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Received: 13 May 2024

Revised: 6 June 2024

Accepted: 11 June 2024

Published: 18 June 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

colloids 
and interfaces

Article

Development of PSL-Loaded PLGA Nanoparticles for the
Treatment of Allergic Contact Dermatitis
Ryo Fujisawa 1, Ryuse Sakurai 2, Takeshi Oshizaka 1,3, Kenji Mori 1,3, Akiyoshi Saitoh 2 , Issei Takeuchi 1,3,*
and Kenji Sugibayashi 1,3,4

1 Department of Medical Pharmacy, Graduate School of Pharmaceutical Sciences, Josai International University,
1 Gumyo Togane, Chiba 283-0002, Japan

2 Faculty of Pharmaceutical Sciences, Tokyo University of Science, 2641, Yamazaki, Noda, Chiba 278-8510,
Japan; 3b23708@ed.tus.ac.jp (R.S.)

3 Faculty of Pharmaceutical Sciences, Josai International University, 1 Gumyo Togane, Chiba 283-0002, Japan
4 Faculty of Pharmacy and Pharmaceutical Sciences, Josai University, 1-1 Keyakidai Sakado,

Saitama 350-0295, Japan
* Correspondence: itakeuchi@jiu.ac.jp

Abstract: Allergic contact dermatitis (ACD) can easily develop once sensitization is established
by exposure to small amounts of antigen, and steroids are used for treatment. In this study, we
evaluated the therapeutic efficacy of prednisolone (PSL)-loaded poly(DL-lactide-co-glycolide) (PLGA)
nanoparticles (NPs) on a mouse model of contact dermatitis (CHS). Nanoparticles were prepared
using a poor solvent diffusion method, and particle size distribution and mean particle size were
measured using dynamic light scattering. Treatment experiments with PSL-loaded PLGA NPs were
performed before and after sensitization with 1-fluoro-2,4-dinitrobenzene (DNFB), and evaluation
was performed by quantifying intracutaneous IL-4 and TNF-α levels in a mouse model of CHS
using ELISA. When PSL-loaded PLGA NPs were administered before sensitization, IL-4 expression
was significantly decreased, and TNF-α tended to decrease in the group treated with PSL-loaded
PLGA NPs compared to the non-treated group. When PSL-loaded PLGA NPs were administered
after sensitization, IL-4 expression was significantly decreased in the group treated with PSL-loaded
PLGA NPs compared to the non-treated group. In both cases, there were no significant differences
between the PSL-loaded PLGA NP treatment group and the PSL-containing ointment group. These
results suggest that, in the treatment of CHS, PSL-loaded PLGA NPs show a certain therapeutic effect
when preadministration.

Keywords: poly(DL-lactide-co-glycolide) (PLGA); nanoparticle; allergic contact dermatitis; prednisolone

1. Introduction

Contact dermatitis (CHS) is classified into irritant contact dermatitis (ICD) and allergic
contact dermatitis (ACD). ACD is caused by minute amounts of haptens and has two
phases of onset: a sensitization phase and an attraction phase [1,2]. The causative agents of
contact dermatitis are mostly chemicals with a molecular weight of less than 1000 called
haptens. Hapten penetrates the skin surface, binds to proteins, and forms hapten-protein
conjugates. Hapten protein conjugates are presented to T lymphocytes by cutaneous
dendritic cells, which induce sensitized lymphocytes, and sensitization is considered to
be established [3,4]. The sensitization phase is asymptomatic. It has also been reported
that haptens induce an early response through innate immune mechanisms [5]. After
sensitization, the patient again comes into contact with the hapten, and various chemical
messengers convey information to T lymphocytes, which release cytokines in the epidermis.
T lymphocytes or TNF-α cause damage to epidermal cells, resulting in allergic contact
dermatitis. Symptoms include itching rather than pain, erythema, and in severe cases,
swelling with blistering.
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Treatment generally involves the removal of allergens and the application of top-
ical steroids. However, the prolonged use of steroids has been reported to cause skin
thinning, infection, and hyperpigmentation, and the chronic use of steroids may worsen
symptoms [6–10]. These side effects can also be caused by the arbitrary use of steroids
when a patient experiences similar symptoms [11]. Furthermore, topical steroids are used in
combination with moisturizers because absorption is not improved by a single agent. This
increases the total amount of ointment applied, which may affect adherence by increasing
the amount applied and discomfort [12]. To suppress the occurrence of steroid-induced side
effects, it is important to complete treatment early. Therefore, we considered it necessary to
develop a new drug delivery system for the efficient delivery of steroids into the skin.

We focused on poly(DL-lactide-co-glycolide) (PLGA) as a drug carrier to improve the
absorption of steroids into the skin. PLGA is enzymatically and non-enzymatically in vivo
degraded into water and carbon dioxide, which are eliminated from the body, making
it highly safe [13–15]. In transdermal delivery, it improves the skin permeability of the
drug and controls the release of the active drug from the carrier. It has also been reported
that PLGA nanoparticles (NPs) pass through the stratum corneum but do not migrate
to the dermis or subcutaneous tissue [16,17]. PLGA NPs have been applied in various
medical fields as a base material that allows drugs to be absorbed transdermal and used
for treatment [18–21]. As the L/G ratio, which is the composition ratio of PLGA used,
decreases, the release rate of the encapsulated drug increases. This is because the hydrolysis
of more glycolic acid accelerates the release of the contained drug [22]. The PLGA used in
this study has a high L/G ratio, so the release rate is expected to be slow.

In this study, we planned to use PLGA NPs as a drug carrier for prednisolone (PSL).
PLGA NPs containing PSL (PSL-loaded PLGA NPs) were prepared, and the particle size
distribution and PSL content in NPs were evaluated. The efficacy of PSL-loaded PLGA
NPs against CHS was investigated by observing the behavior of TNF-α and IL-4 in a CHS
animal model [23,24]. The therapeutic roles of the components used in the preparation of
each nanoparticle are as follows. PSL is an ester formulation with fatty acid modification for
the treatment of ACD, and PSL monotherapy is the weakest category of steroids, making it
the best choice for confirming therapeutic efficacy. PLGA is the ingredient used to make
the nanoparticles that are the DDS carriers for carrying PSL. In vivo, PLGA is decomposed
into carbon dioxide and water, so it is not toxic, and its safety is assured. ACE is a good
solvent for dissolving PLGA and PSL. Since ACE is expected to be removed during dialysis
and no ACE is expected to remain at the time of administration, there is no concern about
irritation. Arginine (Arg) dissolves in the poor solvent, slightly tilting the nanoparticle
suspension toward basicity. This is thought to cause the carboxy group ends of PLGA to be
negatively charged, thereby allowing electrostatic interactions to act between the molecules
and contributing to the smaller diameter of the nanoparticles. The nanoparticle preparation
method used in this study can easily produce small particles at the laboratory level and is
considered safe because it uses only PLGA, drugs, and amino acids as materials. PLGA
NPs without drug encapsulation prepared by the same method have been proven to have
no cytotoxicity [25].

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). L-(+)-arginine (H2NC(NH)NH
(CH2)3CH(NH2)COOH, purity ≥ 98.0%). L-glutamic acid (C5H9NO4, purity ≥ 99.0%)
and PSL (C21H28O5, ≥97.0%) were purchased from Fujifilm Wako Pure Chemical Corp.
(Osaka, Japan). Moreover, 0.5%PSL-containing ointment was purchased from Viatris
Inc. (Canonsburg, PA, USA). Isoflurane for the animal was purchased from Mylan Inc.
(Pittsburgh, PA, USA). ELISA MAX Deluxe Set Mouse IL-4 and ELISA MAX Deluxe Set
Mouse TNF-α were purchased from Bio Legend Corp. (San Diego, CA, USA). Other
chemicals were of the highest reagent grade commercially available.
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2.2. Preparation of PSL-Loaded PLGA NPs Formulation

PSL-loaded PLGA NPs were prepared using a combination of nanoprecipitation and
selective solvation methods [26–28]: 75.2 mg of PLGA and 4.8 mg of PSL were dissolved in
3 mL of acetone (ACE). The suspension was prepared by injecting 20 mL of this solution
into a 0.1% (w/v) aqueous Arg solution at a flow rate of 10 mL/s in the poor solvent.
The prepared suspensions (PLGA NPs) were placed in a dialysis membrane (UC36-32,
molecular weight cut off: 14,000, Sekisui Material Solutions Co., Ltd., Tokyo, Japan) and
washed with dialysis for 6 h to remove any PLGA that did not become NPs, PSL that did
not enter NPs, and excess ACE. The MWCO of the dialysis membrane is 14,000, which is
large enough to not be an obstacle for PSL to pass through.

2.3. Evaluation of Physical Properties of PSL-Loaded PLGA NPs
2.3.1. Particle Size Measurement

PSL-loaded PLGA NPs were dispersed in purified water, and particle size and polydis-
persity index (PDI) were measured using a zeta potential and particle size analyzer (ELSZneo,
Otsuka Electronics Co., Ltd., Hirakata, Japan) under 25 ◦C conditions. PSL-loaded PLGA NPs
were dispersed in a 0.154 M aqueous sodium chloride solution, and the ζ potentials were
measured using a zeta potential and particle size analyzer under 25 ◦C conditions.

2.3.2. Loading Capacity and Content Efficiency

The amount of PSL contained in the prepared PSL-loaded PLGA NPs was determined
via HPLC (SIL-10AF, SPD-10Avp, LD-10ADvp, CTO-10Avp, SCL-10Avp, DGU-12A, Shi-
madzu Corp., Kyoto, Japan). The column was Wakosil-II 5C18 AR (4.6 × 250 mm, Fujifilm
Wako Pure Chemical Corp.). The prepared suspension was lyophilized, dissolved in ace-
tonitrile (ACN), and measured via HPLC. The column temperature was 40 ◦C, and the
injection volume was 10 µL. The mobile phase was purified water–ACN = 6:4, and the flow
rate was 1.0 mL/min. The content rate and content efficiency were determined using the
following equation:

Loading capacity (%) = (Amount of PSL in NPs/total NPs) × 100

Entrapment efficiency (%) = (Experimental PSL loading/Theoretical PSL loading) × 100

2.3.3. Morphological Observation

The morphology of the particles was observed via transmission electron microscopy
(TEM, H-7650, Hitachi High-Technologies Co., Ltd., Tokyo, Japan). The surface of the
membrane was hydrophilized via plasma irradiation for 10 s on the collodion support
membrane attachment grid, and then the prepared suspension (PLGA NPs) was attached.
The films were further stored in a desiccator for 24 h to completely remove the solvent.
Observations were made at an accelerating voltage of 100 kV and magnification of 20,000×.
To confirm the stability of these PSL-loaded PLGA NPs, the mean volume diameters and
polydispersity index of these NPs were measured in the same manner as described in
Section 2.3.1. The storage stability of the PSL-loaded PLGA NPs prepared in this study
was confirmed by storing them at 4 and 32 ◦C for five days. A temperature of 32 ◦C was
derived from the surface temperature of the human body’s skin [29]. After 1, 3, 24, 48,
96, and 120 h, the samples were taken, and mean volume diameters and polydispersity
indexes were measured using the particle size analyzer. To evaluate the release properties
of PSL-loaded PLGA NPs used in this study, 3 mL of PSL-loaded PLGA NPs prepared in
Section 2.2 was placed in a dialysis membrane and placed in a vial with 97 mL of purified
water at 32 ◦C for 24 h with water bath shaking [30]. After 0.5, 1, 2, 3, 6, 8, 12, and 24 h, each
of the 3 mL of the outer solution was extracted and measured via HPLC, and the release
rate was calculated. The same volume of purified water was added when the outer solution
was extracted, and the total volume of the outer solution was always kept at 97 mL.



Colloids Interfaces 2024, 8, 39 4 of 11

2.4. Animal Experiments

Animal experiments were performed using BALB/cCrslc (9-week-old, male) pur-
chased from Japan SLC Inc. (Tokyo, Japan) in accordance with the Josai International
University Animal Experiment Guidelines (Ethics Committee for Animal Experimentation
of Josai International University, ethical approval code: 2300011).

2.4.1. Preparation of CHS Model Mice

CHS model mice were prepared by administering 25µL of 0.5% 1-fluoro-2,4-dinitrobenzene
(DNFB) to the abdominal skin of shaved mice for 2 consecutive days (days 1 and 2). Four
days later (day 6), the back was shaved and sensitized by administering 10 µL of 0.3%
DNFB and allowing it to lapse for 24 h. DNFB was dissolved in ACE and olive oil (4:1, v/v).

2.4.2. Treatment Experiments Using CHS Model Mice

Two hours before or after the sensitization dose on day 6 of the mice prepared in
Section 2.4.1, PSL-loaded PLGA NPs and PSL-containing ointment were administered.
Mice in the control group were treated with ACE/olive oil instead of DNFB at the time
of sensitization administration. Then, 24 h after sensitization, mice were anesthetized via
inhalation with isoflurane and intraperitoneally with a 3-ingredient mixture of medetomi-
dine hydrochloride at 0.3 mL, midazolam at 0.8 mL, and butorphanol tartrate at 1.0 mL
plus saline to obtain 5 mL (0.05 mL/10 g). The lesion site was then excised.

2.4.3. Evaluation of Treatment Effect by ELISA

Skin excised in Section 2.4.2 was homogenized in purified water and centrifuged at
10,000× g for 20 min at 4 ◦C to measure the concentration of cytokines in the skin. The
cytokine concentrations in the supernatant were then measured using ELISA MAX Deluxe
Set Mouse IL-4 and ELISA MAX Deluxe Set Mouse TNF-α (Bio Legend Corp., San Diego,
CA, USA). TNF-α was measured as an indicator of skin inflammation and IL-4 as an
indicator of prolonged allergic symptoms [31–34].

3. Results
3.1. Evaluation of Physical Properties of PSL-Loaded PLGA NPs
3.1.1. Properties of PSL-Loaded PLGA NPs

The PLGA NPs produced had a particle size of 30.6 ± 12.0 nm, a content of 0.9%,
an entrapment efficiency of 15%, a polydispersity index of 0.170, and a ζ potential of
−48.34 ± 4.14 mV. The particle size distribution and TEM images of the NPs used in the
treatment experiments (dialysis 6 h, number of external solution changes: 3 times; poor
solvent: 0.1% Arg solution) in light of their condition and content rate after preparation are
shown in Figures 1 and 2. The PLGA NPs are spherical and homogeneously dispersed, and
they are considered suitable as nanoparticles for use in therapeutic experiments.
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Figure 2. Volume size distribution of PSL-loaded PLGA NPs by dynamic light scattering (n = 3).

3.1.2. Properties of PSL-Loaded PLGA NPs

Figure 3 shows the results of the stability test of PSL-loaded PLGA NPs. At 4 ◦C,
the mean volume diameter and standard deviation were stable at 45.44–48.28 nm and
16.71–18.71 nm, respectively. The polydispersity indexes were 0.170–0.187, showing no
specific trends. At 32 ◦C, the mean volume diameter and standard deviation were stable
at 43.40–48.28 nm and 17.71–20.25 nm, respectively. The polydispersity indexes were
0.172–0.178, showing no specific trends.
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3.1.3. Release Rate of PSL-Loaded PLGA NPs

The release behavior of PSL from PSL-loaded NPs is shown in Figure 4. The cumulative
PSL release rate from the NPs 24 h after the start of the release test was 18.45 ± 1.03%.
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Figure 4. The cumulative release rate of PSL from PSL-loaded PLGA NPs (n = 3, mean ± S.D.).

3.2. Evaluation of Therapeutic Efficacy of PSL-Loaded PLGA NPs Using CHS Model Mice
3.2.1. PSL Administered 2 h before Sensitization

Figures 5 and 6 show the results of the therapeutic effect of PSL-loaded PLGA NPs
administered 2 h before sensitization on ACD. In TNF-α, there was no significant difference
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among all groups, but there was a decreasing trend in the PSL-containing ointment group
and PSL-loaded PLGA NPs group compared to the untreated group. In IL-4, there was a
significant decrease in the PSL-containing ointment and PSL-loaded PLGA NPs-treated
group compared to the untreated group. No significant difference in either TNF-α or IL-4
was observed between the PSL-containing ointment and PSL-loaded PLGA NP groups.
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Figure 6. IL-4 levels in mouse models of acute allergic contact dermatitis (n = 4, mean ± S.D.
** p < 0.01 vs. Ace + oil; * p < 0.05 vs. DNFB, Tukey–Kramer’s test).

3.2.2. PSL Administered 2 h after Sensitization Administration

Figures 7 and 8 show the results of the therapeutic effect of PSL-loaded PLGA NPs
administered 2 h after sensitization on ACD. There was a significant decrease in the PSL-
containing ointment and PSL-loaded PLGA NP group compared to the untreated group.
There was no significant difference between the two groups of patients treated with PSL-
containing ointment and PSL-loaded PLGA NPs.
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** p < 0.01 vs. Ace + oil, ** p < 0.01 vs. DNFB, Tukey–Kramer’s test).

4. Discussion

In the present nanoparticle preparation method, arginine is included in the poor
solvent, and the solvent containing the nanoparticles is slightly inclined toward basicity.
Therefore, the carboxy group ends of PLGA are negatively charged, and the entire surface
of the nanoparticles is considered to be negatively charged [26]. Furthermore, the large
surface charge may have potential applications in iontophoresis and other applications.

The stability test proved that the nanoparticles remained stable, with no agglomeration
of the nanoparticles even after being left standing for 5 days. This suggests that the
nanoparticles are unlikely to aggregate during administration and will remain in shape
after being absorbed into the epidermis. In the release test, the release rate reached a
plateau at about 20% after 24 h, which can be inferred from the fact that the PSL inside
the PLGA NPs was larger in proportion than the PSL adhering to the surface of the PLGA
NPs. The PSL encapsulated inside the PLGA NPs is considered to be gradually released as
PLGA is hydrolyzed in the body. Although the release behavior of PSLs from the PLGA
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NPs was confirmed by permeation during the release test, the PSLs were simply left resting
on the skin when they were actually administered to the CHS model animals. Therefore,
the release rate will probably be the same or lower than the release test results when
administered. These results suggest that the prepared PSL-loaded PLGA NPs are NPs with
a stable structure.

When PSL-loaded PLGA NPs were administered to ACD 2 h before sensitization, both
TNF-α and IL-4 decreased, whereas when PSL-loaded PLGA NPs were administered to
ACD 2 h after sensitization, TNF-α did not change and only IL-4 decreased. The decrease in
TNF-α suggests that inflammation is suppressed and that current inflammation is unlikely
to be present. The decrease in IL-4 is the suppression of prolonged allergic symptoms,
inferring that the allergic symptoms are coming to an end. Therefore, it is likely that both
inflammation and prolonged allergic symptoms were suppressed in the pre-dose, whereas
only prolonged allergic symptoms were suppressed in the post-dose. Post-dosing cannot
suppress the effect of cytokines that have already been released from precursor cells such
as macrophages, so the effect is delayed. Pre-dosing can suppress the release of cytokines
before sensitization to the causative agent, and the amount of cytokines released can be
suppressed in advance, making it easier to produce effects and superior results. Steroids
are generally expected to inhibit cytokine induction and release from cells, rather than
suppressing cytokine function. In addition, no differences were observed between the
PSL-containing ointment and PSL-loaded PLGA NP groups either pre- or post-dose, even
though the PSL-loaded PLGA NPs contained only 1/40th of the amount of PSL contained
in the PSL-containing ointment. These results suggest that PSL-loaded PLGA NPs can show
equivalent efficacy with a very small amount of steroid compared to existing PSL-containing
ointments, and the gradual reduction in the total amount of steroid administered may
have a significant impact on reducing side effects and shortening the duration of treatment.
Based on these results, we consider that the PSL-loaded PLGA NPs exert their maximum
therapeutic effect preadministration.

We believe that these PSL-loaded PLGA NPs can be used for treatment. When pread-
ministration is used, it is administered into normal skin and the stratum corneum is the
biggest barrier [35,36]. However, the particle size of the PSL-containing PLGA NPs is
around 30 nm, and the size of molecules that are said to be able to pass through the gaps in
the stratum corneum is 30–70 nm, so there should be no problem with stratum corneum
penetration [37,38]. PSL-loaded PLGA NPs will release PSLs in the epidermis, and they are
slowly released. The PLGA forming the nanoparticles is more difficult to hydrolyze with
a higher proportion of lactic acid, so the nanoparticles are less fragile [15,39]. Some PSL
contained in the nanoparticles are attached to the nanoparticle’s surface, while others are
embedded within. From the above, PSLs attached to the surface of the nanoparticles may
exhibit efficacy quickly after reaching the site of inflammation, while PSLs embedded in the
nanoparticles may be released gradually and exhibit efficacy because of the hydrolysis of
PLGA, thus indicating a sustained release property. To investigate this, release tests should
be carried out using model mice, and skin sections should be stained for observation in
the future.

5. Conclusions

These results suggest that PSL-loaded PLGA NPs can reduce symptoms in ACD via the
pre-sensitization administration of antigens. Clinically, proactive therapy is recommended
for atopic dermatitis, and they will likely be recommended for contact dermatitis as well
soon. Further studies are needed so that it can become a treatment option in the future.
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