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ABSTRACTS

Development of steroid-loaded biodegradable microneedle

delivery system

Bo Mi Kang

Department of Dermatology, college of Medicine

The Graduate School Seoul National University

Chronic inflammatory skin diseases (CISD) still distress a large number of

patients worldwide. Injection of triamcinolone acetonide (TA), an anti-

inflammatory effect steroid drug, directly into the dermis layer of diseased skin

using needle-syringe systems is an effective and widely used procedure by

dermatologists, referred to as TA intralesional injection (TAILI), for treating

recalcitrant lichenified lesion of CISD such as atopic dermatitis and psoriasis.

However, TAILI cause severe pain, making patients stressed and reluctant to be

treated. Furthermore, practitioner-dependency of the injected TA amount and depth

makes it difficult to predict the treatment outcome of lesion by lesion and patient

by patient. Here, we designed and fabricated a TA loaded dissolving microneedle

(TA-DMN) out of biocompatible and biodegradable molecules:

polyvinylpyrrolidone and hyaluronic acid. The TA-DMN delivered drug evenly

across the applied area with enabling TA to be distributed in upper dermis and

lower epidermis reasonably, mimicking TAILI. TA-DMN was forced to be inserted

into the skin efficiently deeper in a standardized manner on the lichenified lesion of

CISD. Next, whether the developed TA-DMN is biocompatible in human, we
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assessed the in vitro cytotoxicity of TA–DMN using the human cells, keratinocytes

and fibroblasts. The TA-DMN was not cytotoxic and significantly reduced

inflammatory gene expression in a dose-dependent manner. In in vivo mouse model

with skin inflammation, the TA-DMN effectively alleviating the skin inflammation

and suppressing inflammatory cell infiltration and cytokine, as much as TAILI.

Further elaboration of this TA-DMN could be a plausible candidate for treating a

skin lesion of CISD, in preference to the current painful non-standardized TAILI

using needle-syringe systems.

Keywords: Microneedle, Triamcinolone, Chronic inflammatory skin diseases,

Triamcinolone intralesional injection, Atopic dermatitis, Psoriasis

Student number: 2017-33947
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INTRODUCTION

Chronic and relapsing inflammatory skin diseases (CISD), such as psoriasis,

atopic dermatitis, or eczematous pruritic disease, still distress a large number of

patients worldwide and cause disability in daily life 1. The global prevalence of

psoriasis varies from 0.14% to 1.99% with interregional difference 2. Furthermore,

the prevalence of atopic dermatitis, a representative of chronic eczematous disease,

is affecting from 10% to 30% of the general population showing differences with

age 3,4. The chronic and relapsing feature of these diseases establishes scaly

lichenified papules or plaques on the skin (Figure. 1a, left panels), substantially

impairing the patient’s and their family’s quality of life in the aspect of physical,

psycho-social, and mental function 5-7.

To date, various therapeutics consisting of systemic or topical medications

have been developed, and used alone or in combination to manage CISD 8,9.

Topical steroid, vitamin D analogue, or calcineurin inhibitors are most commonly

used with localized anti-inflammatory effect, along with antihistamines for anti-

pruritic effects. The systemic immune-suppressants including azathioprine,

mycophenolate mofetil, methotrexate, or cyclosporine are used for moderate-to-

severe CISD patients. Recently, the use of targeted biologics with immune-

modulating effects is also increasing 8,9. Despite appropriate treatments, however,

recalcitrant lichenified skin lesions would persist chronically, requiring additional

intervention (Figure.1a).

In these cases, physicians inject triamcinolone acetonide (TA), an anti-

inflammatory steroid drug, directly into the skin lesions using needle-syringe
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systems, namely triamcinolone intralesional injection (TAILI) (Figure. 1b). This

procedure is widely performed and accepted to treat the lichenified plaques or

papules of localized CISD 10-12. Directly delivering TA to the lesional infiltrative

inflammatory cells in dermis and epidermis with bypassing the thickened stratum

corneum and epidermis (Figure.1a), the most compact physical barrier for

transdermal delivery 13, enables TA to improve anti-inflammatory effects and

adequately alleviate pathologic features of CISD 14.

However, despite of its efficacy, severe pain caused by TAILI make

patients stressed and reluctant to be treated, especially children and elderly 11,12,15,16.

Furthermore, due to the technical attribute of TAILI itself, physician-dependence of

the injected TA amount and injection depth 17 and unevenly distributed TA in the

skin makes it difficult to predict the treatment outcome from lesion to lesion, and

several side effects can be presented, such as persistent scar secondary to ulceration

18, linear atrophic streaks 19 or dyspigmentation in perilesional skin 20. In this

respect, there has been huge medical needs for a painless and standardized drug

delivery system with distributing TA evenly into skin lesions that is effective and

easily accessible, considering a high prevalence and substantial burden of the CISD

globally 1.

To this end, herein, we adopted dissolving microneedle (DMN) structures;

DMN is micrometer-sized structures can be applied into the skin or gut in a

minimally invasive and targeted mode to administer diverse drugs efficiently

without pain, leaving no biohazard material 21-23. For reasonably mimicking TAILI

procedure, we particularly designed the TA loaded DMN that can deliver more the

drug into the skin layer (Figure. 2). In addition, the TA-DMN was able to delivery

TA evenly in a standardized manner, overcoming the disadvantage of TAILI
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(Figure. 1c). Next, using a skin inflammation in vivo moue model 24 , we validated

the effectiveness of our TA-DMN for alleviating CISD in vivo by comparing anti-

inflammation effect of our TA-DMN to the current TAILI procedure or TA cream.
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MATERIALAND METHOD

Fabrication of TA-DMN

To fabricate TA-DMN (Figure. 2), we premixed 1.13 g of TA (Sigma-Aaldrich,

USA) in 5 mL deionized water and sonicated using ultrasonic cleaner (WiseClean®

WUC, Witeg, Germany) for 30 min 25. PVP 0.25 g (Jiaozuo zhongwei special

products pharmaceutical CO., China) and 2.25 g of HA (Bloomage freda biopharm,

China) was added in the premixed TA solution and mixed, using paste mixer

(PDM-300C, KM TECH Co. Ltd., Korea) for 30 min, resulting the viscous

dispersion solution. The viscous solution was dispensed onto an adhesive patch

resulting in 61 arrays using a dispenser (ML-5000X, Musashi engineering, Inc.,

Japan). Afterward, the TA-DMN was formed by using the centrifugal lithography

technique 26.

Cell Culture

Primary human fibroblasts and keratinocytes were isolated from foreskin

specimens of healthy male donors aged 10–19 years. This study received approval

from Institutional Review Board of Seoul National University Hospital (number H-

1101-116-353). Fibroblasts were cultured in Dulbecco’s modified Eagle media

(DMEM; Welgene, Korea) supplemented with 10% fetal bovine serum (FBS;

Gibco, USA) and 1% penicillin–streptomycin (Gibco, USA) in a humidified 5%

CO2 atmosphere at 37 °C. Keratinocytes were cultured in EpiLife (Gibco, USA)

supplemented with epidermal growth factor (0.1 ng/mL), insulin (10 mg/mL),

hydrocortisone (0.5 mg/mL), gentamycin (50 mg/mL), amphotericin B (50 ng/mL),
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and 0.4% v/v bovine brain pituitary extract at 37 °C in a 5% CO2 atmosphere.

Cultured fibroblasts were used for the experiments at passages 10–15. Cultured

keratinocytes were used at passages 2–4.

Cytotoxicity of TA–DMN

To evaluate the cytotoxicity of TA–DMN on human fibroblasts and human

keratinocytes, cell viability was measured by MTT (3-[4,5-dimethylthiazol-2-yl]-

2,5 diphenyl tetrazolium bromide) (Gibco, USA) formazan crystals at 570 nm.

Fibroblasts (1 × 10 3 cells/well) and keratinocytes (1 × 10 4 cells/well) were plated

overnight in a 96-well plate and subsequently incubated in serum-free medium

with various concentration of TA–DMN for 24 h. After adding MTT solution

(20 μL, 5 mg/mL) to each well, cells were incubated for 3 h at 37 °C in the dark,

and formazan crystals were dissolved by adding dimethyl sulfoxide (100 μL) into

each well. Cell viability was measured at absorbance of 570 nm using an ELISA

reader.

Induction of AD In Vitro and Inhibitory Effect on Inflammatory Gene

Expression by TA–DMN

To validate the inhibitory effect of TA–DMN on expression of AD-related genes,

we used an in vitro model of AD human keratinocytes as described previously.[35]

In brief, human keratinocytes were seeded (5 × 10 5 cells/well) in 6-well plates

(Corning, USA) in EpiLife (Gibco, USA) supplemented with epidermal growth

factor (0.1 ng/mL), insulin (10 mg/mL), hydrocortisone (0.5 mg/mL), gentamycin
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(50 mg/mL), amphotericin B (50 ng/mL), and 0.4% v/v bovine brain pituitary

extract at 37 °C in a 5% CO2 atmosphere. The medium was renewed after the cells

reached 80% confluence. Cells were stimulated with poly I:C (10 μg/mL; Tocris,

USA), Toll like receptor (TLR) ligands, IL-4 (100 ng/mL; Peprotech0, USA), IL-

13 (100 ng/mL; Peprotech, USA), and TNF-α (20 ng/mL; Peprotech, USA). Next,

TA–DMN and TA were treated concurrently for 4 h and harvested for mRNA

analysis.

Quantitative Reverse Transcription-PCR

Total RNA was isolated from the cultured human keratinocytes and mice skin

tissue using RNAiso Plus reagent (Takara Bio, Japan). cDNAs were synthesized

from isolated total RNA templates using a Revert First strand cDNA synthesis kit

(Thermo Fisher, USA). Quantitative real-time PCR was performed on a 7500 Real-

time PCR system (Applied biosystems, USA) using TB Green Premix Ex Taq

(Takara bio, Japan), following the manufacturer’s instructions. Data were analyzed

by the ΔΔCt method and represented as fold-changes of gene expression relative to

GAPDH. Primer sequences are listed in Table 1.

Animals

Female BALB/c mice, 5-week-old, were purchased from the Orient Bio Inc.

(Korea). The mice were housed under semi-specific-pathogen-free conditions with

individual ventilated cages (maintained at 24 ± 2 °C with a 12-h light–dark cycle).

The seven weeks of age female C57BL/6 mice were purchased (Koatech, Korea).
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The mice were maintained in the Semi-SPF facility accredited AAALAC

International (#001169) in accordance with Guide for the Care and Use of

Laboratory Animals 8th edition, NRC (2010). They were fed standard laboratory

chow and water ad libitum. Animal experimental protocol was approved by Seoul

National University Hospital Institutional Animal Care and Use Committee

(No.19-0123). All experiments were performed in accordance with the approved

experimental protocol.

Induction of AD-Like Condition In Vivo and Application of TA–DMN

For the induction of AD-like cutaneous condition in mice, we performed

cutaneous sensitization and challenging in BALB/c mice. The detailed schedule of

the experiment is described in Figure 4a. In brief, after 1 week of acclimation

period, the dorsal skin of all mice were shaved and epilated. BALB/c mice were

sensitized twice with 1% DNCB (200 μL) dissolved in acetone:olive oil (3:1 v/v;

cutaneous DNCB sensitization). Cutaneous DNCB sensitized mice were divided

into five groups: (1) Con, (2) DNCB-induced AD + Blank–MN, (3) DNCB-

induced AD + TA–DMN, (4) DNCB-induced AD + TA injection, and (5) DNCB-

induced AD + TA cream. After 7 days from the first induction, 0.3% DNCB was

applied on the backs of the mice three times a week for 3 weeks (day 0–21;

cutaneous DNCB challenging). In groups (2) and (3), DMN with a diameter of 12

mm was applied to the dorsal skin of the mice and covered with Tegaderm™

occlusive wound dressing (3M Corporation, USA) for 1 h and removed. Group (4)

was intradermally injected with TA (500 μg) at four sites within the diameter of 12

mm. The mice in group (5) were treated twice a week with TA Cream (1 mg;
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Tricort, Dongkwang Pharmaceutical, Korea) as a positive control group.

Quantification of DNCB-Induced Skin Inflammation Score

To investigate the alleviating effect of TA–DMN on DNCB-induced AD-like

morphology in BALB/c mice, we measured the dermatitis severity score on Day 28

according to the criteria previously described with a slight modification.[37] In brief,

the score was defined as the sum of the discrete scores graded as 0 (none), 1 (mild),

2 (moderate), and 3 (severe) for each of the four signs, viz., erythema,

edema/papulation, excoriation, and scaling/dryness. The total skin inflammation

score ranged from 0 to 12. The elements of skin inflammation score are widely

used to evaluate the severity of AD.

Histology Analysis and Immunofluorescence Staining

Dorsal skin tissue was obtained on Day 28. The excised skin specimens were

fixed in 10% neutral formalin (Biosesang, Korea) for 18 h and embedded in

paraffin. Sections (4-µm thick) were prepared and stained with hematoxylin and

eosin (H&E) to evaluate epidermal thickness. Toluidine blue specifically stains

mast cells. For evaluating mast cell infiltration in the cutaneous tissue, 0.01%

toluidine blue staining was performed. The number of mast cells were counted by

averaging the value obtained from microscopic fields of view (HFP, 200 μm × 250

μm-sized view) for each mouse. To validate the effect on recovering skin barrier

function-related proteins in the epidermis, immunofluorescence staining was

performed for involucrin (924401; Biolegend, USA), loricrin (ab85679; Abcam,
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USA) and anti-CD3 antibody (#ab237721, abcam, USA). DAPI (4′,6-diamidino-2-

phenylindole; Gibco, USA) mounting was performed to counterstain the nuclei. We

quantified the intensity of the protein level of involucrin and loricrin using ImageJ

1.51 software (National Institutes of Health, Bethesda, USA). Moreover, we

analyzed the immunostained area of the epidermis in relation to the total area of the

epidermis by ImageJ 1.51 software. All histological examinations were analyzed in

five slides for a section per group.

Inducing and quantifying skin inflammation in mouse

After a week of acclimation, the C57BL/6 mice were randomly grouped into five

experimental groups (n = 5 in each group), and its back was shaved and depilated,

taking care not to damage the skin. Two days later (designated as Day 0), 5%

imiquimod cream (62.5mg for each mouse, Aldara cream, Dong-A ST, Korea)

began to be applied to the back of the mice for 6 consecutive days to induce skin

inflammation 24. For quantifying the severity of inflammation of the skin, erythema,

scale, and lichenification were scored independently by two blinded evaluators (J.O.

and B.M.K.) every day using a scale system from 0 to 4 (0, none; 1, slight; 2,

moderate; 3, marked; 4, very marked) in each, resulting total score by adding up

three items (range: 0 –12).

Intervention by Blank-DMN, TA-DMN, TA cream, or TAILI in the

inflammation induced mouse skin

One hour after imiquimod treatment at Day 3, inflammation induced mice in each
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group were treated by i) Blank-DMN without TA, (designated as Control group), ii)

TA-DMN, iii) TA in cream formulation 1g (Tricort Cream, Dongkwang

Pharmaceuticals; concentration 0.1% w/w; designated as TA cream group), or

iv)TAILI (100µl for 4 points; Triam inj, Shin Poong Pharmaceuticals;

concentration 2.5mg/ml in phosphate-buffered saline), respectively.

ELISA

We collected blood on day 21. Blood was allowed to stand for 30 min at 25 °C

before centrifugation at 2000 rpm for 5 min. Serum were obtained and stored at

−80 °C prior to analysis. Serum IgE and TSLP levels were measured using ELISA

kits (Abcam, USA) according to the manufacturer’s instructions.

Statistical analysis

All statistical analyses were performed with Prism 8 (GraphPad Software). The

results of multiple group analysis were analyzed using one-way analysis of

variance (ANOVA), followed by Tukey’s significant difference test. P-values <

0.05 were considered statistically significant.
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TABLE

Table 1. Sequences for the PCR primers

Mouse TSLP

Antisense GCA CAG TCC CTT TGG AGT TAA GTC

Sense TCG GTC ATC ATA GCA CAT CTG GAG

Mouse IL-31

Antisense TCT TCA GTA TGT CTA GCC

Sense CTC TGT TGA CAA GCA ATG

Mouse IL-5

Antisense GAA GCC GTA CAG ACG AGC TCA

Sense ACA GGA GAA GGG ACG CCA T

Mouse IL-4

Antisense AGT AGA GGC AGG GAT GAT GT

Sense ATT GTT GCC ATC AAT GAC CC

Human GAPDH

Antisense TCT TCT CAC CCT TCT TTT TCA TTG T

Sense TTC CTG CAA GCC AAT TTT GTC

Human CXCL 10

Antisense CCC TTG GTT GGT GCT GAT G

Sense GCA AGG AAC CCC AGT AGT GAG A

Human CXCL 9

Antisense CTG AGT TTC CGA ATA GCC TG

Sense TAG CAA TCG GCC ACA TTG CC

Human TSLP

Antisense GCG AAT GAC AGA GGG TTT CTT AG

Sense TTA AAG CCC GCC TGA CAG A

Human IL-1β

Table. Primer sequence for RT-PCR
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Antisense CCA CCC TGT TGC TGT AGC C

Sense ACT GGC ATG GCC TTC CGT

Mouse GAPDH

Antisense TCA TAT GTC CCG CTG GTG C

Sense CCA GCA GCT CTC TCG GAA TC

Mouse IL-23p19

Antisense CTT GAG GGA GAA GTA GGA ATG

Sense GGA AGC ACG GCA GCA GAA TAA

Mouse IL-12 β

Antisense AAT TAA GCC TCC GAC TTG TGA AG

Sense CTT CCA TCC AGT TGC CTT CTT G

Mouse IL-6

Antisense GGT CTG GGC CAT AGA ACT GA

Sense TCT TCT CAT TCC TGC TTG TGG

Mouse TNFa

Antisense GGG TCT TCA TTG CGG TGG AGA G

Sense ATC CCT CAA AGC TCA GCG TGT C

Mouse IL-17A

Antisense TCT TCT TTG GGT ATT GCT TGG

Sense TGT AAT GAA AGA CGG CAC ACC

Mouse IL-1 β

Antisense ATG GGT ACC TTC CTC GCC ATG

Sense CGG AGG AGT GGC TGA AGT GGA G

Mouse IL-25

Antisense TCC TCG ATT TGC TCG AAC TT

Sense CGG ATG GGG CTA ACT TAC A
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RESULTS

Design and fabrication of TA loaded DMN

For designing and fabricating TA loaded DMN, at first, a viscous mixture

consisting of TA, hyaluronic acid (HA), and polyvinylpyrrolidone (PVP) was

prepared as a prerequisite for the subsequent shape forming and drying process. As

backbone molecules of DMN, we selected HA and PVP because these polymers

are safe and FDA-approved biocompatible materials 27,28. Using the viscous

mixture, we fabricated TA-DMN with a shape that narrows toward the tip of a cone

or a square pyramid (Figure. 2) 29,30.

Evaluating the biological effects of TA–DMN on human skin cells:

keratinocytes and fibroblasts in vitro

We needed to check whether the developed TA–DMN is biocompatible in

humans. For this purpose, first, we assessed the cytotoxicity of TA–DMN using

human skin cells, viz., keratinocytes and fibroblasts (Figure 3a). The cells were

treated with dissolved TA–DMN (concentration of TA: 0.1–2 mg/mL) for 24 h; the

results revealed that TA–DMN was not significantly cytotoxic in both human

fibroblasts and keratinocytes.

After confirming the non-toxicity of TA–DMN on human skin cells, we

investigated the inhibiting effects of TA–DMN in AD-related inflammatory gene

expression using an in vitro model of AD using human keratinocytes.[35] After
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inducing AD mimicking milieu in vitro using poly I:C, tumor necrosis factor-alpha

(TNF-α), IL-4, and IL-13,[35] we evaluated expression of AD-related inflammatory

genes, viz., TSLP, IL-4, IL-1β, IL-13, chemokine ligand (CXCL) 9 , CXCL10, and

CXCL11, which are associated with the immunologic cascade in the pathogenesis

of AD.[36-37] Consistent with the in vivo mouse model, we found that TA–DMN

effectively reduced AD-related inflammatory gene expression (Figure 3b–h). The

inflamed in vitro keratinocytes treated by TA–DMN (0.1–2 mg/mL) and TA (0.1–2

mg/mL) showed significantly reduced inflammatory gene expressions (Figure

3b–h). Of note, we found a dose-dependent effect of TA, indicating that the

integrity of pharmaceutical effects of TA loaded in DMN is conserved in

TA–DMN.

Effect of TA–DMN on skin anti-inflammation in mouse model of AD in vivo

We evaluated the pharmacodynamics of TA–DMN in vivo with regard to

the anti-inflammatory effect using a mouse model in which we applied 2,4-

dinitrochlorobenzene (DNCB) on the dorsal skin to induce inflammation

mimicking AD. To induce AD-like skin inflammation in mouse, we performed the

cutaneous DNCB sensitization and challenging protocol in BALB/c mice (Figure

4a). Meanwhile, we applied DMN without TA (Blank–DMN), TA–DMN, injected

TA (TA injection), or applied TA (TA cream) on the inflamed mouse skin in each

group (Figure 4b).

On Day 21, for quantifying the anti-inflammatory effect of TA–DMN, we

measured the skin inflammation score, consisting of erythema, scaling, and
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lichenification similar to that observed in human AD disease, in each mice group.

Effectively, the dorsal skins of mice in TA–DMN showed less severe inflammation

with erythema, scaling, and lichenification compared to those in the Blank–DMN

group (mean ± SE; 5.6 ± 0.4 vs. 9.4 ± 0.4 arbitrary units (A.U.) in the Blank–DMN

group; P < 0.001; Figure 5a), which is compatible to the TA injection or cream

groups (mean ± SE; 5.8 ± 0.2 vs. 6.6 ± 0.5 A.U; P < 0.001, P < 0.001; Figure 5c).

We also measured the weight of the mouse spleen, an important organ in the

functioning of immune system. The enlargement of spleen indicates immune

abnormality, which is the pathogenic mechanism of skin inflammatory reaction in

the mouse.[26] Consistent with the anti-inflammatory effect of TA–DMN on skin,

the weight of the spleen in the TA–DMN, TA injection, or TA cream groups

lessened significantly (mean ± SE; 180 ± 14.1 in the Blank–DMN group vs. 52 ±

8.3, 54 ± 11.4, and 80 ± 10 mg; P < 0.001, P < 0.001, and P < 0.001; Figure 5d),

and the length of the spleen also reduced significantly (mean ± SE; 21.2 ± 1.3 mm

in the Blank–DMN group vs. 13 ± 0.7 vs. 13 ± 0.7 and 15 ± 0.3; P < 0.001, P <

0.001, and P < 0.001; Figure 5e).

Effect of TA–DMN on skin histopathology in vivo

Next, we viewed the inflamed skin at the microscopic level for further

validating the anti-inflammatory effect of TA–DMN. The inflamed mouse skin was

characterized by epidermal thickening and recruitment of immune cells, such as

mast cells.[5] The effect of TA–DMN, an appropriate anti-inflammatory for

inflamed skin tissue, was observed as decreased epidermal thickness with less
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infiltration of inflammatory cells under a microscope. As expected, we detected

that the TA–DMN, TA injection, and TA cream groups significantly reduced

epidermal thickness compared to that in the Blank–DMN group (mean ± SE; 53.6

± 3.3μm in the Blank–DMN group vs. 21.8 ± 2.1, 17.0 ± 3.4, and 30.5 ± 3.0,

respectively; P < 0.001, P < 0.001, and P < 0.001; Figure 6a and c). Moreover, the

number of mast cells reduced significantly in the TA–DMN, TA injection, and TA

cream groups (mean ± SE; 20.2 ± 3.7 in the Blank–DMN group vs.3.0 ± 1.0, 7.4 ±

1.1, and 6.8 ± 2.2, respectively; P < 0.001, P < 0.001, and P < 0.001; Figure 6b and

d) as viewed under high power field (HFP). These results indicated that TA–DMN

could work as effectively as TA injection and with more potential than TA cream,

as observed at the microscopic level in vivo.

We also evaluated involucrin and loricrin protein levels in mouse skin.

Involucrin and loricrin are important proteins that facilitate terminal differentiation

of the epidermis and formation of the skin barrier.[27-28] These proteins decrease in

patients with AD, leading to defective skin barrier function. Considering that an

adequate anti-inflammatory treatment restores the proteins,[29] we checked whether

TA–DMN application could restore involucrin and loricrin protein levels. We

found that the TA–DMN, TA injection, and TA cream groups showed higher

intensity of involucrin and loricrin levels than those of Blank–DMN (Figure 7a and

b).

Effect of TA–DMN on AD-related inflammatory cytokine gene expression in

skin and serum IgE and TSLP levels
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We also aimed to check the effect of TA–DMN on AD-related

inflammatory cytokine gene expression in an in vivo mouse model as the

pathogenesis of AD comprises immune dysregulation with inflammatory cytokine

expression. Thymic stromal lymphopoietin (TSLP) produced by skin keratinocytes

plays an important role in AD, considering that TSLP initiates a complex

immunological cascade leading to the T helper 2 (Th2)-derived immunologic

reaction, by producing inflammatory cytokines, such as interleukin (IL)-4 and IL-5,

in the inflamed skin.[30] These cytokines stimulate immunoglobulin E (IgE)

production in the immune cells, the serum level of which is correlated with disease

severity.[31] Other inflammatory cytokines, such as IL-25, IL-31, and IL-33, are

also expressed in the skin of patients with AD. They inhibit essential skin barrier

protein in epidermis, impairing skin barrier function and aggravating AD.[32-34]

For investigating AD-related inflammatory cytokine gene or protein levels after

applying TA–DMN, we used mouse dorsal cutaneous tissue and blood serum

samples. As a result, the gene expression of all the evaluated inflammatory

cytokines decreased in the TA–DMN applied groups (Figure 8a–f). Of note, the

reduced levels of inflammatory cytokine gene expression with TA–DMN

application were more prominent than those with TA cream formulation,

particularly with respect to expressions of IL-5, TSLP, and IL-31. With regard to

AD-related serum proteins (IgE and TSLP), TA–DMN significantly reduced IgE

and TSLP level in blood serum, which were elevated by DNCB. The protein

reduction effect of TA–DMN was compatible to that of TA injection and cream

formulations (mean ± SE; IgE level: 255.8 ± 15.0 ng/mL in the Blank–DMN group

vs.182.9 ± 5.0, 163.0 ± 18.6, and 179.4 ± 16.7; P < 0.01, P < 0.001, and P < 0.01
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and TSLP level: 36.0 ± 9.2 ng/mL in Blank–DMN group vs.10.4 ± 3.7, 5.6 ± 2.7,

and 7.8 ± 2.3; P < 0.01, P < 0.01, and P < 0.01; Figure 8g and h).

Anti-inflammatory pharmacodynamics of TA-DMN in mouse model of

psoriasis in vivo

To validate the anti-inflammatory effectiveness of TA-DMN in vivo, we

used a well-established moue model of psoriasis 24, manifesting characteristic

features of CISD, such as erythema, scale, and lichenification by daily topical

imiquimod treatment. We applied imiquimod on mouse dorsal skin for 6 days to

induce skin inflammation, and intervened the inflamed dorsal skin of mouse in

each group on the 3rd day by Blank-DMN, TA-DMN, TA cream, and TA-injection,

respectively (Figure 9a).

At Day 6, we measured the inflammation features on the dorsal skin area

of mouse (Figure 9b). We quantified the skin inflammation index in terms of

erythema, scale, and lichenification with total index everyday (Figure 9c).

Erythema index was significantly lower in the TA-DMN, TA cream, and TA

injection groups than that of Blank-DMN group (p<0.0001), which could be

interpreted that TA in each modality modulated the skin inflammation effectively.

Notably, TA-DMN and TA injection groups had similarly low lichenification index

compared to the control group (1.8±0.4 and 1.4±0.45 in both group vs. 2.8±0.75 in

control; p<0.0001). In total, mice in the three TA intervened groups by TA-DMN,

TA cream, and TA injection showed less inflammation features than those in
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control group (p<0.0001). Focusing on the TA-DMN, we found that its anti-

inflammatory effect was compatible to TA injection, collectively (Figure 9c).

Acanthosis, thickening of the epidermis of skin, is also an indicator of skin

inflammation 24. We measured the epidermal thickness of mice in the four groups

(Figure 10a), founding that the epidermal thickness was significantly reduced in all

the TA intervened groups (TA-DMN, TA cream, TA injection) than that of control

group, as expected (p<0.0001) (Figure 10c). Among them, TA-DMN efficiently

reduced the epidermal thickness compared to TA cream (53.44±1.83µm vs.

57.01±1.37). We also checked immune cells in dermis, especially T cells as an

indicator of inflammation severity in dermis,31 based on the signal intensity of CD3

in immunohistochemically stained skin tissue (Figure 10b). Consistent with the

result of thickening of the epidermis, TA-DMN reduced signal intensity of CD3

than Blank-DMN (0.69±0.06 vs.1.00±0.08, p=0.02)(Figure 10d). Collectively, we

resulted that the anti-inflammatory effect of the TA-DMN was compatible to TA

injection, and superior to TA cream group.

Inflammatory gene expression modulating effect of TA-DMN in vivo

For thoroughly quantifying and comparing the biological anti-

inflammatory effects among TA-DMN, TA cream and TA injection in vivo model,

we evaluated inflammatory gene expression levels in each group. Based on that

imiquimod induced skin inflammation in mouse is related with elevated

inflammatory genes expression such as interleukin (IL)-1B, IL-6, IL-12, IL-17A,

IL-23, and tumor necrosis factor alpha (TNFa) 32,33, we measured mRNA levels of
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these genes using quantitative reverse transcription polymerase chain reaction (RT-

qPCR).

We found that the expression levels of all investigated genes were

significantly decreased in the TA intervened groups than the control group (Figure

11 a-f), consist with the results of skin inflammation on gross morphology. When

compared to Blank-DMN group, TA-DMN group showed more potency in

reducing inflammatory gene expression, especially of IL-6 and TNFa (p<0.0001

and p<0.0001, respectively) (Figure 11). This results implied that TA-DMN is

superior in alleviating skin inflammation, considering IL-6 is essential for

development of epidermal thickening 34, and antagonizing TNFa is an established

treatment modality for psoriasis 35. Next, we compared the inflammatory gene

expression levels between TA-DMN and TA injection groups, to explore the

potency of anti-inflammatory effect of TA-DMN. Interestingly, we observed that

TA-DMN was compatible to the TA injection group, when it comes to reducing

inflammatory gene expression levels (Figure 11 a-f), which was similar to the gross

morphologic inflammatory index.
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FIGURES

Figure 1. Clinical and histological findings of CISD and schematics of the

current TAILI procedure and DMN application.

a) Clinical and histological findings of two representative CISDs. Dense dermal

inflammatory cell infiltration (yellow arrow) with hypertrophied stratum corneum

(black arrow) and/or thickened epidermis with inflammation (dotted black line) are

present. Black bar: 200 µm. b) Schematic diagram of the TAILI procedure for

CISD, mainly targeting the upper dermis and lower epidermis. c) TA-DMN applied

by finger.
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Figure 2. Fabrication of TA-DMN

a) Preparing a mixture for fabricating DMNs, which consists of TA, HA, and PVP.

After sonicating TA suspension, HA and PVP are added as backbone polymer. The

paste mixer is used for the intensive mixing and dispersing of the viscous mixture.

b) Schematics of the fabrication method of TA-DMN. c) Microscopic and scanning

electron microscopic images of TA-DMN. d) Geometric specifications of TA-

DMN (mean ± s.e.m., n = 5 of each type). White bar: 1 mm.
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Figure 3. The cytotoxicity of TA-DMN and the inhibitory effect on AD-

related gene expression in vitro model

Human keratinocytes were treated with poly I:C, interleukin (IL)-4, IL-13, and

TNF- α to induce the in vitro model of atopic dermatitis. After then, TA-DMN (0.1

– 2 mg/ml) and TA (0.1 – 2 mg/ml) were treated for 4 hours concurrently.

Quantitative PCR was performed to determine the mRNA levels of inflammatory

cytokines (thymic stromal lymphopoietin (tslp), il4, il1β, il13, chemokine (C-X-C

motif) ligand (cxcl)9, cxcl10, cxcl11). The mRNA levels of atopic dermatitis-

related cytokine were significantly increased in induced atopic dermatitis group.

Whereas these levels were dose-dependently reduced when treated with TA-DMN

and TA. The data shown are representative of 3 independent experiments (b) (data

are presented as the mean ± SE; *p < 0.05, **p < 0.01, and ***p < 0.001).
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Figure 4. Experiment timeline and application of TA–DMN on skin

inflammation in AD mouse in vivo

a) Cutaneous DNCB sensitization was performed by applying 1% DNCB on the

dorsal skin of mice at Day 1 and 4. DNCB-sensitized BALB/c mice were divided

into five groups: (1) Con, (2) DNCB-induced AD + Blank–DMN, (3) DNCB-

induced AD + TA–DMN, (4) DNCB-induced AD + TA injection, (5) DNCB-

induced AD + TA cream. For groups 2, 3, and 4, the experiments were performed

on the dorsal skin of the mice once a week and twice a week in Group 5. Dermatitis

score was measured, and mice were sacrificed for tissue analysis at Day 21. b) On

Day 14, Blank–DMN and TA–DMN were administered on the dorsal skin of

DNCB-induced AD mice. TA injection was injected with 500 μg of TA at four

sites. TA cream (1 mg of TA) was applied to the dorsal skin of DNCB-induced AD

mouse twice a week as shown.
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Figure 5. Effect of TA–DMN on skin inflammation in mouse in vivo

a) Cutaneous manifestations in mice in each group at Day 21 (bar: 5 mm). c)

Dermatitis score was quantified based on the erythema, edema/papulation,

excoriation, and scaling/dryness in each group. b) Spleen of mice in each group at

Day 21 (bar: 5 mm). d and e) Weight and length of the spleen in each group are

shown. Data are presented as mean ± SE; *P < 0.05, **P < 0.01, and ***P < 0.001

compared to the Blank–DMN group. Data were statistically analyzed by one-way

ANOVA.
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Figure 6. Cutaneous histopathological observations of DNCB-induced

AD-like phenotypes in BALB/c mice

a and b) Representative histological findings of cutaneous tissue sections with

hematoxylin and eosin (bar: 100 μm) or toluidine blue (bar: 100 μm) staining.

Black arrows indicate the measured epidermal thickness, and infiltrative mast cells

are observed in the upper dermis (orange arrowhead). c and d) Epidermal thickness

and the number of mast cells were quantified. Data are presented as mean ± SE;

*P < 0.05, **P < 0.01, and ***P < 0.001 compared to the Blank–DMN group. Data

were statistically analyzed by one-way ANOVA.
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Figure 7. Skin barrier related protein immunostaining of DNCB-

induced AD-like phenotypes in BALB/c mice

a) and b) Representative histologic section findings of mouse cutaneous tissue with

immunofluorescence staining for involucrin and loricrin (bar: 100 μm). The white

dotted line indicates the boundary of epidermis. c and d) Expressions of involucrin

and loricrin were quantified. Data are presented as mean ± SE; *P < 0.05, **P <

0.01, and ***P < 0.001 compared to the Blank–DMN group.
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Figure 8. Effect of TA–DMN on cutaneous cytokine mRNA, serum IgE

levels, and TSLP levels of DNCB-induced AD-like phenotypes in

BALB/c mice

(a–f) mRNA levels of inflammatory cytokines IL-4, IL-5, IL-25, IL-31, IL-31, and

IL-33 and tslp increased significantly in the Blank–DMN group, whereas mRNA

levels in the TA–DMN, TA injection, and TA cream group decreased significantly.

(g and h) The elevated serum IgE and TSLP levels in Blank–DMN reduced

significantly in the TA–DMN, TA injection, and TA cream groups. Data are

presented as mean ± SE; *P < 0.05, **P < 0.01, and ***P < 0.001 compared to the

Blank–DMN group. Data were statistically analyzed by one-way ANOVA.
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Figure 9. Effect of TA-DMN on skin inflammaion in psoriasis mouse

model

a) Experiment timeline. b) The representative gross morphology of mice at day 6. c)

The skin inflammation severity index (n = 5 in each group). *p < 0.05, **p < 0.01,

and ***p < 0.001 compared to the control group for each index on day 6; two-way

ANOVA with Tukey's multiple comparisons test.
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Figure 10. Anti-inflammatory pharmacodynamics of TA-DMN in vivo.

a) Representative histologic manifestations (H&E staining). Epidermis in the

yellow dotted line. The thickness of the epidermis was measured (yellow arrow). b)

Representative immunohistochemical manifestations. Epidermis in the white dotted

line. The immunocytes in the dermis are indicated by white arrows. Black bar: 100

µm. c) and d), Epidermal thickening and dermal inflammation of mouse skin tissue

(n = 40 and n = 12 spots in each group, respectively). *p < 0.05, **p < 0.01, and

***p < 0.001 compared to the Blank-DMN group; one-way ANOVA with Tukey's

multiple comparisons test.
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Figure 11. Modulating inflammatory cytokine gene expression in vivo.

a-f) The relative gene expression levels of each inflammatory cytokine gene (n = 3

or 4 in each group). *p < 0.05, ***p < 0.001, ****p < 0.0001 compared to the

Blank-DMN group for each gene; one-way ANOVA with Tukey's multiple

comparisons test.
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DISCUSSION

Skin is the largest organ in the human body, consisting the outermost

interface for our physical and social interaction with external environment.

Impairing its integrity not only causes diseases, but also negatively impacts on

well-being and self-esteem 36, leading to depression and suicide 37 . CISD are the

most prominent causes of lasting and disfiguring changes of skin 36 due to its

chronic and relapsing disease course feature. In this line, CISD is not just a simple

disease, demanding active management and treatment.

For managing CISD, TAILI is one of the most widely used medical

procedure, especially to treat recalcitrant lichenified lesions 11,12. However, TAILI

procedure is needed to be improved and standardized, because this procedure is

painful, delivery the drug unevenly, and depend on practitioner’s maneuvers

resulting inter-practitioner variation. To address these medical unmet needs, we

designed TA-DMN for administrating TA into the skin in a standardized manner.

The mechanical nociception of skin involves the damage of nociceptive

sensory nerve endings that can occur after the physical insult in the skin 38. Because

the sensory nerve endings in the skin diverge like a tree branch structure,

perpendicular insertion of needles can minimize pain with intersecting fewer

nerves 39. Likewise, our TA-DMNs are inserted into the skin at a right angle to the

surface when applied on the skin, implying that our system can reduce the pain of

TAILI using needle-syringe systems. Indeed, DMN application itself proved to be

not painful and well tolerated, accepted by human subjects 40,41. Beside to the

needle insertion direction, the volume or the insertion rate of structure forced into
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the skin are significant factors in evoking pain 17,42. In the currently practiced

TAILI procedure, 0.1-0.2 ml/cm2 of TA suspension is injected in each point 12. In

contrary, the total volume of our TA-DMN inserted per 1 cm2 is only 1.93×10-3 ml,

which is much smaller than the volume used in TAILI procedure. Considering that

minute volume insertion is crucial in reducing pain17,42, our TA-DMN could induce

less pain than TAILI procedure. Collectively, adopting a DMN structure for

delivering TA into skin is reasonable in terms of reducing pain.

Compared to the current TAILI, our TA-DMN is able to distribute the drug

evenly across the skin tissue would be important for reducing the likelihood of side

effects that occur due to the presence of high volume or/and concentrations of

localized TA in the skin. The representative side effects includes the skin

ulceration or atrophy due to blockage of the blood micro-circulation by slough10,42,

the cutaneous calcification caused by precipitation of chalky white material at the

injection site 10. In spite of its wide usage in intralesional injection, TA itself is

more likely to produce atrophy in skin than other steroid drugs 43.

The main purpose of the current TAILI procedure in treating CISD is to

inject TA into the upper dermis and lower epidermis, in that TA exhibit their anti-

inflammatory effects by effecting on the dermal infiltrative immune cells from the

blood vessels, as well as on keratinocytes of epidermis 5,10,44 (Figure.1a, right

panels and 1b). In this line, so that more drug can be released and target the cells

in the upper dermis and lower epidermis layer of skin reasonably mimicking

current TAILI, we designed and fabricated the TA-DMN can provide standardized

treatment with reduced deviation between health care providers in treating CISD,

in terms of injecting a fixed dose of TA with a certain depth at every injection.
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The perpendicular insertion fashion of the application device also allow it

to target the dermis in a more precise and standardized way 17. Besides,

microneedle system could aid each DMNs to be forced into the skin enabling it to

pierce thickened stratum corneum and epidermis, the representative disease skin

features of CISD (Figure 1a).

In the aspect of safety profile, we achieved in making TA-DMN out of

only FDA approved biocompatible materials, which is dissolved after application

with leaving no biohazardous waste. Compared to needle-syringe systems that

generate biohazardous sharp waste, our system can provide a safe way for

delivering TA. Furthermore, this application system might able patient to apply the

microneedle without trained medical staff after proper guidance, accommodating

patients’ convenience and reducing medical cost, considering a high medical cost

for TAILI 45.

In conclusion, in this study, we started with addressing the unmet medical

needs of the current TAILI procedure in treating CISD. For evenly delivering TA

into skin without pain, we adopted DMN structure, followed by closely observing

the histopathology of CISD implicating the optimal designing of DMN for

mimicking TAILI: TA-DMN. The TA-DMN was proven to be effective in in vivo

mouse model using atopic dermatitis and psoriasis model. We believe that this

system could be a plausible candidate fulfilling the needs of both patients and

practitioner, tackling the disadvantages of currently TAILI with needle-syringe

systems. Further study will be needed to optimize the efficacy and dosage of TA in

in vivo human skin in the future.
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국문 초록

스테로이드 탑재 생분해성 마이크로니들

약물전달 시스템 기술개발

서울대학교 의과대학

의학과 피부과학전공

강보미

아토피피부염 및 건선 등 만성 염증성 질환은 많은 환자들의 삶에 부

정적인 영향을 끼친다. 만성 염증성 질환의 치료의 일환으로 두꺼워진

피부병변에 항염 효과가 있는 트리암시놀론 약물을 환부에 직접 주사한

다. 이것을 TAILI(Triamcinolone intralesional injection)라고 한다. 하

지만 TAILI의 경우 심각한 통증을 일으켜 환자들에게 치료의 두려움을

안겨준다. 게다가 전달되는 약물의 양이나 깊이가 실시하는 의사에 의

해 달라질 수 있어 환부에 전달되는 정확한 약물의 양을 예측하는 것이

어렵다.

본 연구에서는 만성 염증성 질환 환자들에게 효율적으로 약물을 전달

하기 위해 트리암시놀론이 탑재된 마이크로니들을 제작하였다. 트리암

시놀론이 탑재된 마이크로니들은 염증 세포가 위치한 진피층 위쪽과 각

질층 아래로 약물을 효과적으로 전달한다. 마이크로니들의 경우 표준화

된 방식으로 약물 전달이 가능하고 만성 염증에 의해 두꺼워진 피부에

도 효과적으로 약물을 전달하는 것을 확인하였다.
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TA-DMN을 인체에 적용하기 전, 사람 세포를 이용한 세포독성실험

을 수행하였다. 그 결과 TA-DMN이 독성을 가지지 않으며 염증성 유

전자의 발현을 농도의존적으로 감소하는 것을 확인하였다. 피부 염증

마우스 모델에서 TA-DMN은 피부염증을 완화하고 항염 세포의 침윤을

막고 관련된 사이토카인의 발현을 효과적으로 줄였다. 본 연구에서는

TA-DMN이 만성 염증성 피부질환 치료방법으로 활용될 수 있음을 확

인하였다.

주요어: 마이크로니들, 트리암시놀론, 만성 염증성 피부질환,

트리암시놀론 병변내 주사, 아토피 피부염, 건선

학번: 2017-33947
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