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Background: Psoriasis is a long-term inflammatory skin disorder that significantly impacts the physical and psychological well-being
of those affected. Curcumin (Cur) is a natural compound that holds promise for the topical management of psoriasis. However, the
barrier property of the stratum corneum (SC) and the insufficient retention ability of the drug in the skin have severely restricted the
clinical efficacy of Cur. To overcome these limitations, we introduced mussel adhesive protein (MAP) for its superior bioadhesive
properties, and developed Cur-loaded MAP modified Pluronic F127 micelles (MAP-F127/Cur) to improve the skin permeation and
retention of Cur and enhance the therapeutic effect on psoriasis.

Methods: In this study, MAP-F127 was synthesized via chemical synthesis. MAP-F127/Cur was prepared using the thin-film
hydration method, and the physicochemical properties of the formulation were characterized. In addition, porcine skin was employed
as an in vitro model to evaluate the skin permeation of the formulation and to elucidate the interaction mechanism between the
formulation and the skin. Furthermore, the therapeutic efficacy of the formulation against psoriasis was assessed using an imiquimod-
induced psoriasis mouse model.

Results: The prepared MAP-F127/Cur had a regular spherical shape and good dispersion, and could efficiently load Cur in the
amorphous form. The skin retention of MAP-F127/Cur was notably elevated in comparison to both the Cur-loaded Pluronic F127
micelles (F127/Cur) and Cur solution (»p<0.01). Studies on the skin permeation mechanism showed that MAP-F127/Cur could break
through the restriction of the skin barrier by regulating lipid arrangement and keratin conformation in the SC, forming a long-acting
drug reservoir in the epidermal layer. Furthermore, in the imiquimod-induced psoriasis mouse model, MAP-F127/Cur demonstrated
a significantly enhanced therapeutic effect.

Conclusion: : This study not only provides a new delivery strategy for Cur in the treatment of psoriasis, but also offers an important
reference for designing transdermal delivery systems for other dermatological drugs.
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Introduction

Psoriasis is a long-term inflammatory dermatosis that exerts a substantial influence on the physical and psychological
well-being of the affected people.! The typical histopathological feature of psoriasis is epidermal hyperplasia accom-
panied by extensive lymphocyte and neutrophil infiltration.? Patients usually have clinical symptoms such as erythema,
scales shedding and epidermal thickening. Local administration of pharmaceutical preparations to skin lesions can
effectively alleviate the symptoms of psoriasis, which has become one of the most widely used treatment methods.’
Compared with the systemic administration route, topical administration can reduce the absorption rate of the drug
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throughout the body, thereby improving the therapeutic effect.* However, owing to the formidable barrier properties of
the SC and the difficulty of controlling the dynamic behavior of drugs in the skin, it is challenging for pharmaceuticals to
achieve effective percutaneous permeation and skin targeting, which leads to the reduction of the utilization rate of
topical drugs and ultimately affects the clinical treatment effect.’

Curcumin (Cur), a natural bioactive compound extracted from the rhizome of turmeric, has garnered considerable
interest in the medical community due to its demonstrated efficacy in topical psoriasis therapy.® However, Cur has
drawbacks such as poor water solubility and chemical stability, as well as low skin permeability, which seriously restrict
the manifestation of its clinical efficacy.” In response to these deficiencies, various nano-delivery systems, such as
polymer micelles, nanogels, and nano-emulsions, have been developed to improve the pharmacological activity of Cur in
topical drug delivery.®

Polymeric micelles possess the benefits of straightforward preparation, low critical micelle concentration (CMC) and
good stability, which can effectively encapsulate hydrophobic drug molecules and significantly improve their skin
permeability.’ Polymer micelles can be absorbed into the skin by transcellular transport, intercellular penetration, and
hair follicle appendages.'® In addition, polymer micelles can effectively overcome the SC barrier due to their nanoscale
size."! Therefore, polymeric micelles are regarded as an ideal carrier system for topical drug delivery and topical disease
management in the field of nanomedicine. However, polymer micelles still have the limitation of insufficient skin-
targeted accumulation for drugs. To address this challenge, functional treatment of micelle surface has been applied to
enhance the ability of skin-targeted drug delivery.

Pluronic F127 (F127) is a nonionic block copolymer with exceptional biocompatibility that allows for chemical
modification to fabricate functional drug delivery systems, which improve the therapeutic effects of drugs by strengthen-
ing the tissue adhesiveness or targeting abilities.'> The mussel adhesive protein (MAP) secreted by the byssus gland of
Marine mussels is a macromolecular protein rich in 3, 4-dihydroxyphenylalanine (DOPA), and the catechol group of
DOPA endows MAP with extremely strong biological adhesion ability through chelation and hydrogen bonding with the
substrate.'® In addition, MAP molecules can achieve firm and stable cell adhesion via electrostatic interactions between
their positively charged amino acids and negatively charged cells, as well as hydrophobic bonding between their
hydrophobic groups and the phospholipid layers of cell membranes.'*'> These unique properties make MAP highly
valuable for constructing functional nano-delivery systems. For instance, mussel-protein-based nanoparticles have been
developed as sprayable adhesive nanotherapeutics for highly efficient locoregional cancer therapy, which demonstrates
the great potential of MAP in drug delivery systems.'® Therefore, MAP is expected to significantly improve the drug
delivery efficiency for localized psoriasis treatment.

In the present research, a carrier material derived from MAP-functionalized Pluronic F127 was designed and
developed, and the MAP-modified Pluronic F127 micelles loaded with Cur (MAP-F127/Cur) were constructed, aiming
to promote the cutaneous absorption of Cur and enhance the topical therapeutic efficacy in psoriasis (Figure 1). The
physicochemical characterization of MAP-F127/Cur was performed and the skin permeation and retention capabilities of
MAP-F127/Cur were verified through in vitro experiments. Furthermore, imiquimod (IMQ)-induced psoriasis mouse
model was employed to assess the in vivo efficacy of the MAP-F127/Cur, which confirmed that the MAP-F127/Cur
could significantly enhance the local therapeutic effect of Cur, thereby provides an important reference for developing an
efficient nanocarrier in the management of dermatological disorders.

Materials and Methods

Materials

Pluronic F127 was purchased from BASF Corporation (Shanghai, China). Mussel adhesion protein (100 kDa) was
purchased from USUN Biochemical Technology Co., Ltd. (Jiangyin, China). Curcumin was purchased from Shandong
Yatu Biotechnology Co., Ltd. (Jinan, China). 4-dimethylaminopyridine (DMAP), succinic anhydride, 1- (3-dimethyla-
minopypropyl) —3-ethylcarbodiimide hydrochloride (EDC), and N-hydroxysuccinimide (NHS) were purchased from
Aladin (Shanghai, China). Pyrene was purchased from Macklin (Shanghai, China). Imiquimod Ointment (5%, w/w)
was bought from Mingxin Pharmaceutical Co., Ltd. (Chengdu, China). Clobetasol propionate cream (0.02%, w/w) was
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Figure | Schematic illustration of the MAP-FI27/Cur for enhanced topical delivery of Cur, including improved skin permeation, increased skin retention, and enhanced
therapeutic effect.

purchased from Guangdong Resources Shunfeng Pharmaceutical Co., Ltd. (Foshan, China). The One-month-old Bama
miniature porcine skin was supplied by Linxi County Jingde Agricultural Products Sales Co., Ltd. (Jingde, China).

Synthesis and Characterization of MAP-F127

Synthesis and Structural Confirmation of MAP-F[27

To provide carboxyl active functional groups for binding to MAP, carboxylated Pluronic F127 (F127-COOH) was
synthesized.'” Pluronic F127 (5 g) was dissolved in 25 mL of methylene chloride. Subsequently, DMAP (51 mg),
succinic anhydride (386 mg) and triethylamine (78 mg) were added and stirred continuously at ambient temperature for
48 h. The reaction mixture was first filtered through a microporous membrane filter, followed by precipitation with cold
diethyl ether. The obtained precipitate was redissolved in ethanol, dialyzed, and freeze-dried to obtain F127-COOH.
F127-COOH (2.6 g) was activated using EDC (0.12 g) and NHS (0.07 g) in 25 mL of MES buffer (pH=5.5) at 37 °C for
30 min, while MAP was dissolved in 12 mL of MES buffer, and then MAP solution was added drop by drop to the
activated F127-COOH solution with constant stirring. The coupling process was completed by stirring for 6 h at 37 °C.
The final reaction product was purified by dialysis and freeze-dried to obtain MAP-F127. The chemical structure of
MAP-F127 was identified by Fourier transform infrared (FTIR) spectroscopy (Nicolet iS-5, Thermo, USA) and
"H nuclear magnetic resonance (‘H NMR) spectrometer (Avance II 400, Bruker, Karlsruhe, Germany).

Measurement of Critical Micelle Concentration (CMC)

The CMC of MAP-F127 was measured using pyrene fluorescence probe methodology.'® Firstly, six equal volumes of
pyrene solution (5x10°7 M) were placed in darkness for 24 h to completely volatilize the methanol. Subsequently, 10 mL
of MAP-F127 aqueous solutions with a series of concentrations (0.01-2.5 g/L) were added respectively, sonicated for
10 min, and then equilibrated in darkness for 24 h. The samples were detected using the fluorescence spectrophotometer
(F-7000, Tokyo, Japan). The excitation wavelength was set to 334 nm, and the fluorescence intensity values (I57, and I;
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g3) at 372 nm and 383 nm were recorded respectively. The CMC value was determined by plotting the relationship curve
between the ratio of I333/I37, and the logarithm of MAP-F127 concentration (Log C).

Formulation and Characterization of MAP-F127/Cur

Formulation of MAP-FI27/Cur

MAP-F127/Cur was prepared using the thin-film hydration method. Cur (5 mg) and MAP-F127 (50 mg) were dissolved
in 10 mL of absolute ethanol, and the solvent was evaporated using rotary evaporation at 45 °C, resulting in a thin film
formation. Subsequently, hydration was performed at 60 °C for 30 min by adding 5 mL of deionized water, followed by
ultrasonic treatment for 5 min to promote the self-assembly of the micelles. F127/Cur and blank micelles were prepared
using the same process with a constant concentration of F127 polymer. The appearance and the Tyndall phenomenon of
MAP-F127/Cur were visually inspected. The UV-Vis and fluorescence spectra of both MAP-F127/Cur and Cur solution
(10 pg/mL) were further analyzed.

Entrapment Efficiency (EE) and Drug Loading (DL)

Free Cur in MAP-F127/Cur was separated using centrifugation at 3000 rpm for 30 min with an ultrafiltration tube
(MWCO 30 kDa). Cur was dissolved in ethanol to prepare a series of standard solutions with concentrations ranging
from 0.2 to 6.0 pg/mL. The absorbance was measured at 423 nm using a UV-vis spectrophotometer (TU-1810PC,
Purkinje, China), and a standard curve was constructed to obtain the linear equation A= 0.1609C — 0.0042 (R*=0.9978).
The EE and DL were calculated using the following equation:

EE(%)= Weight of encapsulated Cur/Weight of feeding Cur x 100%

DL (%)= Weight of encapsulated Cur/Weight of total MAP — F127/Cur x 100%

Morphology, Particle Size and Zeta Potential

The morphology of the MAP-F127/Cur was examined by scanning electron microscopy (SEM) (Sigma500, Zeiss,
Oberkochen, Germany). MAP-F127/Cur was diluted 100 times with deionized water, and an appropriate amount of
the diluted formulation was applied onto a monocrystalline substrate and freeze-dried. The sample was gold-sputtered
under vacuum conditions and then observed at an appropriate magnification. The particle size and zeta potential of MAP-
F127/Cur were detected with a Zetasizer (ZS90, Malvern, UK) at 25 °C, at a fixed detection angle of 90°.

FTIR and XRD

The possible interactions of Cur in MAP-F127 micelles were investigated using a FTIR spectrometer (Nicolet iS5,
Thermo, USA). The infrared spectra of the samples were recorded in transmission mode over the wavelength range of
400-4000 cm™ " with a spectral resolution of 4 cm ™', and a total of 64 scans were performed. X-ray diffraction (XRD)
analysis was performed using an X-ray diffractometer (D8 Advance, Bruker, Germany) to study the physicochemical
changes of Cur in MAP-F127 micelles. XRD measurements were conducted using Cu—Ka radiation generated at 40 kV
and 40 mA with a scanning range of 5—40° (260).

Short Term Stability

The short-term stability of MAP-F127/Cur was investigated in the dark at 4 °C and 25 °C on days 0, 1, 5, 7, and 14 after
formulation. During storage, visual inspection was performed, and physicochemical characteristics of the micelles,
including particle size, zeta potential, EE, and DL, were also evaluated.

In vitro Drug Release Study

The in vitro drug release study was conducted using the dialysis membrane method.'® The release medium consisted of
phosphate-buffered saline (PBS, pH 7.4) supplemented with 1% (v/v) Tween-80. Aliquots of 2 mL of MAP-F127/Cur,
F127/Cur, or Cur ethanol solution were separately introduced into a dialysis tube (MWCO 35 kDa). The tube was sealed
at both ends and immersed in 40 mL of preheated release medium. The experiment was conducted in a water bath
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maintained at 37 £ 1°C with horizontal shaking at 50 rpm. At predetermined time intervals, 2 mL aliquots of release
medium were withdrawn and immediately replaced with an equal volume of fresh preheated medium. Drug content in
each sample was analyzed at 423 nm using UV-Vis spectrophotometry and cumulative drug release was calculated.

In vitro Skin Permeation and Retention Study

Quantification of Cur by HPLC

In the study of skin permeation and retention, the content of Cur was analyzed by means of a high-performance liquid
chromatography (HPLC) technology equipped with a UV detector and a reversed-phase C18 chromatographic column
(5 mm, 200%4.6 mm). The mobile phase was a mixture of acetonitrile and water (58:42, v/v) supplemented with 0.5%
phosphoric acid, delivered at a flow rate of 1.0 mL/min. The column temperature was maintained at 30.0+£0.2 °C, with
each sample injected at a volume of 20 pL and signals monitored at 423 nm.

Skin Permeation Study

Skin permeation was investigated utilizing a Franz diffusion cell (RYJ-6B, Huanghai, China) consisting of a donor chamber
and a recipient chamber.”’ The receptor chamber of the diffusion cell had a capacity of 6.5 mL and an effective membrane
contact area of 2.8 cm”. The porcine skin was fixed between the two chambers with the epidermis oriented towards the donor
chamber. The PBS containing 1% Tween-80 (pH 7.4) was added to the receptor chamber and placed in a water bath (37+0.5
°C) with continuous agitation at a speed of 300 rpm. After equilibration for 20 min, 1 mL of Cur solution, F127/Cur and
MAP-F127/Cur (equal to 0.2 mg of Cur) was respectively applied to the skin surface. At set time intervals, 1 mL of the
receptor solution was removed from the receptor chamber and right away replaced with the same volume of fresh PBS. The
content of the drug was measured using HPLC, and the cumulative permeation amount of Cur was computed.

Skin Retention Study

When the permeation experiment came to the end, skin samples were taken out of the Franz diffusion cells. The
remaining formulation on the surface of skin was eliminated through careful rinsing with deionized water. These skin
samples were then cut into small fragments and soaked in 2 mL of methanol. Following 24 h of storage at 4 °C, the
samples were subjected to 30 min of ultrasonic treatment, and then centrifuged at 3000 rpm for 15 min to collect the
supernatant. The quantity of Cur remaining in the skin was assessed using HPLC.

In vitro Skin Distribution Study

Porcine skin was treated with MAP-F127/Cur, F127/Cur and Cur solutions for 2 h and 8 h, respectively. The skin was
taken out of the Franz diffusion cell and vertical slices with a thickness of 10 um were prepared using a cryostat
(CM1950, Leica, Germany). The skin slices were stained by DAPI and fluorescence images were obtained using a digital
scanning system (Pannoramic MIDI, 3DHISTECH, Hungary) to examine the distribution of Cur within the skin.

Histological Observation

Porcine skin was mounted on Franz diffusion cells and exposed to physiological saline (control), F127/Cur and MAP-
F127/Cur for 12 h, respectively. The skin samples were then removed, rinsed using physiological saline and placed in
a 4% paraformaldehyde solution for fixation, followed by dehydration through a series of ethanol solutions with
increasing concentrations. Subsequently, the samples were placed in xylene for transparent processing, embedded in
paraffin, longitudinally sliced with pathological microtome (LEICA RM2235, Nussloch, Germany) at a thickness of
5 um, stained using hematoxylin and eosin (HE), sealed with neutral gum, and histopathological alterations were
examined with a digital scanner (3DHISTECH Ltd, Budapest, Hungary).

Interaction Mechanisms of MAP-F127/Cur with the Skin

SEM Analysis of Skin Surface

Porcine skin samples were exposed to physiological saline (control), Cur solution, F127/Cur and MAP-F127/Cur for
12 h in Franz diffusion cells, rinsed thoroughly with physiological saline and fixed with 4% paraformaldehyde at 4 °C for
24 h. Following fixation, skin samples were cleansed with physiological saline and subsequently freeze-dried with
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a lyophilizer (SCIENTZ-18N, Xinzhi, China) for 48 h. The dried skin samples were fixed on aluminum stubs, coated
with gold through spraying, and the skin surface was examined using SEM (Sigma 500, ZEISS, Germany).

DSC Analysis of Skin Thermotropic Properties

The effects of different formulations on the thermogenic properties of skin were analyzed via differential scanning
calorimetry (DSC, Q2000, TA Instrument, USA). Porcine skin samples were treated in Franz diffusion cells with
physiological saline (control), Cur solution, F127/Cur, and MAP-F127/Cur respectively for 12 h. Then the administration
site of the skin was cleansed using physiological saline, freeze-dried for 48 h and cut into small pieces. About 8 mg of
skin pieces were weighed and sealed in an aluminum crucible. DSC analysis was conducted by heating the temperature
from 0 °C to 250 °C at a speed of 10 °C /min in a nitrogen environment.

FTIR Analysis of Skin Structure

Skin samples exposed to various formulations were processed according to the DSC analysis. An FTIR spectrometer
(Nicolet iS5, Thermo, USA) was used to collect the infrared spectra of the skin samples. The process covered the
wavenumber range from 400 to 4000 cm ', involving the combination of 64 scans at a resolution of 4 cm ™', and all

operations were carried out under ambient temperature.

Trans-Epidermal Water Loss (TEWL) Analysis

To study the impact of different formulations on the function of the skin barrier, measurement of TEWL was performed
with a Tewameter™ TM 300 (Courage & Khazaka, Germany). The porcine skin was fixed in the Franz diffusion cell and
treated respectively with physiological saline (control), Cur solution, F127/Cur and MAP-F127/Cur for 12 h. Following
treatment completion, the skin samples were removed, gently cleansed with physiological saline, blotted dry with filter
paper, and subjected to TEWL evaluation with a probe at 10 min and 24 h.

Therapeutic Effect on Imiquimod-Induced Psoriasis in Mice

Female KM mice aged 6—8 weeks were randomly assigned to 6 groups: normal, model, Cur solution, F127/Cur, MAP-
F127/Cur and clobetasol propionate (CP). Each group consisted of 6 mice. The dorsal area of the mice was shaved
24 h prior to the experiment. In addition to the normal group, imiquimod (IMQ) ointment (25 mg/cm?®) was applied daily
on the back of the other groups to induce psoriasis-like lesions. Excluding the normal and model groups, the treatment
groups were administered corresponding Cur formulations (0.2 mL/cm?), and the positive control group was treated with
CP cream (50 mg/cm?). All treatments were carried out once a day.

The degree of skin inflammation was evaluated using the scoring methodology of Psoriasis Area and Severity Index
(PASI). At the termination of the experiment, the mice were euthanized. Skin samples were collected and fixed with 4.0%
paraformaldehyde. The skin samples were sectioned, stained with HE, and visualized using the scanner (KF-PRX-040,
KFBIO, china) to analyze the histological changes related to psoriasis. The spleen index was computed using the
following equation:

Spleen index = Spleen weight (mg)/Body weight of the mouse (g)

Statistical Analysis

Experiments were performed with at least three independent biological replicates for each group. All measurements are
reported as mean + SD. Statistical comparisons were performed using an independent samples #-test for two-group
comparisons and a one-way ANOVA with post-hoc Tukey’s tests for multi-group comparisons. Values with statistical
significance were set at p < 0.05.

Results and Discussion

Characterization of MAP-F|27

Characterization by FTIR and 'H NMR

Figure 2A shows FTIR spectra of F127, F127-COOH, MAP and MAP-F127. In the FTIR spectrum of F127, the
absorption bands at 1101 and 1278 cm™' were attributed to the C—O—C stretching vibration of aliphatic ether groups and
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Figure 2 (A) FTIR spectra and (B) 'H NMR spectra of FI27, F127-COOH, MAP and MAP-F127.

—CH, twisting vibration,' respectively. Following the carboxylation of F127 using succinic anhydride, a new peak

assigned to the stretching vibration of carboxyl group (~COOH) was detected at 1735 cm ', which confirmed the
successful carboxylation of F127.22 The spectrum of MAP showed the characteristic absorption bands belonging to
amide bonds and 3,4-dihydroxyphenylalanine (DOPA) groups. The absorption band occurring within the range of 1700
—1600 cm ™' was primarily ascribed to the stretching vibration of the carbonyl group (C=0). The broad absorption peak
spanning from 3600 to 3100 cm ' was attributed to the stretching vibrations of N—H and O—H bonds. Additionally, the
peaks in the range from3000 to 2800 cm ' corresponded to C—H stretching vibrations, whereas the absorption band at
1018 cm ' was ascribed to the C—O stretching vibration specific to the DOPA groups.”® After conjugation of F127-
COOH and MAP, a distinct characteristic peak emerged at 1620 cm ', which was ascribed to the C=0 stretching
vibration of the amide bond formed between the carboxyl group of F127-COOH and the primary amine group of MAP.**
Furthermore, the disappearance of the peak at 1735 cm ™' related to the carboxyl groups also supported the successful
conjugation of MAP to F127-COOH.

To further confirm the conjugation of MAP and F127-COOH, 'H NMR spectroscopy was adopted, with the results
presented in Figure 2B. For the F127-COOH, the peaks at 3.2-3.8 and 1.1 ppm corresponded to the ethylene proton (CH,
—CH,) of poly(ethylene oxide) (PEO) and the methyl protons (OCH,CH(CH);0) of poly(propylene oxide) (PPO),
respectively. The weak resonance signals appeared at 2.5 ppm assigned to the methylene protons (CH,CH,COOH) of
the succinic groups, provided additional evidence that carboxyl groups had successfully conjugated to the terminal
hydroxyl groups of F127.>° Based on the peak areas of the methyl protons at 1.1 ppm and methylene protons at 2.5 ppm
in the spectrum of F127-COOH, approximately 68% of the hydroxyl groups in F127 were found to be conjugated with
carboxyl groups. The spectrum of MAP presented the characteristic peaks of protons from the DOPA groups at 6.6—7.0
ppm.%® The spectrum of the MAP-F127 contained both the major peaks of F127 and the characteristic peaks of MAP,
which further confirmed the successful conjugation of MAP to F127-COOH by EDC/NHS chemistry, as shown in
Figure 3A.

CMC of MAP-F127

Figure 3B shows the intensity ratio of I37,/1333 with the logarithmic concentration of the MAP-F127 aqueous solution. At
the concentration below the CMC, MAP-F127 exhibited nearly constant I37,/1333 values. However, when the concentra-
tion exceeded CMC, the ratio decreased significantly, indicating that the pyrene molecules migrated from aqueous
domains to hydrophobic microenvironments. Meanwhile, MAP-F127 formed micellar structure through self-aggregation.
The CMC value was obtained by fitting the linear trend line of the low and high concentration interval and taking the
abscise of the intersection point. The results showed that the CMC of MAP-F127 at 25 °C was 0.125 mg/mL, which was
dramatically lower than the reference range of F127 (1-7 g/L),”’ indicating that MAP-F127 had a stronger self-assembly
ability, and its micellar structure was more stable due to the steric hindrances effect of the MAP and the enhanced
intermolecular forces. This stability is very beneficial for maintaining the micellar structure during transdermal
delivery.”®
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Figure 3 (A) Diagrammatic scheme for synthesis of MAP-FI27. (B) Variation of fluorescence intensity ratio (I375/13g3) with logarithmic concentration of MAP-F[27.

Preparation and Characterization of MAP-FI27/Cur

This investigation employed MAP-F127 micellar encapsulation to enhance the therapeutic efficacy of curcumin (Cur) in
the treatment of psoriasis. Drug encapsulation was achieved through hydrophobic interactions between drug molecules
and the lipophilic segments of the amphiphilic polymer. The molecular structure of Cur contains a chromophore
composed of an aromatic m-electron system, and its spectral characteristics can be used to analyze intermolecular
interactions. UV-Vis absorption spectroscopy results showed (Figure 4A) that the maximum absorption peak of MAP-
F127/Cur was located at 421 nm, while the peak of free Cur appeared at 425 nm. This blue shift phenomenon arises from
the overlap of m-electron clouds, which is caused by the elevated local concentration of Cur and the enhanced interactions
between drug molecules.”” More striking evidence was provided by fluorescence spectroscopy (Figure 4B). In compar-
ison with non-encapsulated Cur of identical concentration, the fluorescence intensity of Cur loaded into micelles
decreased significantly, which was attributed to the self-quenching effect triggered by the increased local concentration
of Cur within the hydrophobic core of the micelles,*® indicating effective encapsulation of Cur molecules.

EE and DL are two key parameters to evaluate the performance of polymer micelles, which not only reflect the
binding ability of the carrier to the drug, but also directly affect the delivery efficiency and sustained release character-
istics of the drug.’' The EE and DL of MAP-F127/Cur were 93.06+1.47% and 8.51%0.14%, respectively, showing
excellent drug-loading performance, which might be attributed to the substantial hydrophobic domains in the copolymer
structure of F127 copolymer structure. Research has demonstrated that hydrophobic drugs are primarily incorporated
within micellar cores via multiple non-covalent forces, including hydrophobic effects, hydrogen bonding, and van der
Waals interactions.®* The high drug-loading efficiency of MAP-F127/Cur will be beneficial for improving the topical
bioavailability of drugs.

MAP-F127/Cur appeared as an orange-yellow transparent liquid. Upon laser irradiation, the sample exhibited a distinct
light scattering path (Figure 4C), demonstrating the Tyndall effect, which confirmed the self-assembly of MAP-F127 into
colloidal nanoparticles with dimensions smaller than visible light wavelengths in aqueous medium.*® The SEM image of
MAP-F127/Cur is shown in Figure 4D. The MAP-F127/Cur exhibited uniform spherical morphology with homogeneous
distribution, displaying an average diameter of approximately 30 nm. Figure 4E illustrates the size distribution of blank
micelles and drug-encapsulated micelles. The results demonstrated that all samples exhibited monomodal size distributions
with polydispersity index (PDI) values below 0.3, which was helpful to maintain the stability of micelles. Comparative
analysis of Pluronic F127 micelles before and after drug encapsulation revealed a micellar size increase from 26.38 nm to
33.06 nm. Similarly, MAP-F127 micelles showed comparable behavior, with average diameter increasing from 34.99 nm for
blank micelles to 47.50 nm after drug loading. This size expansion primarily resulted from the incorporation of drug
molecules into the hydrophobic core of the micelles, leading to structural swelling.** Moreover, the size of MAP-modified
micelles was larger than that of unmodified micelles, which might be related to the MAP surface coating. It is worth noting
that the particle size determined via dynamic light scattering (DLS) was smaller than that measured using SEM. This
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Figure 4 (A) UV-Vis and (B) fluorescence spectra of Cur solution and MAP-F127/Cur at 10 pg/mL. (C) Appearance (a) and Tyndall phenomenon (b) of the MAP-FI127/Cur.
(D) SEM image of MAP-FI27/Cur. (E) Size distribution and (F) zeta potential of FI27 micelles, MAP-F127 micelles, FI27/Cur and MAP-F127/Cur.

difference might be attributed to the fact that samples observed via SEM were dried, whereas micelles were in a hydrated and
swollen state when detected by DLS.?* Nanoparticles with size smaller than 300 nm had been reported to be suitable for skin
topical drug delivery.*® Therefore, the small size of MAP-F127/Cur is conducive to its permeation into the SC and deposition
in the skin. The zeta potential showed that all the micelles are negatively charged (Figure 4F). The mean zeta potential of
F127 blank micelles and F127/Cur was —0.57 mV and —1.30 mV, respectively. This low absolute zeta potential value is
attributed to the nonionic nature of Pluronic polymers. The zeta potential of MAP-F127 blank micelle and MAP-F127/Cur
was —4.24 mV and —6.16 mV, respectively. MAP-F127/Cur carried more negative charges, which might be related to the
carboxyl groups in MAP-F127 molecules. The surface charge characteristics of nanoparticles may affect their skin
permeability and retention. Owing to the negative charge present on the skin surface, negatively charged nanoparticles are
more likely to be deposited in the skin than positively charged nanoparticles, which could be accounted for by the
electrostatic repulsion between negatively charged nanoparticles and skin lipids disrupting the epidermal tight junction
structure, thereby enhancing the drug delivery to the skin.*’
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FTIR and XRD
FTIR Analysis
FTIR can be used to analyze the interaction between drugs and polymers, and provide further supporting evidence for

drug encapsulation.”® Figure 5A shows the FTIR spectra of pure Cur, physical mixture of Cur and MAP-F127, freeze-
dried MAP-F127 blank micelles and MAP-F127/Cur. The spectrum of Cur showed that the sharp peak at 3510 cm ™' was
ascribed to the stretching vibration of hydroxyl group (-OH). The characteristic peaks at 1626 cm ' and 1506 cm™'
corresponded respectively to the stretching vibrations of the carbonyl group (—-C=0) and the aromatic ring (C=C).
Furthermore, the peak at 1024 cm™' originated from the asymmetric stretching vibration of the ether linkage (C—O—C).*’

The spectrum of blank micelles exhibited a peak at 2883 cm ™'

, which can be ascribed to the C—H stretching vibration of
MAP-F127. In the spectrum of the physical mixture, the primary characteristic peaks of both Cur and MAP-F127 were
preserved, with no shifts in their positions. However, when Cur was encapsulated in MAP-F127 micelles, the spectral
features at 3510 cmfl, 1626 cm™!
1506 cm™' was significantly reduced. These spectral changes suggest that there may be hydrogen bonds or dipole
interactions between Cur and MAP-F127. The interaction between Cur and MAP-F127 further confirms that the drug was

effectively encapsulated in the polymer micelles, and this interaction also helps MAP-F127/Cur achieve sustained drug
0

, and 1024 cm™ ' disappeared completely, and the intensity of the C=C vibration peak at

release.t

XRD Analysis

The XRD diffractograms of pure Cur, the physical mixture of Cur and MAP-F127, blank MAP-F127 micelles, and MAP-
F127/Cur are presented in Figure 5B. The diffractogram of Cur exhibited intense diffraction peaks at 8.88°, 17.32°,
19.48°, and 25.61°, which were mainly attributed to its crystalline nature.*' After Cur was physically mixed with MAP-
F127, the strength of the typical diffraction peaks of Cur was significantly reduced as a result of being diluted with MAP-
F127. The diffraction pattern of MAP-F127/Cur was similar to that of blank micelles, but significantly different from that
of Cur. In the diffraction pattern of MAP-F127/Cur, the diffraction peaks corresponding to Cur vanished entirely,
suggesting that Cur transitioned from a crystalline structure to an amorphous state.*? This transformation of the physical
state might be due to the intermolecular interaction between the Cur and MAP-F127. The complete vanishing of the
crystalline diffraction patterns of the Cur further confirms the successful drug encapsulation.

Stability Evaluation

The stability of MAP-F127/Cur under different storage conditions was evaluated over a two-week period, with key
parameters including encapsulation efficiency (EE), drug loading (DL), particle size, and zeta potential being monitored.
The results showed that after 14 days of storage at 4°C, the EE of MAP-F127/Cur decreased by 7.68% and the DL by
0.64% compared to the initial (day 0) values. In contrast, at 25°C, the EE decreased by 21.19% and the DL by 1.82%,
along with noticeable drug leakage (Figure 6A). Particle size analysis revealed that the initial diameter of MAP-F127/Cur
was 46.9 nm. After 14 days at 4°C, it increased only slightly to 56.0 nm, with the PDI remaining below 0.2 (Figure 6B),
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Figure 5 (A) FTIR spectra and (B) XRD diffractograms of MAP-F[27/Cur, physical mixture of Cur and MAP-F127, blank MAP-F[27 micelles and pure Cur.
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indicating a homogeneous particle distribution. In comparison, storage at 25°C for the same period led to an increase in
particle size from 47.7 nm to 68.95 nm, and the PDI rose from 0.14 to 0.21, suggesting possible particle aggregation in
MAP-F127/Cur. Zeta potential measurements showed that after storage at 4°C, the absolute value increased from 6.04
mV to 7.74 mV, while it decreased from 6.12 mV to 5.01 mV at 25°C (Figure 6C). Therefore, MAP-F127/Cur
demonstrated superior stability at 4°C compared to 25°C, indicating that refrigerated storage is more suitable for this
formulation. However, as these findings are based on short-term data, a comprehensive long-term stability study is
necessary to fully validate the shelf-life and support future translational development.

Drug Release Studies

The drug release characteristics of MAP-F127/Cur and F127/Cur within 24 h were investigated and compared with Cur
solution. The Cur solution exhibited rapid release and was completely released within 24 h (Figure 6D), while MAP-
F127/Cur and F127/Cur showed a significant sustained release. The cumulative drug release of MAP-F127/Cur and
F127/Cur at 24 h were 65.85+3.62% and 71.92+3.16%, respectively, which were significantly lower compared with the
Cur solution (p < 0.01). Through fitting analysis of the kinetics model, it was found that the Korsmeyer-Peppas model
could most accurately describe the drug release behavior of MAP-F127/Cur (R*=0.9991). The release index (n) was 0.48,
suggesting that the drug release process of the formulation mainly follows the Fick diffusion mechanism, meaning that
drug release is primarily driven by the concentration gradient.*> For topical drug delivery, this implies that the drug may
be released at a relatively stable and slow rate, which helps maintain a steady drug concentration at the lesion site,
thereby prolonging the duration of action and reducing the frequency of administration** The sustained release of MAP-
F127/Cur can be explained from two aspects. First, the three-dimensional network structure formed by polymer micelles
can effectively hinder the free diffusion of drug molecules, significantly extending the pathway of the drug release.*’
Second, the strong interaction between drug molecules and the hydrophobic core of micelles acts as a barrier that retards
drug release kinetics.*® In the practical application of topical drug delivery, such sustained release is particularly
important. It not only ensures that the drug can permeate smoothly into the deep skin and achieve continuous release
but also effectively prevents the drug from being prematurely released on the SC surface, thereby avoiding failure to
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reach the deep skin.*’ Additionally, the continuous drug release property helps maintain stable therapeutic effects and
improves patient compliance by reducing the frequency of administration.

Skin Permeation and Retention Studies

Cur possesses notable anti-inflammatory and antioxidant capabilities, making it a commonly employed therapeutic agent
for multiple dermatological conditions, particularly inflammatory disorders including psoriasis and atopic dermatitis. For
topical treatments to be most effective, it is crucial to improve cutaneous drug retention while minimizing systemic
uptake. Due to the high degree of similarity between porcine and human skin in both histological structure and
physiological characteristics, porcine skin was chosen as the experimental model for this investigation.*® The skin
permeation behavior of MAP-F127/Cur was evaluated using the Franz diffusion technique. At the 12 h timepoint post-
administration, the permeation amounts of Cur were 0.05£0.02 pug/cm?, 0.17+0.01 pg/cm?, and 0.07+0.02 pg/cm? for the
Cur solution, F127/Cur, and MAP-F127/Cur, respectively (Figure 7A). The total amount of Cur that had permeated from
MAP-F127/Cur was markedly smaller when compared with that in the F127/Cur group (p < 0.01), which suggests that
MAP-F127 can effectively reduce the systemic absorption of drugs, thus reducing the occurrence of systemic adverse
reactions.

The skin retention experiment aims to examine the drug accumulation ability of different preparations in the skin,
which is crucial for ensuring that the drugs achieve the expected therapeutic effect. At 12 h post-application, the amount
of Cur retained in the skin for the Cur solution, F127/Cur, and MAP-F127/Cur was 0.12+0.05 pg/cm?, 0.28+0.05 pg/cm?,
and 0.61+0.08 ug/cmz, respectively (Figure 7B). The amount of Cur retained in the skin for MAP-F127/Cur was found to
be notably higher than that observed in both the Cur solution (p < 0.001) and F127/Cur (p < 0.01), demonstrating the best
skin accumulation performance, the excellent skin retention of MAP-F127/Cur might be predominantly dependent on the
bio-adhesion of MAP. The dopamine groups in the MAP structure can form strong adhesion to skin tissue through
multiple interactions, including hydrogen bonds, covalent bonds, and cation-n/n-7 interactions, thereby significantly
improving the drug retention in the skin.**>' Meanwhile, the drug is distributed within the spherical structure of the
micelles, and its slow-release characteristic helps in establishing a steady drug depot in the skin.'? The research also
found that polymer micelles can enhance the drug retention through the pathway of hair follicle, and their small
hydrodynamic diameter is conducive to increasing the contact area with the skin, thereby promoting the diffusion and
cutaneous accumulation.’® Compared with conventional nanocarriers commonly employed in skin delivery research, the
developed MAP-F127/Cur demonstrates superior performance in terms of skin retention. Previous studies have shown
that the skin retention of topical Cur-loaded nanogels or liposomes is only 1-3 times that of Cur solutions, whereas the
MAP-F127/Cur formulation achieves a retention approximately 5 times greater than that of Cur solutions.*®>* Therefore,
by leveraging the bio-adhesion of MAP, the MAP-F127/Cur system offers a unique delivery strategy that achieves
superior skin retention and localized bioavailability compared to conventional nanocarriers. This enhanced drug avail-
ability within the skin is particularly advantageous for obtaining potent and prolonged pharmacological effects.
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Figure 7 (A) In vitro skin permeation and (B) drug retention of Cur solution, F127/Cur, and MAP-FI27/Cur in porcine skin (n=3; *p < 0.05, **p < 0.01, ***p < 0.001).
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Visualization of Fluorescence Biodistribution

To investigate the skin localization and permeation pathways of the formulation, Cur solution, F127/Cur, and MAP-F127
/Cur were applied to porcine skin for 2 h and 8 h. Subsequently, the skin distribution of various formulations was
observed. Figure 8A shows fluorescence images from two fluorescence emission measurements of the same skin section
area (emission from DAPI-stained nuclei in the blue range and emission from Cur-loaded formulations in the green
range). After treating the skin with different formulations for 2 h, only faint fluorescent signals were found in the SC of
skin treated with the Cur solution, reflecting the poor skin permeation ability of Cur molecules. Skin treated with both
F127/Cur and MAP-F127/Cur showed strong green fluorescence in the SC, indicating that micellar formulations can
effectively promote drug permeation. At 8 h after administration, skin treated with F127/Cur exhibited widespread green
fluorescent signals in both the SC and dermis, indicating that F127/Cur can promote the deep skin permeation of the
drug. In contrast, when the skin was subjected to MAP-F127/Cur treatment, the green fluorescence was mostly restricted

to the epidermis, and only weak signals were detected in the dermis. Quantitative analysis of fluorescence images
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revealed that the Cur signal intensity in the MAP-F127/Cur group was significantly stronger than that in the F127/Cur
group (p < 0.01), particularly in the epidermal layer (Figure 8B). This indicates that MAP-F127/Cur can penetrate the SC
and selectively accumulate in the epidermis to form drug reservoirs. This selective accumulation may be related to the
tight adhesion of dopamine and lysine groups in the MAP structure to epidermal cells. These findings demonstrate that
MAP-F127/Cur can improve the epidermal targeting of the drug, which would help reduce potential drug-related adverse
effects associated with circulating distribution.®® Furthermore, skin treated with MAP-F127/Cur also showed green
fluorescence in the hair follicles. Quantitative fluorescence analysis revealed that the fluorescence intensity within hair
follicles was 0.58 times that in the interfollicular skin, indicating that the skin permeation of MAP-F127/Cur occurs not
only through the SC but also through hair follicles. It has been previously reported that the hair follicle route serves as
a major pathway for nanoparticle permeation, largely attributable to the relatively large openings of hair follicle.>
Therefore, MAP-F127/Cur can also be delivered targeting hair follicles, and their accumulation, deposition, and

subsequent drug release can provide a more durable and effective local therapeutic effect.’

Histological Examination of the Skin

Microscopic images of porcine skin slices stained with HE following the application of different formulations are present
in Figure 9. Visually, skin samples exposed to physiological saline or Cur solution maintained an intact structure with
a compact SC, which was evenly distributed as strips over the viable epidermis (Figure 9A and B). In sharp contrast, the
skin treated with F127/Cur and MAP-F127/Cur exhibited swelling, and the SC became loose, separated, and increased in
thickness, which indicates that micellar formulations are capable of impairing the barrier capacity of the SC and
enhancing drug permeation (Figure 9C and D). Compared with F127/Cur, MAP-F127/Cur induced less alteration in
skin structure, which may be attributed to the bioadhesive property of MAP. Following application of MAP-F127/Cur to
the skin, the bioadhesive properties of MAP enable the drug carrier to adhere tightly to the skin and create a protective
film, thereby enhancing the barrier functions of the skin.’” In addition, upon contact of the MAP-F127/Cur with skin, the
MAP coating might promote the repair of epidermal barrier by conducting nonspecific cell adhesion and establishing
a network scaffold through electrostatic interactions or van der Waals forces.’® Histological examination showed no cell
necrosis or inflammatory cell infiltration, suggesting that MAP-F127/Cur may have good biological safety.

Figure 9 HE staining of the skin treated with (A) physiological saline, (B) Cur solution, (C) FI27/Cur and (D) MAP-F127/Cur.
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Interaction Mechanism of the Micelles with Skin

Figure 10A shows the SEM images of the skin samples treated with different formulations. The skin surface exposed to
physiological saline exhibited smooth and intact morphological characteristics, whereas treatment with Cur solution
resulted in slight loosening of the SC. Both F127/Cur and MAP-F127/Cur caused significant number of fragments
crumpled and detached from the skin surface, demonstrating their capacity to disrupt the highly organized and dense
arrangement of the SC and consequently enhance skin permeability. Notably, MAP-F127/Cur treatment resulted in
reduced damage to the SC compared to F127/Cur treatment, which could be ascribed to the capacity of MAP to restore
the damaged skin barrier function.’® DSC analysis corroborated the SEM findings, revealing keratin melting peaks at
76.2 °C for physiological saline treated skin, which shifted to higher temperatures of 93.03 °C and 91.07 °C following
F127/Cur and MAP-F127/Cur treatments, respectively (Figure 10B), indicating that micellar formulations can alter the
molecular structure of keratin. FTIR analysis revealed characteristic peaks for control skin, with amide I and II bands of
keratin at 1631 cm ™' and 1542 cm ', respectively, along with symmetric and asymmetric stretching vibration peaks of the
lipid alkyl chain at 2852 cm ' and 2921 cm ™', respectively (Figure 10C). Treatment with F127/Cur and MAP-F127/Cur
significantly attenuated these characteristic peaks, demonstrating their ability to modify keratin conformation and disrupt
the ordered structure of the SC, consequently enhancing skin permeability.®’
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TEWL is a key parameter for evaluating skin barrier function, and changes in its values directly reflect the degree of
skin barrier damage. The effects of different formulations on skin barrier integrity were evaluated by measuring changes
in TEWL values before and after administration. The results showed that both F127/Cur and MAP-F127/Cur treatments
caused a significant increase in TEWL values after 12 h (Figure 10D), which might be due to the extraction and
dissolution of skin lipids by micelles, resulting in disruption of the barrier structure.®’ Although both formulations
elevated TEWL, the increase was less pronounced with MAP-F127/Cur than with F127/Cur. This difference could be
attributed to the protective film formed by the adhesive MAP on the skin surface, which can effectively reduce water
evaporation® It was noted that the TEWL values of all treatment groups returned to normal levels after 24 h, indicating
that the damaging effect of the micellar formulation on the skin barrier is reversible. In conclusion, MAP-F127/Cur can
temporarily disrupt the structure of lipids in the skin barrier and the molecular conformation of keratin, thereby
enhancing the efficiency of transdermal drug absorption.

Therapeutic Effect of Psoriasis in Mice

Figure 11A shows the establishment of the mouse psoriasis model and the administration strategy. From the perspective
of the development of skin inflammation, except for the normal group, the psoriasis-related scores (erythema, scales, skin
thickening and comprehensive score) of the other groups all rose to the highest level on the 6th day of modeling, and then
began to decline (Figure 11B). To the experimental termination date (day 8), all treatment groups demonstrated
significantly reduced scores for each index compared to the model group (p < 0.001). Both F127/Cur and MAP-F127
/Cur could effectively relieve the symptoms of skin lesions, and the score of MAP-F127/Cur group decreased more
significantly, indicating that MAP modification significantly enhanced anti-inflammatory efficacy of Cur in the IMQ-
induced psoriasis-like mouse model by improving its skin absorption.

The observation of skin apparent symptoms showed that the skin of mice exhibited obvious skin shrinkage, dryness
and slight thickening in all experimental groups except normal controls from the second day. The severity of dermato-
logical manifestations in the model group increased progressively with prolonged modeling duration. The skin lesions of
the mice in the model group continued to deteriorate with the modeling time. A large number of scales appeared on the
back, and the skin presented a hardened and thickened state. Compared to untreated model animals, therapeutic
intervention with Cur formulations significantly ameliorated back skin scaling, thickening, and erythematous changes.
The mice in the Cur solution treatment group still had obvious scales on the back on day 8, while the inflammation of the
mice was relieved after treatment with MAP-F127/Cur and F127/Cur, and the relief effect of skin inflammation was more
obvious in the MAP-F127/Cur group (Figure 11C). The HE staining results revealed well-organized epidermal and
dermal structures in the normal control group. The model group presented typical lesion characteristics of psoriasis,
including excessive keratinization, incomplete keratinization, epidermal hyperplasia and elongated epidermal nail
processes. Epidermal thickening was significantly reduced in both the MAP-F127/Cur and F127/Cur treatment groups,
but elongated epidermal nail processes was still observed. Among all Cur preparations, the anti-inflammatory effect of
the MAP-F127/Cur group was the most prominent, and the histological state of the skin tended to be normalized. We
subsequently quantified the thickness of epidermis of mice across all experimental groups. The model group displayed an
epidermal thickness of 78 pm, while administration of Cur solution and F127/Cur led to a reduction in thickness of
epidermis, with values falling to 65 pm and 40 um, respectively. More strikingly, the MAP-F127/Cur treatment group
exhibited a further decrease to 18 um, only about 3 pum greater than the 15 pm in the normal group (Figure 11D). These
results demonstrate that MAP-F127/Cur treatment not only effectively normalized the thickness of epidermis but also
supported the reestablishment of a typical undulating epidermal border and ameliorated pathological thickening of the
spinous layer. It is noteworthy that although MAP-F127/Cur demonstrated significant efficacy in improving psoriasiform
skin lesions, reducing PASI scores, and suppressing keratinocyte hyperproliferation, its therapeutic effect was still
inferior to that of the positive control drug CP. This difference primarily stems from the potent action of CP as a super-
high-potency glucocorticoid. However, long-term use of such high-potency steroids carries the risk of adverse effects like
skin atrophy. Therefore, the MAP-F127/Cur holds promise as a safer therapeutic alternative.

The splenic tissue comparison and spleen index of each group were respectively shown in Figure 11E and F.
Pathological assessment revealed substantial spleen size expansion in model animals, with calculated spleen index
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significantly exceeding those of normal group mice. Research had demonstrated that IMQ could promote spleen
enlargement by expanding immune cell populations and inducing comprehensive changes in splenocyte composition.®?
The spleen index observed after topical administration of MAP-F127/Cur were significantly reduced compared with that
of unmodified F127/Cur (p < 0.05), suggests that the MAP-modified formulation may attenuate systemic inflammation in
the IMQ-induced psoriasis-like mouse model. This effect may be attributed to the ability of MAP-F127/Cur to down-
regulate the expression of pro-inflammatory factors at the local lesion site, thereby blocking the transmission of local
inflammatory signals to the systemic circulation and indirectly mitigating the compensatory splenomegaly caused by
systemic inflammation.®> Given that mouse models of psoriasis cannot perfectly replicate the chronic, spontaneous nature
and complexity of the human disease, our future research will involve the development of superior disease models
combined with a multi-dimensional pharmacodynamic evaluation system for in-depth investigation.

Conclusions

This study developed a mussel adhesive protein (MAP)-modified Pluronic F127 micelle (MAP-F127/Cur) to enhance the
topical cutaneous delivery of Cur. Through in vitro experiments, we confirmed that this bioadhesion-inspired micellar
system can effectively permeate the skin via the SC, hair follicles, and other skin appendage pathways, while achieving
substantial retention in skin tissue. In vivo studies further demonstrated that MAP-F127/Cur significantly alleviated both
the symptoms and histopathological manifestations in imiquimod (IMQ)-induced psoriasis-like mice. These findings
provide valuable insights for research on the topical administration of Cur in the treatment of inflammation-related skin
diseases.
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