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a b s t r a c t 

Atopic dermatitis (AD), a common, relapsing, inflammatory disorder of the skin, is associated with T 

helper type 2 (Th2)-biased immune responses. Despite the efficacy of existing drugs for AD treatment, 

their safety and side effects cause concern. The present study describes the use of dissolvable poly- γ - 

glutamate ( γ -PGA) microneedles (MNs) with immunomodulatory effects for effectively relieving AD-like 

symptoms in Nc/Nga mice. γ -PGA MNs can easily penetrate the epidermis and release γ -PGA into the 

dendritic cell–rich dermis to interact with dendritic cells for modulating immune responses. Transdermal 

administration of high-molecular-weight (HMW, 1100 kDa) γ -PGA MNs significantly reduced clinical der- 

matitis scores, epidermal thickness, and mast cell infiltration in mice by downregulating immunoglobulin 

(Ig)E and IgG1 levels (Th2-associated antibodies) compared with the AD control group. However, low- 

molecular-weight (20 0–40 0 kDa) γ -PGA MNs ameliorated AD-like skin lesions less effectively than HMW 

γ -PGA MNs, thus indicating that the MW of γ -PGA may affect its immunomodulatory properties. No- 

tably, the mouse skin quickly recovered its barrier function within 4 h after MN application. No weight 

loss or abnormality was observed in the MN-treated mice during the 8-week treatment period. These 

results suggest that the γ -PGA MNs represent an innovative, safe, and reliable therapeutic strategy for 

AD management. 

Statement of Significance 

This study is the first to explore the feasibility of using poly- γ -glutamate ( γ -PGA) microneedles (MNs) as 

transdermal immunomodulators for improving atopic dermatitis (AD) symptoms and to evaluate their im- 

munomodulatory effect in mice with spontaneously developed AD. Transdermal administration of γ -PGA 

MNs enables the γ -PGA to localize in the skin for activation of dermal dendritic cells, thus modulating 

immune responses. We demonstrate that high-molecular-weight γ -PGA MNs can be retained in the skin 

for at least 6 days and effectively suppress AD-like skin lesions in mice by reducing infiltration of mast 

cells and downregulating Th2-associated antibody production (IgE and IgG1). The developed MN device 

has the potential to replace conventional therapy and to become an innovative treatment strategy for AD. 

© 2020 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
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. Introduction 

Atopic dermatitis (AD) is a common, chronic skin inflamma-

ory condition that affects people of all ages, particularly infants

nd children. The clinical symptoms of AD include redness, dry-

ess, itching, eczematous lesions, and abnormal immune responses

1 , 2] . Patients with severe AD experience intense pruritus, recur-

ent eczematous skin lesions, and a fluctuating course that consid-
∗ Corresponding author. 
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rably impairs their quality of life [3] . Furthermore, patients with

D have a high risk of asthma, allergic rhinitis, hay fever, or other

llergic diseases [ 4 , 5 ]. 

Genetic and immunological factors may cause AD, but envi-

onmental factors can trigger or aggravate it [ 6 , 7 ]. Although the

echanisms underlying AD pathogenesis are not sufficiently un-

erstood, numerous studies have reported that AD is closely re-

ated to an overactive immune system that responds aggressively

o environmental irritants and allergens, which causes skin inflam-

ation [8–11] . In particular, T helper type 2 (Th2)-polarized im-

https://doi.org/10.1016/j.actbio.2020.07.029
http://www.ScienceDirect.com
http://www.elsevier.com/locate/actbio
http://crossmark.crossref.org/dialog/?doi=10.1016/j.actbio.2020.07.029&domain=pdf
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mune responses involve interleukin (IL)-4, IL-5, and IL-13 secretion,

which contributes to the onset and development of AD [12–14] .

These cytokines drive immunoglobulin (Ig)E and IgG1 production

by B cells and induce mast cell degranulation that releases his-

tamine, which causes allergic responses [ 15 , 16 ]. 

Topical corticosteroids (TCSs) and topical calcineurin inhibitors

(TCIs) are most commonly used for treating AD. These two treat-

ments have been reported to effectively reduce skin inflammation

and relieve AD symptoms; however, the long-term use of TCSs

and TCIs has been reported to cause multiple adverse events. TCSs

may cause cutaneous atrophy, skin infections, and hypothalamic–

pituitary–adrenal axis suppression [ 17 , 18 ]; TCIs can cause a risk of

skin malignancy or lymphoma [ 19 , 20 ]. Therefore, the development

of a safe and innovative therapeutic strategy for AD is urgently re-

quired. 

Poly- γ -glutamate ( γ -PGA) is a naturally occurring polypeptide

that consists of glutamate units connected by γ -amide linkages

[21] . It can be produced by some strains of Bacillus subtilis iso-

lated from fermented soybean foods [22] . Its nontoxicity, biocom-

patibility, biodegradability, edibility, and hygroscopicity make it a

promising biomaterial for use as a health food, thickening agent

in the food industry, moisturizer in cosmetics, and drug carrier in

pharmaceutical and biomedical industries [ 21 , 23 , 24 ]. Recent stud-

ies have reported that γ -PGA can be used as an immunomodu-

latory agent because it can activate dendritic cells (DCs) to pro-

duce Th1-type cytokines; furthermore, it was reported to exhibit

antitumor activity [ 11 , 21 , 25 , 26 ]. Daily oral administration of γ -PGA

(400 μg/day) for 7 weeks downregulated serum levels of IgE and

Th2-type cytokines, including IL-4 and IL-5, in inflamed skin, thus

ameliorating AD symptoms in mice [11] . Moreover, repeated in-

traperitoneal injection of γ -PGA (2 mg/injection) in mice promoted

polarization of invariant natural killer T cells toward a Th1 pheno-

type by inducing basophil apoptosis, which resulted in the sup-

pression of Th2 immune responses [27] . Although these results

showed that administration of γ -PGA is a potential therapy for

treating Th2-biased allergic diseases, daily ingestion of γ -PGA for a

few weeks or multiple injections of γ -PGA is inconvenient for pa-

tients, thus leading to a lack of compliance. In addition, after oral

administration, most of the ingested γ -PGA was degraded or de-

stroyed in the gastrointestinal tract, which considerably limited its

efficacy. 

In this study, we developed dissolvable γ -PGA microneedles

(MNs) and investigated the effect of transdermal delivery of γ -PGA

on amelioration of AD-like symptoms in Nc/Nga mice, a widely

used animal model for AD. The γ -PGA MNs were combined with

a polycaprolactone (PCL) supporting substrate ( Fig. 1 ). The sub-

strate provided a greater length to enhance MN penetration dur-

ing insertion, and it could be quickly removed from the skin af-

ter the γ -PGA MNs were dissolved by the interstitial fluid in the

skin. We hypothesized that the dissolved γ -PGA directly stimu-

lated DCs located in the dermis, thus regulating immune responses

and ameliorating AD pathology. Transdermal delivery using MNs

avoids problems such as harsh acidic and enzymatic gastric envi-

ronments and drug absorption problems that orally administered

drugs are liable to. Most importantly, MNs facilitate targeted deliv-

ery of active ingredients into DC-rich skin layers for efficient mod-

ulation of immune responses. 

Herein, we fabricated MNs composed of low- and high-

molecular-weight (LMW and HMW, respectively) γ -PGA and as-

sessed whether the MW of γ -PGA affected its ability to modulate

immune responses and its efficacy for AD treatment. The effects of

MN treatment on skin lesions, transepidermal water loss (TEWL),

serum antibody levels, mass cell infiltration, and epidermal thick-

ness were investigated in Nc/Nga mice with spontaneously devel-

oped AD. 
. Materials and Methods 

.1. Mice, Materials and Reagents 

Specific pathogen-free male Nc/Nga mice were obtained from

he Riken BioResource Center (Tsukuba, Japan) and housed in in-

ividually ventilated cages of an animal room under controlled

nvironmental conditions (illumination: 13/11 h light/dark cycle,

emperature: 22 °C ± 1 °C, and relative humidity: 50 ± 10%) be-

ore use in experiments. γ -PGA (Na + form, MW = 20 0 −40 0 or

100 kDa), PCL (MW = 70 −90 kDa), and fluoresceinamine isomer

 (FA) were purchased from Vedan Enterprise Corp. (Taichung, Tai-

an), Sigma-Aldrich (St. Louis, MO, USA), and Acros Organics (New

ersey, USA), respectively. Metallic master structures of MNs and

upporting substrates (Fig. S1, Supporting Information) were pro-

ided by Hong-Da Precision Industry Co., Ltd. (New Taipei City, Tai-

an). 

.2. Ethics Statement 

All animal studies were reviewed and approved by the Insti-

utional Animal Care and Use Committee of National Cheng Kung

niversity (NCKU). All animal-related experiments were conducted

n compliance with the guidelines of the Laboratory Animal Center

f NCKU. 

.3. Fabrication of γ -PGA MNs with PCL Supporting Substrates 

A γ -PGA gel (60 wt%) was prepared by dissolving 3 g of the

-PGA powder in 2 mL of deionized (DI) water, and the solution

as stirred overnight. The obtained gel (approximately 1 g) was

laced on a polydimethylsiloxane (PDMS) MN mold and a polyte-

rafluoroethylene (PTFE) plate was used to cover the gel ( Fig. 2 ).

 compression force (300 N) was applied to the PTFE plate for

0 s to push the gel into the mold cavities. The excess gel on

he mold surface was collected for subsequent use. After drying

n an oven at 37 °C for 10 min to leave the filled γ -PGA gel half

ry, a PCL supporting substrate was aligned with the mold cavi-

ies manually under a stereomicroscope to combine with the γ -

GA gel in the mold. Because the resulting γ -PGA gel was highly

iscous, it can act as an adhesive to integrate the PCL substrate

ith the γ -PGA MN. The assembled system was dried in an oven

t 37 °C overnight to create a γ -PGA–PCL MN patch. The resulted

atch contained 81 (9 × 9) MNs with a 10 0 0 μm center-to-center

istance between two needles. The height and base width of the

-PGA MNs and PCL supporting substrates were 600 and 300 μm,

espectively. Methods for preparing the PDMS mold and the PCL

upporting substrate are provided in the Supporting Information. 

.4. Conjugation of γ -PGA with FA 

First, FA powder was dissolved in ethanol (0.01 g/mL) and

ixed thoroughly with an aqueous solution (20 wt%) of γ -PGA.

ext, 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochlo-

ide (EDC �HCl, 0.08 g) was added to the mixture and stirred at 4 °C
or 8 h in the dark. Finally, the solution was transferred to a dial-

sis membrane (MWCO: 14 kDa, BioDes Inc., New York, USA) and

ialyzed against DI water for 2 days in the dark to remove unre-

cted FA. The dialyzed solution was lyophilized and stored in the

ark at 4 °C until further use. 

.5. Skin Puncture Capability and Skin Retention Time 

MNs were applied to samples of pig cadaver skin and mouse

orsal skin using a custom-made applicator, which provided an
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Fig. 1. Schematic illustration of transdermal delivery of poly- γ -glutamate ( γ -PGA) microneedles (MNs) for alleviating skin inflammation by down-regulating the IgE and 

IgG1 production (Th2-associated antibodies) and reducing mast cell infiltration. Upon insertion, the polycaprolactone (PCL) supporting substrate can provide a greater length 

to enhance MN penetration and then be quickly removed from the skin when the MN is dissolved within the skin. The dissolved γ -PGA directly activates dendritic cells 

(DCs) in the dermis, thus regulating immune responses to ameliorate atopic dermatitis pathology. 

γ

°
γ

Fig. 2. Schematic illustration of the fabrication procedure for γ -PGA MNs with PCL supporting substrates. 
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nsertion force of 10 N/patch for the pig skin and 8 N/patch for

ouse skin. Before MN insertion, the mice were anesthetized, and

heir back hair was shaved. After insertion for 2 min, the PCL sup-

orting substrate was removed from the skin. The MN-treated skin

as excised and processed for histological staining or confocal mi-

roscopic observation at various time points. 3D reconstruction im-

ges were created using confocal scanning microscope images by

sing an XYZ stack for evaluation of the skin retention time of the

A −γ -PGA. 

.6. Determination of the Amount of γ -PGA Delivered into the Skin 

The amount of γ -PGA delivered into the skin was determined

y subtracting the amount of γ -PGA remaining on the PCL sub-
trate after insertion and the residual γ -PGA on the skin surface

rom the amount originally on the PCL substrate before insertion.

fter skin insertion for 2 min, the PCL supporting substrate was re-

oved from the skin. The substrates before and after skin insertion

ere separately immersed in DI water and stirred at room temper-

ture to dissolve the FA–γ -PGA. The MN insertion site was tape-

tripped 20 times consecutively with 3M Transpore tapes to collect

he residual γ -PGA on the skin surface. The stripped tapes were

ut into small pieces and then soaked in DI water to recover the

A −γ -PGA on the tapes. The amount of γ -PGA extracted from the

kins or the tapes was calculated by measuring the fluorescence

ntensity of FA–γ -PGA of the obtained solution by using a multi-

ode microplate reader (Infinite 200, Tecan Group Ltd, Männedorf,

witzerland). 
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2.7. TEWL Measurement 

To measure the integrity of the skin barrier, TEWL was mea-

sured using a Delfin VapoMeter® (Delfin Technologies Ltd., Kuo-

pio, Finland). TEWL values were recorded before and after MN in-

sertion until they returned to baseline values, which indicated that

the skin was sealed. The control mice underwent only shaving of

back hair. 

2.8. Circular Dichroism (CD) Spectroscopy 

The structural analysis of γ -PGA was performed using CD spec-

tropolarimeter (JASCO, J-810, Tokyo, Japan) before and after two

weeks of storage at room temperature (RT) or 37 °C. The MN sam-

ple was dissolved in 2 mL of DI water with stirring and then di-

luted with DI water to a concentration of 40 μg/mL for spectral

measurements. CD spectra were measured using a quartz cell with

1 cm path length and at a scanning speed of 200 nm/min. 

2.9. Induction of AD Lesions and Treatment Using γ -PGA MNs 

To induce AD-like skin lesions, the male Nc/Nga mice (age: 7

weeks old) were housed under air-uncontrolled conventional con-

ditions where the room was not equipped with a high efficiency

particulate air (HEPA) filter to protect from allergens. Therefore,

environmental allergens, such as mold and dust mites, can trig-

ger the development of AD. After 1 week, the mice were random-

ized into three groups (n = 4 mice per group) namely the control,

LMW MN, and HMW MN groups. In the control group, the mice

did not receive any treatment. In the LMW MN group, LMW (200–

400 kDa) γ -PGA MNs were applied to the shaved dorsal skin every

2 weeks for a total of four doses. In the HMW MN group, HMW

(1100 kDa) γ -PGA MNs were applied to the shaved dorsal skin ev-

ery 2 weeks for a total of four doses. Blood samples were obtained

from the facial vein to measure serum IgG1, IgG2a, and IgE levels. 

2.10. Clinical Scoring of Skin Lesions 

The total clinical severity score of AD was evaluated according

to the following criteria: erythema, edema, crust formation, exco-

riations, and dryness. Each parameter was scored as 0 (none), 1

(mild), 2 (moderate), or 3 (severe) [28] . The sum of the individual

scores was defined as the dermatitis score. 

2.11. Enzyme-linked Immunosorbent Assay 

Serum IgE, IgG1, and IgG2a levels were measured using com-

mercial enzyme-linked immunosorbent assay (ELISA) kits (eBio-

science, San Diego, CA, USA) according to the manufacturer’s in-

structions. 

2.12. Histological Analysis 

Skin samples were embedded in Tissue-Tek® optimum cutting

temperature solution, frozen using a cryostat, and sectioned. For

each sample, a 10 μm-thick section was cut and stained with

hematoxylin and eosin for morphological examination or with

0.01% toluidine blue for mast cell identification. The number of

mast cells in a defined area of the skin was counted using ImageJ. 

2.13. Statistical Analysis 

Statistical analysis was conducted using the Student’s t test. A

value of P < 0.05 was considered to indicate a statistically signifi-

cant difference. ∗: P < 0.05, ∗∗: P < 0.01, ∗∗∗: P < 0.005. 
. Results and Discussion 

.1. MN Characterization 

The proposed MN patch was prepared by separately molding

he γ -PGA MNs and PCL supporting substrate and then integrat-

ng them to form a γ -PGA–PCL MN patch ( Fig. 2 ). To observe and

rack γ -PGA distribution in the skin, γ -PGA was labeled with a

uorescent dye, FA. Fig. 3 a and Fig. 3 b show the optical micro-

copic images of HMW FA- γ -PGA MNs (fluorescent yellow) with

CL supporting substrates. When the FA −γ -PGA gel was filled into

he mold cavities, not all of the FA −γ -PGA gel can be completely

ompressed into the bottom of the mold cavity. During the inte-

ration of the PCL substrate with the filled FA −γ -PGA gel, a small

mount of gels that remained and adhered to the top wall of the

old cavity would form a thin yellow layer covered on the exter-

al surface of the PCL substrate. The thin FA −γ -PGA layer would

ake the PCL substrate appear slightly yellow ( Fig. 3 b). 

The obtained MNs exhibited a pyramidal shape and were ar-

anged in a 9 × 9 array on a 10 × 10 mm patch ( Fig. 3 a). Both the

N and supporting substrate have an average height of 600 μm

nd an average base width of 300 μm (inset of Fig. 3 ). The center-

o-center spacing between adjacent structures was 10 0 0 μm. The

ptical microscopic images of the LMW MNs are shown in Fig.

2a (Supporting Information). No notable differences were ob-

erved between the morphological features of the HMW and LMW

Ns. 

.2. Skin Puncture Capability 

To evaluate the skin insertion ability, we inserted the prepared

Ns into a pig cadaver skin and a mouse skin by using a custom-

ade applicator. A clear array of micropores (9 × 9) was observed

n the skin surface following MN insertion ( Fig. 3 c and Fig. 3 d),

hich indicated that the MNs pierced pig or mouse skin with an

nsertion ratio of 100%. After applying the MN patch to the skin

or various time periods, the patch was removed from the skin for

bservation the MN dissolution process. We found that MN disso-

ution occurred within 2 min of patch application. The short dis-

olution time was attributable to the hydrophilic and hygroscopic

ature of γ -PGA, which is beneficial for a rapid transdermal drug

elivery. 

Fig. 4 shows the histological images of the skin after 1 h of

MW FA- γ -PGA MN application. The green fluorescence indicates

he distribution of the released FA- γ -PGA. As shown, the HMW

Ns can successfully create microchannels in the pig cadaver skin

nd penetrate the epidermis to reach a depth of 525 ± 72 μm

n = 5). However, in the mouse skin samples, no MN-generated

icrochannel was observed, which may be attributed to that the

isrupted skin resealed or healed. Previous studies also reported

hat the channels created in the living tissue would close within

 few minutes to a few hours because of skin’s elasticity and self-

ealing ability [29–31] . Therefore, it is not easily to show a clear

kin rupture or directly measure the MN insertion depth from the

iving tissue. According to the fluorescence of FA- γ -PGA in the his-

ological sections, the maximum permeation depth of HMW γ -PGA

as 510 ± 23 μm. The LMW MNs also exhibited an insertion ra-

io of 100% (Fig. S2b, Supporting Information), and the maximum

ermeation depth of LMW γ -PGA was 475 ± 21 μm (Fig. S2c, Sup-

orting Information) in the Nc/Nga mice. 

Many studies have shown that skin deformation occurs around

he MN piercing site due to the inherent elasticity of the skin,

hich results in incomplete MN insertion [ 30 , 32 , 33 ]. In this study,

he total height of the microstructure (including the γ -PGA MN

nd the PCL supporting substrate) was 1.2 mm, but the penetra-

ion depth for the porcine cadaver skin was only approximately
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Fig. 3. Optical microscope images of the HMW FA −γ -PGA MNs with PCL supporting substrates (a and b) and the MN-treated pig cadaver (c) or mouse (d) skin. The inset 

shows the detailed dimensions of the MN device. 

Fig. 4. Histological images of the skin after administration of HMW FA −γ -PGA MNs. The green fluorescence indicates the released FA −γ -PGA and its distribution. The 

camera parameters were set for fluorescence images with an exposure time of 12 ms and an ISO sensitivity (gain value) of 200. FL: fluorescence; BF: bright field. 
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00 μm ( Fig. 4 ). This insertion depth indicates that γ -PGA MN

an penetrate through the epidermis and deliver dissolved γ -PGA

nto the upper dermis. Although administration of the proposed

Ns may cause a slight pain, dermal puncture may be a use-

ul strategy to directly stimulate or activate DCs located in the

ermis. 
.3. Amount of γ -PGA Delivered 

To quantify the amount of γ -PGA delivered into the skin of the

c/Nga mice, we analyzed the fluorescence intensity of FA- γ -PGA

n the PCL supporting substrate before and after insertion into

ouse skin and that left on the skin surface. The total amounts
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2 mm2 mm

2 mm 2 mm

Fig. 5. Skin barrier recovery. Transepidermal water loss (TEWL) from the mouse 

skin after MN treatment (n = 4 −5 mice/group) (a): the intact skin without MN in- 

sertion (control); the skin inserted with LMW MNs or HMW MNs. Optical images of 

the MN-inserted mouse skins at different time points (b). Data in (a) are presented 

as mean ± SD. 
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of γ -PGA on the LMW and HMW MN patch were 1943 ± 317 and

1930 ± 60 μg (n = 5), respectively. We found that the percentages

of γ -PGA delivered by the LMW and HMW MNs were 39.6 ± 9.8%

and 46.7 ± 8.6% (n = 5), respectively. The percentages of γ -PGA

left on the skin surface was approximately 10.2% and 8.9% for the

LMW and HMW MNs, respectively. There was no statistical differ-

ence in the delivery efficiency between these two groups ( P > 0.05).

The calibration curve of fluorescence intensity and its correspond-

ing FA- γ -PGA concentration was shown in Fig. S3 (Supporting In-

formation). 

3.4. Skin Barrier Recovery 

The stratum corneum (SC) is a vital barrier of the skin that

prevents irritant penetration and minimizes water loss. The mi-

crochannels created by MNs disrupted the integrity of the SC. The

measurement of TEWL is a reliable indicator of the integrity of the

skin’s barrier function, which essentially refers to the skin’s capa-

bility to retain moisture. Upon MN treatment, the values of TEWL

increased immediately, but they returned to baseline values within

4 h ( Fig. 5 a), which indicated that the skin recovered its barrier

function in 4 h after application. Fig. 5 b also shows that the MN-

generated micropores gradually resealed and finally disappeared at
600 µm 600 µm

0 µm 0 µm

600 µm

600 µm 600 µm 600 µm

0 µm 0 µm

Fig. 6. Skin retention of γ -PGA. 3D reconstruction images of the skin after insertion of

FA −γ -PGA MNs (b). The green fluorescence in (a) indicates the FA −γ -PGA in the skin. 
 h after application. The skin recovery rates did not differ signifi-

antly between the LMW and HMW groups. 

Rapid restoration of skin integrity is highly desirable because

t reduces the risk of exposure to exogenous irritants and aller-

ens. Many studies have reported that moisturizers can help re-

tore skin barrier function and improve AD symptoms [34–36] . Be-

ause of the hygroscopic and moisturizing effects of the γ -PGA, it

as been considered a natural moisturizer for skin care and ex-

ibits a water-holding capacity comparable with that of hyaluronic

cid [ 21 , 37 ]. Additionally, γ -PGA, a polypeptide, can be easily de-

raded into glutamate, an amino acid that can provide nutrition to

he skin [ 21 , 23 , 38 ]. Therefore, γ -PGA is particularly promising as a

N material for AD treatment. 

.5. Skin Retention 

The skin not only acts as the first line of defense against vari-

us infections but also as an active organ for immunomodulation,

hich provides an appropriate habitat for immune cells and im-

unomodulators [39] . MN delivery enables direct and efficient de-

ivery of its payload into the skin. We hypothesized that prolonging

he retention time of immunomodulators in the skin enhanced the

mmunomodulatory effect by increasing the chances of interaction

etween DCs and immunomodulators. To study the skin retention

ime of γ -PGA, FA- γ -PGA MNs were applied to the dorsal skin of

ice, and the MN-treated skin samples were investigated through

onfocal laser scanning microscopy. Fig. 6 a and 6 b show the Three-

imensional (3D) reconstruction images of the skin after insertion

f the LMW and HMW MNs and a representative image of the γ -

GA MNs. Green fluorescence indicated that the γ -PGA had pene-

rated into the skin. In both groups, these fluorescent signals were

trong and easily detected on Day 0, but they gradually became

eaker with time, possibly because of γ -PGA diffusion into adjoin-

ng tissues. HMW γ -PGA remained visible in the punctured skin

ntil Day 6; however, LMW γ -PGA was not observed after 2 days.

hese results demonstrated that HMW γ -PGA can be retained in

he skin for at least 6 days and showed superior skin retention

han LMW γ -PGA. 

.6. Storage Stability of γ -PGA MNs 

We used CD spectroscopy to investigate the stability of the γ -

GA MN formulation. Fig. 7 shows the CD spectra of γ -PGA solu-

ion, freshly prepared HMW MNs and the MNs after two weeks of
0 µm
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600 µm 600 µm 600 µm

0 µm 0 µm 0 µm

0 µm  

800 µm

γ

 the LMW and HMW FA −γ -PGA MNs (a) and the 3D reconstruction image of the 
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γ

Fig. 7. Circular dichroism spectra of γ -PGA solution, freshly prepared HMW γ - 

PGA MNs and the MNs after two weeks of storage at room temperature (RT) or 

37 °C. 
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Fig. 8. Amelioration of AD-like skin lesions in the Nc/Nga mice. Experimental 

schedule for the induction of AD-like skin lesions and the MN treatment (a). After 

exposure to the conventional conditions for 1 week, the MNs were applied to the 

dorsal skin once every 2 weeks for a total of four doses. Representative photographs 

of the mouse skins before (b) and after being housed in conventional conditions for 

1 week (c). Representative photographs of skin lesions taken at Week 8: the AD 

control group (d, without treatment), the LMW MN group (e), and the HMW MN 

group (f). Dermatitis scores of the mice (g). Data are presented as the mean ± SD 

(n = 4 mice/group). Arrows in (g) indicates the time point of the MN application. 
∗: P < 0.05, compared with the control group. 
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torage at room temperature (RT) or 37 °C. We found all the sam-

les have similar spectra, indicating that no considerable change in

econdary structure occurred. These results showed that the pro-

osed MN formulation was able to maintain the structural stability

f γ -PGA at RT or 37 °C for at least two weeks. 

.7. Amelioration of AD Symptoms in the Nc/Nga Mice 

It is important to note that rodent skin may not be the best

odel to evaluate skin permeation due to the differences in the

hickness and structure between the rodent and the human. How-

ver, in this study, our purpose is to explore the feasibility of using

-PGA MNs as transdermal immunomodulators for improving AD

ymptoms. Therefore, a suitable animal model of AD is very im-

ortant to evaluate the efficacy for AD treatment. Many studies

ave reported that the Nc/Nga mice spontaneously develop AD-

ike skin lesions when exposed to nonsterile conditions and ex-

ibit pathological and behavioral characteristics similar to those

bserved in AD patients [ 11 , 40–42 ]. Therefore, the Nc/Nga mouse

odel has been considered a suitable animal model of human AD 

 11 –13 , 40–43 ]. 

To evaluate the efficacy of using γ -PGA MNs for alleviating AD-

ike skin lesions, γ -PGA MNs were applied to the dorsal skin of

he Nc/Nga mice every 2 weeks until week 6 ( Fig. 8 a), and im-

ges of the skin lesions were recorded to determine dermatitis

cores. These mice were exposed to environmental aeroallergens

nder conventional surroundings to generate AD symptoms 1 week

efore treatment. Compared with the unexposed mice ( Fig. 8 b),

ild skin dryness, erythema, and excoriation were observed af-

er being housed in nonsterile conditions for 1 week ( Fig. 8 c, 

t Week 0), and these symptoms become increasingly severe with

isease progression at Week 8 (the AD control group, Fig. 8 d). 

After MN treatment for 8 weeks, we observed that transdermal

elivery of the HMW γ -PGA ameliorated the AD-like skin lesions

 Fig. 8 f), whereas the LMW γ -PGA showed a relatively lower ame-

ioration effect on skin lesions ( Fig. 8 e). The severity of AD was

ssessed by grading five signs, including erythema, edema, crust,

xcoriation, and dryness. The dermatitis score was defined as the

um of the individual scores for each of five items. Fig. 8 g shows

he mean dermatitis score of the HMW MN group was signifi-

antly lower than that of the AD control mice (P < 0.05) at Week

 and Week 8. Although the mice treated with the LMW MNs for

 weeks showed a reduction in the clinical score compared with

he control mice, the score of the LMW MN group was not sig-

ificantly different from that of the control group (P > 0.05). 

able S1 (Supporting Information) shows the scores of each AD
ymptom at Week 8. As shown, the HMW MN group had signif-

cantly lower scores on the erythema and dryness items than the

ontrol group (P < 0.05). There was no significant difference in the

ndividual symptom score between the HMW MN and LMW MN

roups (P > 0.05). These results indicated that transdermal admin-

stration of the HMW γ -PGA MNs efficiently prevented the pro-

ression of spontaneous AD symptoms in the Nc/Nga mice. 

.8. Downregulation of Serum IgE and IgG1 Levels 

Because AD development is closely related to increased IgE lev-

ls and Th2-biased immune responses, we investigated whether

ransdermal delivery of γ -PGA modulated the production of IgE

nd IgG1 or IgG2a in Nc/Nga mice. Consistent with previous stud-

es [ 15 , 44 , 45 ], the serum total IgE, IgG1, and IgG2a levels increased

ignificantly in the dermatitis-induced mice (the control group,

ig. 9 ). Upon HMW MN treatment, the increase in serum total IgE

nd IgG1 levels was considerably suppressed ( Fig. 9 a and Fig. 9 b).
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Fig. 9. Downregulation of serum IgE and IgG1 Levels. Nc/Nga mice were treated with γ -PGA MNs once every 2 weeks for a total of four doses. Serum IgE (a), IgG1 (b) and 

IgG2a (c) Levels were measured by ELISA. Data are presented as the mean ± SD (n = 4 mice/group). ∗: P < 0.05, ∗∗: P < 0.01, ∗∗∗: P < 0.005 compared with the control 

group. 

Fig. 10. Suppression of tissue inflammation and mast cell infiltration. Representative H&E- (a) or toluidine blue-stained (b) skin sections of Nc/Nga mice at Week 8. Dotted 

lines in (a) indicate epidermal hypertrophy. Arrowheads in (b) indicate the mast cells. 
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Notably, we found that only the LMW MN group exhibited a sig-

nificant decrease in IgG2a levels (P < 0.005 from week 2 to week

8) compared with the control mice ( Fig. 9 c). However, administra-

tion of the HMW MNs did not substantially affect the IgG2a lev-

els. These results showed that transdermal administration of HMW

γ -PGA negatively regulated Th2-associated Ig production (IgE and

IgG1) but not Th1-associated Ig (IgG2a) production. By contrast,

the treatment with LMW MNs simultaneously inhibited both Th1-

and Th2-associated antibody production. 
A recent study reported that oral administration of γ -PGA with

W of 20 0 0 kDa not only suppressed Th2 immune responses

ut also augmented the Th1 immunity [11] . Similarly, a previous

tudy also reported that oral treatment with 20 0 0 kDa γ -PGA en-

anced Th1 responses, including induction of NK cell activation

nd IFN- γ secretion, to a greater degree than LMW γ -PGA (10

nd 100 kDa) [25] . These findings suggest that the MW of γ -PGA

s a critical factor affecting its immunomodulatory effects. In the

resent study, although transdermal administration of HMW MNs
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Fig. 11. Reduction of epidermal thickness and mast cell accumulation. The epidermal thickness (a) and mast cell number (b) were determined from the H&E- and toluidine 

blue-stained skin sections at Week 8. Data are presented as the mean ± SD (n = 4 mice/group). ∗∗∗: P < 0.005 compared with the control group. 
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fficiently downregulated IgE and IgG1, it did not enhance IgG2a

roduction. This may be because the MW of the HMW γ -PGA MNs

only 1100 kDa) was relatively low ( < 20 0 0 kDa) and may not have

een able to drive Th1 immune development. Additionally, admin-

stration of γ -PGA through the oral and transdermal route are en-

irely different from each other and may exhibit dissimilar effects

n immune modulation. 

.9. Reduction of Epidermal Thickness and Mast Cell Accumulation 

To investigate whether skin inflammation was ameliorated by

-PGA MN application, we observed the histopathological changes

n and examined the extent of inflammatory cell infiltration in the

kin lesions. Mast cells are the key effector cells of allergic disease

nd the primary source of histamine in AD. Therefore, skin sec-

ions were stained with toluidine blue to identify the mast cells.

hen exposed to a nonsterile environment for 9 weeks, the con-

rol mice exhibited typical AD features, including epidermal hyper-

lasia (dotted lines in Fig. 10 a) and massive infiltration of mast

ells (arrowheads in Fig. 10 b), which coincided with the typical

D symptoms observed in Fig. 8 d. Fig. 11 a shows that the epi-

ermal thickness was significantly lower in the mice treated with

MW (33.5 ± 15.2 μm, P < 0.005) or HMW MNs (24.5 ± 4.3 μm,

 < 0.005) than in the control mice (186.0 ± 59.2 μm) at week 8.

imilarly, the accumulation of mast cells in the dermal layer was

ignificantly inhibited in the LMW (37.8 ± 6.3 cell/field, P < 0.005)

nd HMW MN-treated (27.0 ± 6.5 cell/field, P < 0.005) mice com-

ared with the control group (72.7 ± 16.3 cell/field) ( Fig. 11 b).

hese results demonstrated that treatment with the γ -PGA MNs

fficiently inhibited epidermal thickening and mast cell recruit-

ent. 

Currently available therapies for AD are limited and present var-

ous adverse effects; thus, a safe and effective treatment for AD is

rgently needed. γ -PGA produced by microorganisms with gener-

lly regarded as safe status has been recognized as a safe and non-

oxic food and skin care ingredient [11] . In the present study, we

emonstrated that treatment with γ -PGA MNs significantly ame-

iorated AD symptoms ( Fig. 8 ) by downregulating the production

f Th2-dependent IgE and IgG1 antibodies ( Fig. 9 ). Furthermore, no

tatistically significant differences in body weight were observed

etween the control and the MN-treated groups (LMW and HMW

Ns) (Fig. S4, Supporting Information), and no apparent abnormal-

ty was observed in all the mice during the 8-week observation

eriod, which showed that administration of γ -PGA MNs once ev-

ry 2 weeks for four total treatments did not produce serious side

ffects or notable toxicity in mice. 

Although a previous study has shown that oral γ -PGA effec-

ively prevented AD development in mice, γ -PGA was not detected
n the serum and was cleared up in the digestive system within

4 h after ingestion [11] . The ingested γ -PGA could be taken up

y M cells in the intestine and presented to DCs for modulating

he immune responses. Rapid excretion of γ -PGA provides rela-

ively less time to γ -PGA for interaction with DCs; consequently,

aily oral administration of γ -PGA is required to maintain its ef-

cacy. In the present study, transdermal administration of γ -PGA

Ns enabled the delivered γ -PGA to localize in the skin at least

or 2–6 days ( Fig. 6 ); this retention depended on the MW. The pro-

osed MN formulation can be administered to mice just once ev-

ry two weeks, instead of daily dosing, which provides more con-

enience to patients. We expected that prolonged skin retention

f γ -PGA provided additional time for activation of epidermal and

ermal DCs, thus enhancing its immunomodulatory effect and re-

ucing the required dosing frequency. Therefore, transdermal deliv-

ry of γ -PGA by using an MN device is a more attractive therapeu-

ic regimen than daily oral treatment because it may have higher

ioavailability, higher patient acceptance, and longer duration of

ction. More studies in the future will be required to clarify the

ifferences in γ -PGA’s immune modulation between the oral and

ransdermal routes. 

. Conclusion 

The present study is the first to use γ -PGA MN system as

ransdermal immunomodulators and evaluate its immunomodula- 

ory effect in mice with spontaneously developed AD. Our results

howed that transdermal delivery of HMW γ -PGA effectively sup-

ressed the development of AD-like skin lesions in Nc/Nga mice,

hich was evidenced by reduction in inflammation, infiltration of

ast cells, and serum IgE and IgG1 levels. After applying γ -PGA

Ns to the skin, the skin can quickly recover its barrier function

ithin 4 h without inducing notable skin irritation. Additionally,

ontinuous treatment with γ -PGA MNs for 8 weeks did not result

n a marked weight loss and abnormal clinical symptoms. Our re-

ults suggest that dissolvable γ -PGA MNs exert an immunomodu-

atory effect in Nc/Nga mice and have potential to be a mild, con-

enient, and effective treatment option for management of AD. 
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