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Abstract: This study aimed to evaluate the effectiveness of poly(DL-lactide-co-glycolide)-block-
poly(ethylene glycol)-block-poly(DL-lactide-co-glycolide) triblock copolymers (PLGA-PEG-PLGA) as
a drug carrier in the treatment of psoriasis. Nanoparticles containing cyclosporin A (CsA) were pre-
pared, and their cytotoxicity and skin irritation properties were investigated. These results revealed
that the nanoparticles themselves had no obvious cytotoxicity or skin irritation effects. Furthermore,
it was shown that loading CsA into nanoparticles promoted its cellular uptake. The therapeutic effect
of CsA-loaded PLGA-PEG-PLGA nanoparticles on psoriasis was evaluated using a mouse model of
psoriasis induced by imiquimod. In psoriatic skin, we confirmed that nanoparticles penetrate deep
into the skin. Furthermore, it was suggested that by using PLGA-PEG-PLGA, drug carriers could
reach the dermal layer, which is the target site for psoriasis treatment. The observation of skin sections
after the treatment experiment showed that excessively proliferated keratinocytes were restored to
an almost normal state by using PLGA-PEG-PLGA nanoparticles as drug carriers. Additionally, the
quantitative measurement results for cytokines revealed that the levels of TNF-α, IL-17A, and IL-22
were significantly decreased compared with those of the group to which CsA suspended in a 20%
ethanol solution was administered. These results indicate that PLGA-PEG-PLGA nanoparticles are
promising drug carriers for the transdermal administration of CsA.

Keywords: transdermal delivery; cyclosporin A; nanoparticle; PLGA-PEG-PLGA; PLGA; psoriasis;
mouse

1. Introduction

Psoriasis is an inflammatory autoimmune skin disease that proses many problems
including its high prevalence and chronicity, disfigurations, disability, and associated co-
morbidity [1]. The prevalence of psoriasis, which imposes a great psychosocial burden
on patients and significantly reduces their quality of life, was reported to vary regionally
and be higher in Caucasian and Scandinavian populations [1,2]. Psoriasis is classified into
psoriasis vulgaris (plaque-type psoriasis), inverse psoriasis (flexural psoriasis), guttate
psoriasis, and pustular psoriasis, according to its dermatological magnifications. Approxi-
mately 90% of psoriasis cases are known to correspond to chronic plaque-type psoriasis.
Symptoms of psoriasis include erythema, which turns the skin red, and scales, which
are raised skin and have a silvery-white scab-like appearance on the surface. It mainly
affects the elbows, knees, and head, but it can spread over a wide area [3,4]. Skin cells and
immune cells are involved in the pathophysiology of psoriasis. Histologically, the disease
is characterized by acanthosis, which is a thickening of the epidermis, and parakeratosis, in
which nuclei are retained in the stratum corneum (the outermost layer of the epidermis).
In the epidermis, the granular layer is lost, and neutrophils are often accumulated in the
stratum corneum. Finding parakeratosis in the stratum corneum reflects an abnormal dif-
ferentiation of epidermal keratinocytes [5]. Therefore, compared with that in normal skin,
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the barrier function of the stratum corneum mainly against foreign substances from the
outside of the body is lowered. It was reported that psoriatic lesions are highly infiltrated
by immune cells [6,7]. Pro-inflammatory cytokines produced by these cells contribute to
the pathogenesis of psoriasis by causing the activation of keratinocytes and other resident
skin cells [5]. Lesional T cells that secrete IL-17 (Th17 cells) were recognized as important
contributors to the pathogenesis of psoriasis. Th17 cells are involved in the pathogenesis
of many autoimmune and inflammatory diseases such as psoriasis, multiple sclerosis,
rheumatoid arthritis, and inflammatory bowel disease [8]. Symptoms of psoriasis are
caused by Th17 cells overexpressing cytokines IL-17A and IL-22. In addition, Th17 cells
induced from naive T cells are maintained by IL-23 produced from dendritic cells. These
IL-23-producing dendritic cells are called Tip-DCs and are major TNF-α producing cells [7].
Therefore, in psoriasis, TNF-α, IL-23, and IL-17A continuously work from the upstream
to form eruptions [5]. Recently, the T helper (Th)–17/interleukin (IL)-23 axis has attracted
attention in the treatment of psoriasis., as humanized anti-human IL-23p19 monoclonal
antibody and humanized anti-human IL-17 monoclonal antibody, risankizumab and se-
cukinumab were newly developed, and studies on verifying their therapeutic effects were
reported [9,10]. Conventional drugs such as cyclosporin, which can be administered orally,
and tacrolimus, which is used externally, are still used.

In the previous study, we successfully prepared cyclosporin A (CsA)-loaded nanoparti-
cles with a mean diameter of 30 nm using poly(DL-lactide-co-glycolide)-block-poly(ethylene
glycol)-block-poly(DL-lactide-co-glycolide) triblock copolymers (PLGA-PEG-PLGA). It was
shown that PLGA-PEG-PLGA nanoparticles are better able to penetrate the skin than
PLGA nanoparticles and have higher drug delivery to deep within the skin [11]. CsA
is a highly lipophilic and relatively large-molecular-weight (1202 Da) drug. Its cyclic
structure and large diffusional cross-section make it difficult to penetrate deep into the
skin [12]. In psoriatic skin, the barrier function against external foreign substances, mainly
the stratum corneum, is lowered. Therefore, we postulated that the transdermal deliv-
ery of CsA using PLGA-PEG-PLGA nanoparticles with high skin permeability would be
highly effective. In this study, we investigated the effectiveness of CsA-loaded PLGA-PEG-
PLGA nanoparticles with a mean volume diameter of 30 nm in treating psoriasis. The
nanoparticles were prepared using PLGA-PEG-PLGA1004, a type of PLGA-PEG-PLGA,
like in the previous report [11]. After evaluating the efficacy and safety of CsA-loaded
PLGA-PEG-PLGA1004 nanoparticles (PLGA-PEG-PLGA1004 NPs) through cell uptake,
cytotoxicity, and skin irritation tests, we conducted therapeutic experiments using psoriasis
model mice. To confirm the therapeutic effect, in addition to skin morphology observation,
TNF-α, IL-17A, and IL-22, which are important cytokines related to psoriasis, were quanti-
fied. The results of these tests were compared with those on nanoparticles prepared using
poly(DL-lactide-co-glycolide) (PLGA NPs). PLGA NPs were prepared using the previously
reported method [11].

2. Materials and Methods
2.1. Materials

PLGA (Mw: 10,000, monomer composition of DL-lactic acid/glycolic acid = 75/25)
was purchased from Taki Chemical Co., Ltd. (Kakogawa, Japan). PLGA-PEG-PLGA1004
(Mw: 4000/1000/4000, monomer composition of DL-lactic acid/glycolic acid/ethylene
oxide = 62/22/16) was kindly donated by Taki Chemical Co., Ltd. CsA (C62H111N11O12,
purity ≥ 97.0%), and N-methyl-2-pyrrolidone (NMP, C5H9NO, purity > 98%) was purchased
from Fujifilm Wako Pure Chemical Corp. (Osaka, Japan). Coumarin-6 (C20H18N2O2S, pu-
rity > 98%) was purchased from Sigma-Aldrich (St. Louis, MO, USA). DMEM (1.0 g/L
glucose) with L-gln, and sodium pyruvate was purchased from Nakalai Tesque, Inc. (Ky-
oto, Japan). Additionally, 0.5 M EDTA (pH 8.0) and 10 × TBS Buffer (pH 7.4) were
purchased from Nippon Gene Co., Ltd. (Tokyo, Japan). 3-(4,5-Dimethyl-2-thiazolyl)-
2,5-diphenyl-2H-tetrazolium bromide (MTT, C18H16BrN5S) was purchased from Dojindo
Laboratories (Mashiki, Japan). DAPI Fluoromount-G® (DAPI) was purchased from
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Southern Biotechnology Associates, Inc. (Birmingham, AL, USA). 1,1-Dioctadecyl-3,3,3,3-
tetramethylindotricarbocyanine iodide (DiR, C63H101IN2) was purchased from AAT Bio-
quest, Inc. (Pleasanton, CA, USA). Imiquimod (IMQ) cream 5% (w/w) was purchased from
Glenmark Pharmaceuticals, Co., Ltd. (Mumbai, India). Protopic® ointment 0.1% (TAC
cream, JP tacrolimus hydrate 1.02 mg/g) was purchased from Maruho Co., Ltd. (Osaka,
Japan). New Hematoxylin Type M and New Eosin Type M were purchased from Muto
Pure Chemicals Co., Ltd. (Tokyo, Japan). Other chemicals were of the highest reagent grade
commercially available.

2.2. Cellular Uptake Study on PLGA-PEG-PLGA1004 NPs Using HaCaT Cells

We conducted cellular uptake tests on PLGA-PEG-PLGA1004 NPs using HaCaT cells,
a human epidermal keratinocyte cell line. Epidermal thickening, one of the symptoms of
psoriasis, is caused by the abnormal differentiation of epidermal cells. Immortalized HaCaT
cells are widely used as model cells to mimic this condition [13]. For PLGA-PEG-PLGA1004
NPs and their comparison, PLGA NPs were prepared using a combination of an antisolvent
diffusion method with preferential solvation [14,15]. An amount of 3 mL of NMP in which
4.8 mg of CsA and 75.2 mg of either polymer were dissolved was injected into 20.0 mL
of purified water at a flow rate of 10 mL/s to prepare 30 nm particles [16]. To remove
excess NMP and unloaded CsA, the prepared nanoparticle suspension was dialyzed for
24 h in a dialysis tube (UC36-32-100, molecular weight cut-off: 14,000, EIDIA Co., Ltd.,
Tokyo, Japan) [11]. Nanoparticles used in cellular uptake studies are required to contain a
fluorescent substance as a tracer for observation and measurement. We prepared PLGA or
PLGA-PEG-PLGA1004 NPs containing coumarin-6 by replacing CsA with coumarin-6 in
the method described above [11] and conducted a cellular uptake test using HaCaT cells.
We prepared PLGA or PLGA-PEG-PLGA1004 NPs containing coumarin-6, as a nanoparticle
tracer, using the previously reported method [11] and conducted the cellular uptake tests
using HaCaT cells. HaCaT cells were seeded on a chambered culture slide at a concentration
of 2 × 105 cells/mL and incubated for 24 h under a 5% CO2 atmosphere (37 ◦C) to allow
cells to adhere [17]. The medium was removed, and 180 µL of DMEM and 20 µL of free
coumarin-6, coumarin-6-loaded PLGA NPs, or coumarin-6-loaded PLGA-PEG-PLGA1004
NPs with coumarin-6 concentration adjusted to 0.02 mg/mL were added and incubated
for 2 h. After discarding the supernatant, particles adhering to the cell surface were
washed with phosphate-buffered saline (PBS) and fixed with 4% (w/v) paraformaldehyde.
Cells washed with TritonTM X (0.1%) were stained and mounted with 20 µL/well DAPI
and observed using a confocal laser scanning microscope (CLSM, Leica TCS SP8, Leica
Microsystems, Solms, Germany) [18–20]. To evaluate the uptake of NPs by HaCaT cells,
we measured the fluorescence intensity of coumarin-6 using fluorescence-activated cell
sorting (FACS, BD FACSCalibur, BD Bioscience, San Jose, CA, USA). HaCaT cells were
seeded in a 6-well plate at a concentration of 5 × 104 cells/mL, and then incubated in a 5%
CO2 atmosphere (37 ◦C) for 24 h to allow the cells to adhere. The medium was removed,
and 1800 µL of DMEM and 200 µL of free coumarin-6, coumarin-6-loaded PLGA NPs, or
coumarin-6-loaded PLGA-PEG-PLGA1004 NPs with coumarin-6 concentration adjusted
to 0.02 mg/mL were added and incubated for 2 h. Particles adhering to the cell surface
were washed with PBS [20], and after deadhesion treatment was performed using a trypsin-
EDTA solution, centrifugation was performed at 1300 rpm for 3 min. The supernatant was
discarded, and the precipitate was redispersed in 0.5 mL of PBS. In these experiments, PBS
was used as a control.

2.3. Cytotoxicity Test on PLGA-PEG-PLGA1004 NPs Using MTT Assay

Effects of CsA-loaded NPs on the proliferation of HaCaT cells were quantified using
the MTT assay. Suppressing epidermal thickening is important in psoriasis treatment. CsA
is known to increase endoplasmic reticulum stress in HaCaT cells in a dose-dependent
manner, resulting in the induction of apoptosis [21]. Since this endoplasmic reticulum
stress is caused by binding to cyclophilin in the cytoplasm [22], it is important to efficiently
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deliver drugs into cells. HaCaT cells in the logarithmic growth phase were seeded on a
chambered culture slide at a concentration of 5 × 105 cells/mL and incubated for 24 h
under a 5% CO2 atmosphere (37 ◦C) to allow cells to adhere. The MTT assay was performed
in accordance with the reagent manufacturer’s protocol (Dojindo Laboratories). Free CsA,
PLGA NPs, and PLGA-PEG-PLGA1004 NPs were tested at CsA concentrations of 1, 20, 50,
80, and 100 µg/mL. For comparison, similar tests were performed on blank PLGA NPs and
blank PLGA-PEG-PLGA NPs, which do not contain CsA.

2.4. Skin Irritation Test on PLGA-PEG-PLGA1004 NPs Using Three-Dimensional Cultured Skin

Reducing skin irritation is an important issue in formulations applied to the skin,
especially in formulations containing low-molecular-weight compounds, to promote trans-
dermal absorption [23]. The NMP used for the preparation of NPs has also been used as an
absorption enhancer in transdermal administration [24]. Therefore, we investigated the
skin irritation caused by PLGA-PEG-PLGA1004 NPs using LabCyte CORNEA-MODEL
(Japan Tissue Engineering Co., Ltd., Gamagori, Japan), a human three-dimensional cul-
tured corneal epithelial model. Experimental operations were performed in accordance
with the attached manual. NMP containing 2.67% (w/v) PLGA, NMP containing 2.67%
(w/v) PLGA-PEG-PLGA1004, 20% (v/v) ethanol solution (20% EtOH), PLGA NPs, and
PLGA-PEG-PLGA1004 NPs were tested, and the cell viability of each was evaluated using
an MTT assay. The cell viability was calculated using the following formula:

Cell viability (%) = (sample absorbance − blank absorbance)/(PBS absorbance − blank absorbance) × 100,

and we considered samples with cell viability below 50% to be irritating.

2.5. Animal Experiments

A male BALB/cCrSlc mouse aged six weeks and a male KSN/Slc mouse aged seven
weeks were purchased from Japan SLC Inc. (Tokyo, Japan). Animal care was carried out
under the Guidelines for Animal Experimentation of Tokyo University of Science, which
are based on the Guidelines for Animal Experimentation of the Japanese Association for
Laboratory Animal Science. A mouse model of IMQ-induced psoriasis-like dermatitis
(psoriasis model mouse) was produced by applying IMQ cream to the shaved dorsal skin
of mice [25].

2.5.1. Ex Vivo Skin Permeability Study on PLGA-PEG-PLGA1004 NPs

The transdermal delivery route of PLGA-PEG-PLGA1004 NPs was evaluated from
the results of ex vivo skin permeability tests [12,16]. Skin permeability tests conducted
to investigate the transdermal delivery route were performed using the psoriasis model
mouse skin (psoriasis), BALB/cCrSlc mouse skin (normal skin), and KSN/Slc mouse skin
(hairless skin) in the same manner as that previously reported [11]. A suspension of PLGA
NPs containing coumarin-6 or PLGA-PEG-PLGA1004 NPs containing coumarin-6 that was
adjusted to have a coumarin-6 concentration of 0.01 mg/mL was used as a receptor solution.
As a control, a suspension in which coumarin-6 was dispersed at the same concentration in
a 20% EtOH aqueous solution (coumarin-6 suspension) was used.

2.5.2. In Vivo Study on the Therapeutic Effects of PLGA-PEG-PLGA1004 NPs Using the
Psoriasis Model Mouse

Animals were divided into six groups of five mice each: SHAM (healthy control),
untreated (negative control), 20% EtOH suspension, TAC cream (positive control), PLGA
NPs, and PLGA-PEG-PLGA1004 NPs. Mice in groups other than the SHAM group had
62.5 mg of IMQ cream applied to their shaved dorsal skin for 14 consecutive days starting
from day 0. In the treatment group, from day 7 onwards, each sample was applied 12 h
after applying the IMQ cream. To evaluate the therapeutic effects, animals were euthanized
by anesthesia on day 16, and the skin and spleen were collected [26,27]. After treatment, the
skin was fixed and embedded in a manner like that previously reported [11]. Skin sections
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sliced to a thickness of 10 µm using a cryostat (CM3050S, Leica Instruments, Nussloch,
Germany) were stained with hematoxylin and eosin and then observed using a fluorescence
microscope (BZ-9000; Keyence, Osaka, Japan). The epidermal thickness of each group was
randomly selected 15–20 times and measured using ImageJ Fiji software [28–30]. Cytokine
levels in the skin of each group were quantified using ELISA. The collected skin was
homogenized in extract solution (10 mM Tris pH 7.4, 150 nM NaCl, 1% Triton X-100) [31],
and then centrifuged to remove solids. The amounts of TNF-α, IL-22, and IL-17A in the
obtained supernatant were quantified using LEGEND MAX™ Mouse TNF-α ELISA Kit,
LEGEND MAX™ Mouse IL-22 ELISA Kit, and LEGEND MAX™ Mouse IL-17A ELISA Kit
(BioLegend Inc., San Diego, CA, USA). We also estimated the immunosuppressive effect of
CsA by calculating the spleen/body wt% from the weight of spleens removed from mice in
each group after the end of the treatment experiment. The spleen is an important organ in
the immune system, and the weight of the spleen is significantly involved in the immune
response [32].

3. Results
3.1. Uptake of NPs by HaCaT Cells

Figure 1 shows microscopic images of the cell uptake test using the CLSM. In PBS,
only the fluorescence of DAPI-stained nuclei (blue) were observed. Since NPs contain
coumarin-6, they are indicated by green fluorescence derived from coumarin-6 in the
figure. They showed strong fluorescence near the nucleus stained with DAPI. Therefore,
it was suggested that NPs be taken into cells. Green fluorescence was also observed for
free coumarin-6; however, it was much smaller than the results for the two types of NPs.
Comparing the results of coumarin-6-loaded PLGA-PEG-PLGA1004 NPs and coumarin-6-
loaded PLGA NPs, it was confirmed that coumarin-6-loaded PLGA-PEG-PLGA1004 NPs
had weaker fluorescence intensity and lower cellular uptake. Figure 2 shows the results
of measuring the fluorescence intensity of HaCaT cells using FACS. From Figure 2A,B, it
was found that loading coumarin-6 into NPs facilitates its uptake into the cells, and NPs
with PLGA were more easily taken up into the cells than those with PLGA-PEG-PLGA1004.
These results were in good agreement with the observation results obtained using the
CLSM (Figure 1).
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microscope. The left column, the DAPI channel, shows blue fluorescence, the middle column,
the coumarin-6 channel, shows green fluorescence from the nanoparticles, and the right column
represents the DAPI and coumarin-6 channels, merged (scare bar: 50 µm) [20].
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Figure 2. FACS measurement results (A) and mean fluorescence intensity (B) of control (PBS), free-
coumarin-6, coumarin-6-loaded PLGA-PEG-PLGA1004 NPs, and coumarin-6-loaded PLGA NPs
(mean ± S.D., n = 4, ** p < 0.01, Tukey’s test).

3.2. Cytotoxicity and Skin Irritation Due to NPs

Figure 3 shows the cell viability after 24 h measured using the MTT assay. It was
confirmed that the cell viability decreased in a CsA concentration-dependent manner, and
this effect was enhanced by loading CsA into NPs. As shown in Figures 1 and 2, when CsA
is loaded into NPs, its uptake into cells is enhanced. In the PLGA NP administration group
and the PLGA-PEG-PLGA NP administration group, it was shown that CsA was efficiently
delivered into HaCaT cells and exerted its effect. Additionally, in groups to which drug-free
NPs were administered, no obvious decrease in cell viability was observed, suggesting that
NPs themselves have almost no cytotoxicity. The results of the skin irritation test are shown
in Figure 4. In the NMP administration group, the cell viability was 27.7%. When preparing
NPs, PLAG or PLGA-PEG-PLGA is dissolved in NMP and used as a good solvent [11].
Skin irritation was also confirmed in the groups administered with these good solvents
(NMP + PLGA polymer and NMP + PLGA-PEG-PLGA polymer). Almost no skin irritation
was observed in PLGA NPs and PLGA-PEG-PLGA1004 NPs. These results suggest that
NMP in the good solvent was sufficiently removed by the N0P preparation operation.



Appl. Sci. 2024, 14, 3791 7 of 13

Appl. Sci. 2024, 14, x FOR PEER REVIEW 7 of 14 
 

group and the PLGA-PEG-PLGA NP administration group, it was shown that CsA was 
efficiently delivered into HaCaT cells and exerted its effect. Additionally, in groups to 
which drug-free NPs were administered, no obvious decrease in cell viability was ob-
served, suggesting that NPs themselves have almost no cytotoxicity. The results of the 
skin irritation test are shown in Figure 4. In the NMP administration group, the cell via-
bility was 27.7%. When preparing NPs, PLAG or PLGA-PEG-PLGA is dissolved in NMP 
and used as a good solvent [11]. Skin irritation was also confirmed in the groups admin-
istered with these good solvents (NMP + PLGA polymer and NMP + PLGA-PEG-PLGA 
polymer). Almost no skin irritation was observed in PLGA NPs and PLGA-PEG-
PLGA1004 NPs. These results suggest that NMP in the good solvent was sufficiently re-
moved by the N0P preparation operation. 

 
Figure 3. Cell viability of HaCaT cells after 24 h, measured using MTT assay (mean ± S.D., n = 4, * p 
< 0.05, ** p < 0.01, Tukey’s test). Blank PLGA NPs and blank PLGA-PEG-PLGA NPs refer to PLGA 
NPs and PLGA-PEG-PLGA NPs without CsA, respectively. 

 
Figure 4. Cell viability of a human three-dimensional cultured corneal epithelial model measured 
using the MTT assay (mean ± S.D., n = 3, ** p < 0.01, Tukey’s test). 

Figure 3. Cell viability of HaCaT cells after 24 h, measured using MTT assay (mean ± S.D., n = 4,
* p < 0.05, ** p < 0.01, Tukey’s test). Blank PLGA NPs and blank PLGA-PEG-PLGA NPs refer to PLGA
NPs and PLGA-PEG-PLGA NPs without CsA, respectively.

Appl. Sci. 2024, 14, x FOR PEER REVIEW 7 of 14 
 

group and the PLGA-PEG-PLGA NP administration group, it was shown that CsA was 
efficiently delivered into HaCaT cells and exerted its effect. Additionally, in groups to 
which drug-free NPs were administered, no obvious decrease in cell viability was ob-
served, suggesting that NPs themselves have almost no cytotoxicity. The results of the 
skin irritation test are shown in Figure 4. In the NMP administration group, the cell via-
bility was 27.7%. When preparing NPs, PLAG or PLGA-PEG-PLGA is dissolved in NMP 
and used as a good solvent [11]. Skin irritation was also confirmed in the groups admin-
istered with these good solvents (NMP + PLGA polymer and NMP + PLGA-PEG-PLGA 
polymer). Almost no skin irritation was observed in PLGA NPs and PLGA-PEG-
PLGA1004 NPs. These results suggest that NMP in the good solvent was sufficiently re-
moved by the N0P preparation operation. 

 
Figure 3. Cell viability of HaCaT cells after 24 h, measured using MTT assay (mean ± S.D., n = 4, * p 
< 0.05, ** p < 0.01, Tukey’s test). Blank PLGA NPs and blank PLGA-PEG-PLGA NPs refer to PLGA 
NPs and PLGA-PEG-PLGA NPs without CsA, respectively. 

 
Figure 4. Cell viability of a human three-dimensional cultured corneal epithelial model measured 
using the MTT assay (mean ± S.D., n = 3, ** p < 0.01, Tukey’s test). 
Figure 4. Cell viability of a human three-dimensional cultured corneal epithelial model measured
using the MTT assay (mean ± S.D., n = 3, ** p < 0.01, Tukey’s test).

3.3. Skin Permeability of PLGA-PEG-PLGA1004 NPs in Psoriatic Skin

Figure 5 shows images of skin sections observed via CLSM when coumarin-6 suspen-
sion, PLGA NPs, or PLGA-PEG-PLGA NPs were administered to psoriasis skin, normal
skin, and hairless skin. We confirmed that NPs had higher skin permeability than the
coumarin-6 suspension in all three types of skin. Additionally, by using PLGA-PEG-
PLGA1004, NPs reached deeper parts of the skin. Coumarin-6-derived fluorescence deep
in the skin was particularly strong in psoriatic skin.
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Figure 5. Confocal laser microscope images of cross-sections of mouse skin with the coumarin-6
suspension, PLGA NPs, and PLGA-PEG-PLGA1004 NPs at 24 h from the initiation of the ex vivo
skin permeability tests (scale bar: 100 µm). The green fluorescence comes from coumarin-6. Mouse
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3.4. Evaluation of Therapeutic Effects of PLGA-PEG-PLGA1004 NPs Using the Psoriasis
Model Mouse

Images of skin sections stained with hematoxylin and eosin and numerical values of
epidermal thickness for each group are shown in Figure 6A,B, respectively. Compared
with that in the untreated group (“IMQ only” in Figure 6), the thickness of the epidermal
layer in the treated group decreased, which confirmed that epidermal thickening was
suppressed. PLGA-PEG-PLGA1004 NPs showed high therapeutic efficacy, and their efficacy
was comparable to that of TAC cream (Figure 6B). Figure 7 shows images of the spleen and
the spleen/body ratio (w/w) after the end of the treatment. The increased spleen weight
in the untreated group suggested that IMQ application caused an excessive production
of inflammatory cytokines and immune cells. It was shown that PLGA-PEG-PLGA1004
NPs significantly suppressed the increase in spleen weight, indicating that PLGA-PEG-
PLGA1004 NPs exerted a high effect on inflammatory induction.
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Figure 8 shows the produced amounts of TNF-α, IL-17A, and IL-22 in each group.
They were increased in the untreated group, indicating that IMQ induces cytokines related
to psoriasis. From the results in Figure 8, it was confirmed that PLGA-PEG-PLGA1004 NPs
had a therapeutic effect equal to or greater than that of TAC cream. In the PLGA-PEG-PLGA
NP administration group, all cytokine levels were significantly lower than those in the
20% EtOH suspension administration group. Moreover, those values tended to be lower
than the values in other treatment groups. These indicate that the skin permeability of NPs
influences the therapeutic efficacy of CsA.
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4. Discussion

The results shown in Figures 1 and 2 confirmed that NPs are useful for the cellular
uptake of hydrophobic substances. Compared with PLGA NPs, PLGA-PEG-PLGA NPs
had lower cellular uptake. We considered that steric hindrance by PEG prevented the
interaction of NPs with the cell membrane [33], and improved hydrophilicity, which made
it difficult to be taken up into the cells [34], was responsible for the decreased cellular
uptake of PLGA-PEG-PLGA1004 NPs. In the skin permeation test, as shown in Figure 5,
it was found that PLGA-PEG-PLGA NPs reached deeper into the skin of psoriasis-like
skin than PLGA NPs did. It is known that psoriatic skin has a faster turnover cycle than
normal skin [35]. As a result, intercellular lipids are not sufficiently produced in psoriatic
skin compared with normal skin, resulting in decreased barrier function and increased
transepidermal water loss [36]. Due to these factors, the intercellular spaces in psoriatic
skin are wider than those in normal skin, and it was reported that 40 nm FluoSpheres® were
delivered deep into the skin in the psoriasis model mouse [37]. Therefore, we considered
that PLGA-PEG-PLGA1004 NPs were useful for delivering CsA to the vicinity of cells
rather than inside cells.
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The therapeutic study using the psoriasis model mouse suggested that PLGA-PEG-
PLGA1004 NPs have a high therapeutic effect on psoriasis. Th1 and Th17 are mainly
involved in psoriasis, and CsA exerts its therapeutic effect by suppressing TNF-α (Th1),
IL-17A (Th17), and IL-22 (Th17), produced by these cells. Symptoms are also caused by
TNF-α, IL-23, IL-17A, and IL-22 in the psoriasis model mouse. TNF-α activates Th17 cells
as well as dendritic cells and has the effect of promoting the proliferation of epidermal
cells via IL-22. In addition, TNF-α is also produced by psoriatic lesion epidermal cells
and is known to be significantly involved in the pathology of psoriasis [38]. The effects of
IL-17A on epidermal cells include an increased expression of antibacterial peptides such as
LL-37, the induction of inflammatory cytokine and chemokine production from epidermal
cells, the promotion of neutrophil migration to the epidermis, and the proliferation of
epidermal cells [39]. L-22 is significantly involved in epidermal thickening and cooperates
with Th17 to activate Stat3 and promote keratinocyte proliferation [40]. Suppressing the
cytokines (IL-17A, IL-22) produced by Th17 is effective in treating psoriasis in humans
as well as in the psoriasis model mouse. Therefore, the reduction in the levels of these
cytokines observed in this treatment experiment may correlate with therapeutic efficacy
in humans [41]. We also confirmed that hair grew due to the administration of NPs. It is
also known that applying CsA to mouse skin has a hair growth effect [42,43]. These results
suggest the usefulness of NPs for the treatment of psoriasis.

5. Conclusions

This study showed that PLGA-PEG-PLGA NPs are promising drug carriers in psoriasis
treatment. Although it is difficult to directly compare them with TAC cream, which was
used as a positive control, because it contains a different drug, it was suggested that PLGA-
PEG-PLGA NPs have at least the same therapeutic effect as TAC cream. Research on the
use of PLGA-PEG-PLGA as NPs for transdermal administration is at an early stage, and
many issues need to be investigated in the future, such as the size of the NPs, their surface
charge, and the composition of the polymer. The results of this study will contribute to the
application of CsA to external preparations and will promote the use of PLGA-PEG-PLGA
in drug delivery systems.
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