaminobenzidine
and hematoxylin and dehydrated with ethanol.
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Image analysis

All H&E and immunohistochemistry slides were scanned
using the PANNORAMIC MIDI I digital slide scanner. In
the H&E staining images, the basal layer of the surround-
ing healthy tissue was taken as the baseline for ulcer depth
analysis. The perpendicular distance from the baseline to the
level of the deepest point of the ulcer was calculated using
Imagel. In the immunohistochemistry images, the positive
rate of IL-6 was calculated as the percentage of the brown-
ish area within all epithelial layers above the lamina propria
using Image].

Results and discussion
Overall design and fabrication of ROUMN

The ROUMN patch is designed to effectively cover the entire
ulcerated lesion, including the congested area, while ensur-
ing that the MN tips pierce through the ulcer and reach the
basal layer (Fig. 1a). As the study of ROU treatment requires
a rat model for enough operational space in the oral cav-
ity, we established a rat oral ulcer model, and the length of
the MNs of the ROUMN patch was customized to fit the
parameters of the model. After analyzing 3 samples of the
ulcerated tissue, a length of 350 wm was chosen to cover the
maximal depth of the rat oral ulcer model (Fig. S1 in Supple-
mentary Information) so that the drug molecules distribute
across the entire ulcerated lesion once the MNs dissolve.
Treatment of oral ulcers also requires the MNs applied to
bear certain characteristics: (1) a relatively high dissolution
and diffusion rate to ensure direct and local drug distribu-
tion across the ulcerated area before the position of the MN
patch is disrupted by mouth movement or saliva secretion;
(2) fine needle tips and sufficient mechanical strength to pen-
etrate the oral mucosa; (3) the oral application scenario also
requires the patch base to bear a certain level of flexibility
so that it is bendable upon application to fit the rugged sur-
face of the oral cavity and minimize the sensation of foreign
bodies in the mouth to enhance patient compliance. Based
on these requirements, we screened through different types
of dissolvable and biodegradable polymers in the early stage
of this work, and HA was selected as the base material of
ROUMN, as it shows favorable quality in all three character-
istics required in fabricating the MN patch for the treatment
of ROU (Table S1 in Supplementary Information).

We designed a 0.5 cm x0.5 cm dissolvable MN patch base
bearing an array of 10x 10 MNs, each with a height of 350 pm
and a base diameter of 200 pm (Fig. 1b). Based on these
parameters, we fabricated a resin template of the MN patch
with surface projection microstereolithography and cast the
drug-loaded ROUMN patch by micromolding (Fig. S2 in
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Supplementary Information). The resulting MN patch has a
flat and flexible base, and the fully cast MNs possess well-
defined edges and tips (Fig. 1b).

Dissolution and diffusion test of the dissolvable
microneedle patch

As drugs are designed to be dissolved in the base material
during fabrication, we performed a dissolution test to evalu-
ate the drug release rate of the dissolvable MNs. Excisions of
rat dorsal skin were fixed onto the opening of 1.5 mL Eppen-
dorf centrifuge tubes filled with PBS, and MNs were pressed
into the skin excision. Dissolution of the MNs was observed
over a time course. The HA MNs dissolved until only the MN
bases were left at the 10 s time point, while the gelatin/starch
MNs dissolved to the same extent at the 10 min time point
(Fig. 1c). The 10 s dissolution window of the HA-based MN's
of ROUMN after dermal tissue penetration suggests that as
long as the ROUMN patch is not intentionally removed dur-
ing this working window, it will be able to fully exert its
therapeutic effect.

A transdermal diffusion test was then performed to inves-
tigate the time window that drug molecules distribute across
the dermal tissue. FITC-loaded MNs were pressed into
freshly harvested murine dorsal skin and clipped on top of
preheated sample flasks of an intelligent transdermal diffu-
sion tester, and a 200 pL sample was extracted for each type
of MN at a series of time points (see Methods for details). The
concentration of FITC in the aqueous solution extracted at
each time point was measured in terms of fluorescence inten-
sity. The results show that at the first time point examined,
the amount of fluorescent dye released transdermally by the
HA MNs (8342 a.u.) was threefold greater than that released
by the gelatin/starch MNs over the same time period (2491
a.u.), and was also 23.6% higher than the plateau value that
the gelatin/starch MNss could reach through transdermal dif-
fusion (6750 a.u.). In addition to the faster and more robust
drug release, the maximal drug release amount of the HA
MNs (13,917 a.u.) was also twice as much as that of the
gelatin/starch MNs (Fig. 1d). The superior dissolution and
diffusion characteristics make HA the better choice for the
base material of ROUMN than gelatin/starch, which pos-
sesses comparable mechanical strength.

Mechanical test of the HA microneedle patch in vitro
and in vivo

Mechanical strength is essential for the microneedles to pene-
trate the three layers of oral mucosa and the pseudomembrane
covering the ulcer and hence release the drugs throughout the
whole depth of the lesion. Therefore, we tested the mechani-
cal properties of the HA MN patch both in vitro and in vivo.
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Fig. 1 Overall design and physical characteristics of the recurrent oral
ulcer microneedle (ROUMN) patch. a Schematic diagram of the mul-
tidrug dissolvable microneedle (MN) patch releasing drugs into the oral
ulcer. b Left: 3D model for fabricating the resin template of the MN
patch; inset: side view of the fabricated MNs. Right: ROUMN patch
fabricated by micromolding; inset: magnified view of the MN array.
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MN patch before and after the dissolution test. d Transdermal diffu-
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pressure, which translates to 8—16 mN [25]. The correspond-
ing mechanical response of the HA MN patch is a 16—48 pm
needle tip displacement, which is less than 14% of the full
length of the MNs.

Next, we tested the penetration capability of the dissolv-
able MNs ex vivo. The HA MN patch was pressed into a rat
skin excision, and once the patch was removed, the skin was
stained with methylene blue. The arrayed microwounds, as
indicated by the darker blue dots on the rat skin, revealed
successful penetration and hence good mechanical strength
of the HA MNs (Fig. S3 in Supplementary Information).

Since the presentation of mechanical strength ultimately
serves to demonstrate that the MNs are able to penetrate the
oral mucosa or any tissue surface as the treatment requires, we
further verified the mechanical strength of the HA MN patch
in vivo by capturing the penetration mark left in skin with
optical coherence tomography (OCT). The HA MN patch
was pressed into the ventral skin of an anesthetized mouse,
where the hair was thoroughly removed. Once the HA MN
patch was removed, the marks left by MNs were examined
with an OCT machine, and the imaging results are shown
in Figs. 1f and 1g. OCT images present the cross-section of
the skin along the Z axis; the yellow dotted “V” in Fig. 1g
indicates the penetrated dermis and disrupted epithelium. The
(2.14£0.5) MPa strength required to penetrate murine skin
provides clear evidence that the HA-based dissolvable MN
patch bears enough mechanical strength for use in the oral
mucosa scenario [26].

In vitro anti-inflammatory effect of ROUMN

The proinflammatory cytokine IL-6 has long been studied in
association with oral disorders, especially ROU. As serum
IL-6 levels were found to be significantly elevated in ROU
patients compared with nonpatients, Shen et al. [27] reported
that 45% of ROU patient samples surpassed the 2.9 pg/mL
baseline serum level of IL-6, confirming the association
between serum IL-6 levels and recurrent oral ulcers. Since
LPS-induced inflammation is a well-established inflamma-
tion model in research studies [28, 29], where LPS induces
cellular secretion of IL-6 by binding to TLR4 (Fig. 2a), we
adopted this model for in vitro experiments. Cellular expres-
sion of IL-6 mRNA was elevated significantly after LPS
treatment compared to the control group that was treated
with PBS (Fig. 2b), indicating that LPS successfully induced
inflammation in the RAEC cell line.

Hence, we evaluated the comprehensive therapeutic effect
of the Dex, VC and TH drug combination in the LPS-induced
inflammation model. Compared with treatment using Dex
alone, treatment with the three drugs combined (ROUMN)
exhibited a more remarkable anti-inflammatory effect by
suppressing the LPS-induced expression of IL-6 in RAECs
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(Fig. 2c). Meanwhile, we tested the effect of the drug combi-
nation with different concentrations of Dex (10 uM, 50 uM,
100 M, 1 mM) on the suppression of LPS-induced IL-6
expression by RAEC with ELISA and compared it to the
effect of Dex solution alone at the corresponding concentra-
tions. The concentrations of VC and TH varied in proportion
to that of Dex for the drug combination group. The results
show a steep improvement in the inhibitory effect as the con-
centration of Dex increased from 10 to 100 uM for both
groups; the combination of drugs (ROUMN group) with
Dex concentrations at or higher than 50 wM demonstrated
a significantly stronger anti-inflammatory effect than treat-
ment using Dex alone. The inhibitory effect of both groups
plateaued beyond the Dex concentration of 100 pM, show-
ing a much weaker enhancement as the concentration of
Dex increased to the next order of magnitude (Fig. 2d).
Since serum TNF-a levels also show a significant difference
between ROU patients and nonpatients, although Shen et al.
[27] could not confirm the role of TNF-a in the pathology
of ROU, we conducted an additional ELISA against LPS-
induced TNF-a to evaluate the anti-inflammatory effect of
the drugs. Although the inhibitory effect of the drugs towards
TNF-a did not show a clear dose-dependent trend as they
did for IL-6, the ROUMN drug combination did show a
stronger anti-inflammatory effect with statistical significance
than Dex alone at Dex concentrations of 50 and 100 uM (Fig.
S4 in Supplementary Information).

ROUMN promotes cell proliferation and migration
in vitro

In addition to anti-inflammation, promoting cell prolifera-
tion to accelerate wound healing is another important aspect
of ulcer treatment [30]; therefore, we evaluated cell prolif-
eration after treatment with VC. The CCK-8 assay results
showed that the number of live RAECs increased as they
were treated with increasing concentrations of VC, verify-
ing the effect of VC in promoting cell proliferation (Fig. 2e).
The drug combination of ROUMN with the same concentra-
tions of VC presented a similar dose-dependent promotional
pattern and showed a better pro-proliferation effect than VC
alone at higher concentrations.

As cell migration from the surrounding healthy oral
mucosa tissue towards the ulcerated lesion is part of the heal-
ing mechanism [30], it also acts as a factor that determines
the speed of healing. We then performed a scratch assay to
verify the effect of ROUMN on cell migration. RAECs were
allowed to grow into the gap for 24 h after a 24 h incuba-
tion with VC alone, ROUMN patch, or drugless complete
DMEM (cDMEM). Figures 2f and 2g show that VC alone is
able to close the scratch faster in comparison to the control
group, yet ROUMN yields an even narrower gap than the
VC group, indicating a better ability of the drug combination
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solution or HA base solution alone revealed that at the cell
level, the pro-proliferation effect of the ROUMN patch was
attributed to the drug combination and not HA (Fig. S5 in
Supplementary Information).
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Fig. 3 Overall therapeutic effect of the ROUMN patch on oral ulcers in
rats. a Timeline of the animal experiment. b Photograph of acetic acid-
cauterized oral ulcer models in rats. ¢ Photograph of the oral ulcers
with different treatments applied. Upper left, blank (Control); upper
right, ROUMN patch (ROUMN); lower left, drug-loaded hyaluronic
acid (HA) patch without microneedles (Patch); lower right, watermelon
frost (WF). d Photographic records of the morphology of the oral

In vivo anesthetic effect of ROUMN

To evaluate the anesthetic effect of TH in ROUMN, we uti-
lized the murine habit that pain or discomfort triggers mice
to lick the site of stimulation and quantified the level of pain
or discomfort as the number of times of licking [31]. For
the convenience of observation, we reestablished the ulcer
model on the dorsal skin of mice with acetic acid cauteriza-
tion. Three mice were anesthetized in a chamber gassed with
isoflurane; once the dorsal skin was exposed with an electric
shaver and hair removal cream, two ulcers were created on
each mouse on each side of the spine in the waist area while
the mouse remained under gas anesthesia through the mask.
Before removing the mask, a ROUMN patch (MN-TH(+))
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meanzstandard deviation (n=3). ***p<0.001, **p<0.01, *p<0.05 by
Student’s ¢ test

was pressed onto the right-side ulcer, and an MN patch with-
out TH (MN-TH(—)) was pressed onto the left-side ulcer on
each mouse (Fig. 2h). Once the mice woke up from anes-
thesia, the number of times that each mouse licked the ulcer
on each side was recorded for 45 min when all TH(—) MN
patches detached from the murine skin, and the time points of
MN patch detachment were also recorded for both groups.
The remarkable difference in the number of times that the
mice licked the wound on each side clearly indicates the dis-
comfort caused by the left-side dermal ulcer where the MN
patch carries no anesthetic drug, which in turn demonstrates
the anesthetic effect of tetracaine hydrochloride (Fig. 2i).
The twofold longer duration of ROUMN attachment than the
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TH(—) MN patch also speaks for the long-lasting anesthetic
effect of TH (Fig. 2j).

ROUMN accelerates healing of oral ulcers in vivo

Next, to verify the healing-promoting effect of the ROUMN
patchin vivo, we created an oral ulcer model in rats with point
application of acetic acid (day 0) and evaluated the healing
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to day 5. ¢ Statistical analysis of the positive rate of IL-6 in the epithelial
layers in the immunostaining images on days 1-5. Data represent the
meanzstandard deviation (n=3). *p<0.05 by Student’s ¢ test

progress of the ulcerated lesions treated with different drugs
for the following 9 days while giving daily treatments once
per day on days 1-5 (Fig. 3a). Four ulcers were induced on
the buccal mucosa of each rat, where one pair was slightly
behind the upper incisors and the other pair was next to the
first palatine ruga, as indicated by the black boxes in Fig. 3b.
The four ulcers were then left untreated (Control, upper left)
or treated with 2 mg ROUMN patch (ROUMN, upper right),
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2 mg drug-loaded patch without microneedles (Patch, lower
left) or 2 mg watermelon frost, a dark brown powder with
reported therapeutic effect to oral ulcers, as a positive con-
trol (WE, lower right) (Fig. 3c). The inclusion of a positive
control group aims to compare the healing-promoting effect
of ROUMN with the most widely applied clinical treatment
for recurrent oral ulcers. The effect and use of watermelon
frost powder has been well recorded [32, 33]. The method of
application of a drug affects its efficiency and thus is part of
the treatment; therefore, watermelon frost was applied in its
powder form as it is used clinically.

Figures 3d and 3e present the daily healing progress of
the four groups from days 1-5 post-treatment. On day 1,
the coverage of the ulcerated area by the off-white pseu-
domembrane was obvious in every group, and three of the
four groups showed notable erythematous halos. On day 2,
while the pseudomembrane was still visible in all groups,
the erythematous halo was alleviated and completely disap-
peared in the ROUMN group. On day 3, the ulcerated area
of the ROUMN group mostly turned pink, resembling the
healthy tissue around, in contrast to the clear-edged pseu-
domembrane in all other groups. Ulcers of the ROUMN
group showed a significant decrease in size on day 4 and
healed on day 5, while ulceration could still be observed
on day 5 for the Patch and WF groups. As we prolonged
the observation window until ulcers of all groups healed
completely, we concluded that the total healing time of the
ROUMN group (5 days) was significantly shorter than that of
all other groups (Fig. 3f). These results clearly demonstrate
the promoting effect of ROUMN in oral ulcer healing.

To further analyze the healing mechanism of ROUMN-
treated oral ulcers, we harvested the tissue of the ulceration
areas 1, 3, and 5 days post-treatment for H&E staining and
immunohistochemistry staining against IL-6 (Fig. 4a). On
day 3, the depth of the ulcerated lesion in the ROUMN group
decreased significantly from day 1, and a thin basal layer
could also be observed on top of the lesion, while the lesions
of all other groups remained a depth down to the lamina pro-
pria. On day 5, the ulcerated lesion in the ROUMN group was
covered with a complete basal layer, and the more superior
epithelial layers (i.e., stratum spinosum, stratum granulo-
sum, and stratum corneum) also fully formed over the lesion;
lesions of the patch and WF groups developed a thin basal
layer, and the control group ulcer still showed an exposed
lamina propria. The analysis of ulcer depth showed a statisti-
cally significant difference between the daily measurements
of the ROUMN group and those of all other groups after
only 1 day of treatment (Fig. 4b). Image analysis of the IL-6
immunostaining revealed that the positive rate of IL-6 in the
mucosal layers above the lamina propria was the lowest in the
ROUMN group, indicating that the anti-inflammatory effect
of the ROUMN patch contributes to its overall promoting
effect on oral ulcer healing (Fig. 4c).
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Conclusions

In this work, we presented a multidrug dissolvable micronee-
dle patch (ROUMN patch) fabricated through micromolding
for the treatment of recurrent oral ulcers. The 350-pm-long
HA-based MNs bear enough mechanical strength to effec-
tively penetrate the pseudomembrane covering the oral ulcer.
The ROUMNSs are able to fully dissolve within 10 s and
rapidly release dexamethasone, vitamin C and tetracaine into
the ulcerated lesion. In vitro experiments verified that this
drug combination of ROUMN is more effective at reducing
inflammation than dexamethasone alone and at promoting
cell proliferation and migration than vitamin C alone. The
acetic acid-cauterized rat oral ulcer model demonstrated
the superior healing-promoting effect of ROUMN through
the shortened healing time compared to treatment with an
existing drug for oral ulcers. The fast release of anesthetic
tetracaine and the painless application of MNs should ensure
good patient compliance; together with the enhanced ther-
apeutic effect of the drug combination, these advantages
should endow ROUMNSs with high translational value and
hence broad application prospects in the treatment of recur-
rent oral ulcers.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s42242-022-00221-3.
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