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Background: Photoaging decreases quality of life and increases the risk of skin cancer, underscoring the urgent need to explore
natural, high-efficacy, anti-skin photoaging (SP) active substances.

Methods: In this study, a gel (CS/CSCPs/B-GP gel) was prepared using chitosan (CS) and sodium (-glycerophosphate (3-GP) through
crosslinking with small molecular CSCPs as the carried drug. We evaluated its structural characteristics and properties. The effect of
CS/CSCPs/B-GP gel on the degree of ultraviolet (UV)-induced skin aging of mice was investigated through comparative analysis of
skin damage, the integrity of collagen tissues and elastic fibers, levels of reactive oxygen species (ROS) and key inflammatory factors
(tumor necrosis factor [TNF]-a and interleukin [IL]-1f, IL-6, and IL-10), and tissue expression of matrix metalloproteinase-3 (MMP-
3) after repeated UV irradiation in a nude mice SP model.

Results: The results showed that CS/CSCPs/B-GP gel was successfully prepared and had the desired characteristics. Compared with
CSCPs alone, the CS/CSCPs/B-GP gel more evidently improved typical photoaging characteristics on mouse dorsal skin. It also
increased the moisture content, causing the skin to become glossy and elastic. Pathological skin analysis revealed that this peptide-
carrying gel can effectively inhibit epidermal thickening, reduce tissue inflammatory infiltration, suppress collagen fiber degradation,
increase the collagen content, alleviate structural elastic fiber damage, and significantly inhibit abnormal MMP-3 expression. In
addition, biochemical analysis showed that the CS/CSCPs/B-GP gel can effectively inhibit the elevated expressions of ROS and key
proinflammatory factors (TNF-a, IL-1f, IL-6) in photoaging skin tissues and promote expression of the anti-inflammatory factor IL-
10.

Conclusion: SP can cause many clinical skin diseases, such as solar freckle-like nevus, solar keratosis, cutaneous melanoma, and
squamous cell carcinoma. CSCPs are a high-efficacy anti-SP natural active substance and CS/CSCPs/B-GP gel can synergistically
enhance the CSCPs’ anti-SP effect. The mechanism is likely related to the inhibited activation of ROS/nuclear transcription factor-kB
signaling and the expression of downstream inflammatory factors.
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Introduction

Skin aging can be divided into two types: extrinsic or skin photoaging (SP) and intrinsic or inherent aging.'-> Different
from irreversible inherent skin aging, SP is pathologic and has a clear cause (ie, repeated ultraviolet [UV] irradiation), so
this form of skin aging can be prevented and treated.” The risk of skin aging in the high-exposure population is 200%
greater than in the low-exposure population, and effects of skin aging in the high-exposure population may be observed
10 years earlier. The common clinical manifestations of skin aging in the high-exposure population are skin sagging,
thick and deep wrinkles, leather-like appearance, and abnormal pigmentation (eg, lentigines), which further lead to
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anti-SP effect of CSCPs. The mechanism is likely related to inhibition of the activation of ROS/NF-kB signaling and the expression of downstream inflammatory factors.

a variety of benign lesions (eg, solar freckles), precancerous lesions (eg, solar keratosis), or malignant tumors (eg,
melanoma and squamous-cell carcinoma).>”

Pharmacological and pathological research have shown that the typical appearance of UV-induced SP originates from
the degradation of extracellular matrix in the skin mediated by elevated expression of matrix metalloproteinases (MMPs),
which is mainly achieved through signaling mediated by reactive oxygen species (ROS).* Repeated exposure of skin to
UV produces excessive ROS (mainly O, , H,O, and HO, , and OH ") through interactions with chromophoric groups
such as intracellular melanin, uridylic acid, and nucleic acid; these events impair mitochondria function, causing them to
produce more ROS during energy metabolism.>® Excessive ROS activates numerous membrane receptors that further
influence a series of signal transduction pathways, including nuclear transcription factor-kB (NF-«kB) that is a central
signaling pathway related to cell apoptosis, inflammatory response, and immune response in the SP process (Figure 1).>°
Excess ROS can directly lead to oxidative stress and pro-inflammatory responses in the skin, which cause further
imbalance in the inflammatory response.” ® Specifically, under repeated and prolonged UV irradiation, the skin tissue
produces a large amount of ROS that greatly exceeds the removal capability of endogenous defense systems. The
excessive ROS directly cause oxidative stress damage to skin collagen (which contains numerous aliphatic and
heterocyclic amino acids, and the side chains of the aliphatic amino acids and the heterocycles of the heterocyclic
amino acids are just the sites attacked by ROS)”"'® and activate IkB kinase (IKK). Activated IKK can phosphorylate kB,
further activating NF-kB. The activated NF-kB molecules enter cell nuclei to induce high expressions of multiple
proinflammatory and immunoregulating factors in skin cells, such as interleukin (IL)-1 (IL-1p), IL-6, and tumor
necrosis factor (TNF-a) to finally promoting cell necrosis and apoptosis; NF-kB also mediates the transcription of
multiple MMPs (especially MMP-1, =3, —9) in skin tissue through binding with the NF-kB sites of their promoters; these
proteins degrade extracellular matrix components including collagen, which promotes SP phenomena including skin
atrophy and sagging, thick and deep wrinkles, and erythema formation.''

SP severely degrades people’s appearance and quality of life, and it also has an etiological connection with skin
cancer, which seriously endangers human health. For these reasons, SP and relevant issues have always been a research
hot spot in the fields of life science, medical science, and dermatology. Within the last several decades, more UV rays
reach the ground owing to the destruction of the ozonosphere. Coupled with excessive sunbathing and frequent use of
some phototherapeutic devices, the incidence of photoaging has continually increased. The advocacy for natural active
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Figure | ROS-mediated NF-kB pathway events associated with skin photoaging.
Notes: The black arrow represents an elastic fiber fracture, the black circle represents elastic fiber entanglement, and the black box represents collagen fiber distortion and
fracture.

components has led to exploration of the use of natural active substances that are convenient and can prevent and treat SP
disease.

Cod are cold-water fish that live in the bottom of the oceans and the middle and lower layers of the deep seas; they are
widely distributed throughout the world, rich in collagen, and have extremely high nutritional value. Cod skin is the part
with the richest collagen source, accounting for 80% (by dry weight) of total protein content in the cod.'* Collagen can
be decomposed under the action of chemicals, bacteria, or enzymes, and the chains disintegrate and fracture to form
products with molecular weights between proteins and amino acids, namely, cod skin collagen peptides (CSCPs).'* The
low temperature and pressure in the deep sea imbue the CSCPs with many excellent properties, such as antioxidation,'*

1617 gastric mucosa protection'® and protection against DNA damage,'® which

beauty and skin care,'® liver injury repair,
are different from the polypeptides obtained from shallow-sea fish, freshwater fish, and terrestrial animals. Since small
molecular peptide fragments are more conducive to human absorption and utilization, research on small molecular cod
peptides has grown. However, the efforts are mostly concentrated on the preparation, separation, and purification of
collagen peptides and the in vitro antioxidation property of collagen peptides; there are relatively few reports on in vivo
bioactivity and action mechanisms of collagen peptides.'>***! Some studies have reported that CSCPs have similar
structure to collagen in human skin and are rich in moisturizing factors such as aspartic acid, glycine, and serine, which
can moisturize skin, smooth out wrinkles, improve elasticity, and repair damaged and aging skin.?? Others have shown
that CSCPs have some anti-SP activity with relatively significant activity at the cellular level.'>*' However, polypeptides
have poor percutanecous absorption and are easily oxidized during adhesion, which has limited deep study on the in vivo
anti-SP activity and action mechanisms of CSCPs. Consequently, the present study aimed to overcome the disadvantages
of CSCPs for percutaneous absorption with the addition of a carrier and then investigate their in vivo anti-SP effects and
explore their mechanisms.

A growing number of studies confirm that UVA can penetrate deeper into the dermis to cause damage of collagen and
elastic fibers in the dermis, while UVB can cause erythema, DNA damage, and skin cancer.> %> An animal model of SP
was established by irradiation of nude mice with UVA and UVB, which is widely used in the research of skin photoaging
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diseases because of its similar skin structure with human, ease of handling, and convenient manipulation.”® Anti-SP drug
administration is generally via a local percutaneous route. However, drug permeability is relatively low owing to the
barrier effect of the skin cuticle, the strong fluidity of the pure drug solution, and the short time of skin adhesion.
Determining how to improve drug adhesion, action time, and percutaneous permeability is therefore important. In recent
years, temperature-sensitive gels have exhibited significant advantages in such aspects as sustained drug release and
tissue engineering; as a porous, water-absorbent material with good biocompatibility, they are useful drug delivery
systems.?” Among the numerous materials employed for temperature-sensitive gels, chitosan (CS) obtained from shrimp
and crab shells is commonly used. CS is one of the few cationic high molecular polymers composed of natural
polysaccharides, and it is non-toxic and non-antigenic and has good film-forming property, adhesion property, and
biocompatibility. Its positive charges induce electrostatic attraction between the CS and the skin surface with negative
charges carried, so the applied layer can more closely contact the skin. Moreover, CS has excellent moisturizing property,
so it can effectively improve the hydration degree of cuticle, causing the epidermal cuticle structure to swell and loosen
with intercellular space enlarged due to hydration; this reduces the barrier effect and promotes permeation of the carried
drug into the skin.?®**° Based on the above characteristics of chitosan, it was mixed with B-glycerophosphate sodium to
make a thermosensitive gel as the matrix, and CSCPs acted as the tested drug.

In this study, CS/CSCPs/B-GP gel was prepared to effectively carry small molecular CSCPs. We validated the effect
of the prepared product using an in vivo animal photoaging model and explored its possible action mechanisms to
provide experimental bases for the high-value utilization of CSCPs and development of convenient and high-efficacy
drug preparations to repair skin photo-damage.

Materials and Methods

Experimental Materials and Reagents

CSCPs were produced by Zhongshi Duqing (Shandong) Biotechnology Co., LTD, detailed information about it will be
described in the text. Chitosan (degree of deacetylation 95%, viscosity of 100—200 mpa. s) was purchased from Shanghai
Macklin Biopharmaceutical Company. Other reagents were of analytical grade.

Laboratory Animals

Thirty SPF-grade female BALB/c nude mice (42-43 days old, weighing 1618 g) were provided by the Guangdong
Provincial Medical Laboratory Animal Center (production license number, (SCXK (Guangdong) 2018-0002); experi-
mental unit license number for use (SYXK (Guangdong) 2019-0204); animal quality certificate number,
44007200082901). The study was approved by the ethics committee of the animal laboratory of Guangdong Ocean
University and strictly followed the “Experimental Animals-Welfare Ethical Review Guidelines” (GB/T 35892-2018).
Mice were raised in the Laboratory Animal Center of Guangdong Ocean University; the ambient temperature was 23
+2°C, the humidity was 55+10%, 12 hours of light and 12 hours of darkness were alternated without any ultraviolet
radiation, and food and water were provided ad libitum. All animals were used for subsequent experimental research after
7 days of adaptive feeding.

Sample Preparation

Cod Skin Collagen Peptides (CSCPs)

The CSCP formulation consisted of light yellow dry powder purchased from Zhongshi Duqing Biotech Co., Ltd (Shandong,
China). Analysis showed that the molecular weights of the CSCPs were mainly concentrated in the range of <2 kDa
(Table 1), and these components accounted for 86.05% of the total weight. A previous study reported that the anti-photoaging
activity of collagen enzymolysate with molecular weight <3 kDa is greater than that of high (>10 kDa) and medium
molecular (3-5 kDa) enzymolysates.’>>' This indicates that the CSCPs used in this study have good potential anti-
photoaging effects. The contents of several specific amino acids participating in skin repair including Leu, Val, Glu, and
Ile were 15.750, 8.443, 6.393, and 6.186 mg/g, respectively (Table 2). Furthermore, the CSCP content of hydrophobic amino
acids (Phe, Met, Leu, Val, Ile, and Ala) that can remove relatively many free ions was 58.313mg/g, and that of aromatic
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Table | CSCP Molecular Weight Distribution

Molecular Weight Range (Da) Weight Average Proportion (%)
Molecular Weight (Da)

>5000 6279.27 0.29

5000-3000 3918.92 291

3000-2000 2468.28 10.75

2000-1000 1442.93 38.01

<1000 571.95 48.04

Table 2 CSCP Amino Acid Composition

Amino Acid Content (mg/g)
Free Amino Acids | Total Amino Acids

Aspartate (Asp) 3.244 6.341
Threonine (Thr) 2.906 5.869
Serine (Ser) 1.279 2.577
Glutamate (Glu) 335 6.393
Glycine (Gly) 0.655 1.302
Alanine (Ala) .16l 2.338
Cystine (Cys) 7.649 15.374
Valine (Val) 4211 8.443
Methionine (Met) 1.363 2.669
Isoleucine (lle) 3.142 6.186
Leucine (Leu) 7917 15.750
Tyrosine (Tyr) 10.732 21.524
Phenylalanine (Phe) 11.758 22.927
Histidine (His) 0.577 1.199
Lysine (Lys) 0.995 1.972
Arginine (Arg) 0.190 0.382
Total 61.129 121.246

amino acid residues (Tyr) with a strong antioxidation effect was 21.524mg/g (Table 2), indicating that the CSCPs have
potential antioxidation damage activity.>*** These potentials are why we selected the CSCPs as the experimental object.

Preparation of Temperature-Sensitive Gel

First, 2.0 g of CS powder was accurately weighed and then dissolved in 100 mL of 1% acetic acid solution. Magnetic
stirring was conducted for 4 hours at room temperature so the CS was completely dissolved. Then, 2.0 g of CSCPs
powder was added, and stirring was conducted to dissolve the CSCPs powder, generating solution A. Separately, 6.0 g of
B-GP powder was accurately weighed and then dissolved in 10 mL of ultrapure water. Shaking was conducted so that the
B-GP powder was completely dissolved, generating solution B. The prepared solution B was added into solution A drop
by drop at a ratio of 3:7 (B:A), and stirring was conducted at room temperature throughout the process. After the
additions were complete, the solution was stirred for 15 minutes to generate the temperature-sensitive gel solution, which
was placed in a thermostatic water bath (37 °C), to yield CS/CSCPs/B-GP gel test samples. The preparation process is
shown in Figure 2A.

The preparation process of the blank gel was similar to the above preparation process for the test sample, but CSCPs
were omitted to yield CS/B-GP gel.
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Figure 2 CS/CSCPs/B-GP gel preparation (A). Schematic depicting the UV radiation set up for modeling (B). Dorsal skin analysis area of moisture determination (C) and
UV spectra of CSCPs (D).

Sample Characterization

UV Spectra

A measured amount of CSCPs powder was used to prepare 20 mg/mL solution with ultrapure water. The UV absorption
of this solution was tested with a UV spectrophotometer (756S, Lengguang, Shanghai, China) with a scanning
wavelength range of 200400 nm and a scanning speed of 100 nm/min.

Macroscopic Observation and pH Measurement of Samples
A measured amount of temperature-sensitive gel solution was placed in a spiral mouth bottle, and the morphological
changes were observed. A pH meter (SX5150; Sanxin, Shanghai, China) was used to detect the pH of the sample, and the

average value was taken three times.

Determination of Gelling Time and Temperature

A measured amount of temperature-sensitive gel solution was placed in a 3-mL spiral mouth bottle, which was then
placed into a thermostatic water bath (37 °C). When the fluidity began to decrease, the gel status was observed and
recorded once every 30 seconds. The recorded gelling time was the time lapsed when the mixture in the bottle stopped
flowing when the spiral mouth bottle was inverted.

Rheological analysis of the temperature-sensitive gel solution was carried out with a Haake rheometer (MARSIII, HAAKE,
Vreden, Germany), with a cone/plate combination of C35/1: ¢=35 mm and angle=1° as the measuring system. One (1) mL of gel
solution sample was put into the rheometer, and the rheological property of the sample was measured at a constant frequency of 1
Hz and a heating rate of 1 °C/min in the temperature range of 20—60 °C. Changes in the storage modulus G’ (Pa) and loss
modulus G” (Pa) were recorded as functions of temperature to evaluate the sample’s gelling temperature.®* The temperature was
kept constant at 37 °C and measured over a time range of 0—-30 min to collect data. The sol—gel transition time is the time at the
intersection of G’(Pa) and G”(Pa).
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Scanning Electron Microscopy

The CS/CSCPs/B-GP gel test sample dried by lyophilization was metal sprayed to prepare a specimen, which was then
placed under a scanning electron microscope (SEM; Tescan, Brno, Czech Republic) and observed and photographed at an
accelerating voltage of 10 kV.

Test of Moisturizing Property

A small CS/CSCPs/B-GP gel test sample was weighed and placed into a beaker. Weighing was carried out once every 10
minutes at 37 °C, and the mass change of sample was recorded. The initial mass of the sample under test was recorded
as mg, and the sample mass after n minutes was recorded as m,. The moisturizing rate (%) was calculated as m,/m
x 100%.

Determination of Infrared Spectra
The CS, CSCPs, B-GP, CS/B-GP gel, CS/CSCPs/B-GP gel, and KBr in a dry powder state were compressed into tablets,
and then the infrared spectra were determined with a Fourier transform infrared spectrometer (Spectrum 100, Perkin

Elmer, Waltham, MA, USA) with a scanning wavenumber range of 4000-400 cm™ ' and a resolution of 4 cm ™.

Cumulative Drug Release Rate

CS/CSCPs/B-GP gel was put into a dialysis bag for dialysis under magnetic agitation. After a predetermined time, 1.5 mL
of sample solution was measured with a UV spectrophotometer, and CSCPs content determined at 212 nm was calculated
by the CSCPs standard curve (y = 0.0779x + 0.3191, R* = 0.9991), and 1.5 mL release medium (normal saline) was
added at the same time to keep the volume unchanged. The measured values were averaged three times, and the
cumulative drug release rate was calculated according to the following formula:

VT GHVG

M(drug)

Q x 100%

Q: cumulative drug release rate (%); Ve: displacement volume of release medium (mL); Vj: total volume of release
medium (mL); C;: concentration of the released medium at the i displacement sampling (mg/mL); m(drug): the total
weight of the drug contained in the gel (mg); n: number of times to replace release medium.

Animal Grouping and Modeling

Grouping

After acclimatization for 7 days, 30 nude mice were randomly divided into 5 groups (n = 6 each) as shown in Table 3.
The experimental setup is shown in Figure 2B.

Modeling and Drug Administration

Modeling was conducted with a UV lamp (Ultra-vitalux 300W, Osram, Munich, Germany, A 365450 nm, UVA 15%,
UVB 3%) to irradiate the dorsal skin of nude mice. The specific methods were described in a previous publication with
slight modifications.”” Briefly, UV radiation treatment was performed daily in this study, while mice were exposed to UV
radiation five times weekly (except Thursday and Sunday) in the referenced literature.

Table 3 Experimental Animal Groups

Group Dosing
Control (C) No UV irradiation or drug was given.
Model (M) The dorsal skin of mice was irradiated with UV light for 1—4 min/d, but no drug in any dosage form was given.
Blank gel (J) Blank gel was applied at an amount of 0.2 mL/d after irradiation.
CSCPs (T) CSCP solution (0.2 mL/d) was applied after irradiation.
CS/CSCPs/B-GP gel (T)) Self-made thermosensitive gel was applied at an amount of 0.3 mL/d after irradiation.
Drug Design, Development and Therapy 2023:17 htps: 425
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Skin Status Evaluation

At the end of week 8, moisture determination was carried out on three areas of back skin for each mouse in all groups
with a skin moisture meter (Corneometer@CMS825, C+K Company, K6ln, Germany) (Figure 2C), and the obtained mean
value represented the skin moisture level. The irradiated back skin was photographed, and the macroscopic character-
istics were observed. The skin was evaluated based on the SP criteria proposed by Bissett et al*® (see Box 1 for the

specific evaluation criteria).

Tissue Staining Analysis

The back of each mouse was cleaned 24 hours after the final drug administration. The animals were then killed by
cervical dislocation, and the whole layer of skin at the experimental site was quickly removed. The connective tissue and
subcutaneous fat were peeled off, and a small piece (~0.5x1.0 cm?) of central dorsal skin tissue was rapidly dissected.
The skin tissue was fixed for 48 hours in 4% paraformaldehyde and then conventionally dehydrated. After paraffin
embedding, the skin tissue was cut into 5-pum-thick sections.

The above sections were subjected to hematoxylin-eosin (H&E), resorcinol, Masson staining, and immunohistochemistry,
then observed and photographed under an optical microscope. The images were analyzed with Image-Pro Plus 6.0 software
(Media Cybernetics, Rockville, MD, USA), including quantitative assessment of epidermal hyperplasia and measurement of
collagen level in three visual fields. The collagen ratio (%) was calculated as Area of blue area/Total area of dermis layer x
100%, with the mean value representing the collagen level in the corresponding skin. MMP-3 expression in each section was
assessed in at least three 200% visual fields that were randomly selected for photographing, and each image was analyzed to
obtain the positive average optic density (AOD), with the mean value representing the MMP-3 expression level in the skin.

Evaluation of Levels of ROS and Inflammatory Factors
The remaining fresh skin tissue (~0.3 g/mouse) collected as described above was rapidly rinsed twice with pre-cooled
normal saline, wiped with filter paper, and weighed. A corresponding volume of normal saline (4 °C) based on a ratio
(1:9) of tissue mass (g) to normal saline volume (mL) was added, and the mixture was put into a freeze grinder to be
ground into 10% tissue solution. The tissue solution was freeze separated (4 °C, 2500 rpm, 10 min), and the supernatant
(skin tissue homogenate) was collected for testing the following biochemical indices.

Appropriate amounts of the above prepared tissue homogenate were measured for expression levels of ROS, TNF-a,
and key inflammatory factors (IL-1pB, IL-6, IL-10) strictly according to the manufacturer instructions for corresponding
enzyme-linked immunosorbent assay kits.

Statistical Analysis

Statistical processing was carried out with SPSS 26.0 software (IBM Corp., Armonk, NY, USA). The results in each
group are expressed as the mean + standard deviation (SD). Shapiro—Wilk test and QQ plots were used to assess the
normal distribution of data. Differences between groups were compared using one-way analyses of variance, and p <
0.05 was considered significantly different. The LSD test was used when the variance was homogeneous, while the
Dunnett’s T3 test was chosen when the variance was non-homogeneous.

Box | Photoaging Progression Evaluation

Grade Apparent Characteristics

0 No wrinkles or sagging; normal skin texture all over the body
| Normal skin texture

2 Normal skin texture disappears

3 Shallow wrinkles

4 Few deep wrinkles and mild sagging

5 More deep wrinkles, severe wrinkles

6 Occurrence of tumors and lesions
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Results

Sample Characterization Results

UV Spectra of CSCPs

As shown in Figure 2D, the CSCPs had some absorption effect for 200400 nm UV rays; the maximum absorption peak
was at 200-215 nm, with weak absorption in other wavelength ranges. Consequently, the drug was locally applied onto
the skin after each UV irradiation to study the treatment efficacy. This approach avoided physical absorption of UV rays
by the drug solution, which might impact the efficacy results.

Macroscopic Characterization and pH of CS/CSCPs/B-GP Gel

At room temperature, the temperature-sensitive gel solution was a milky liquid that could flow (Figure 3A i). At
temperatures >36 °C, it was visible to the naked eye that the solution turned from liquid into jelly-like material, forming
CS/CSCPs/B-GP gel (Figure 3A ii). The pH value of the sample was 6.43 + 0.01, which was close to the pH of skin (5.0—
7.0), indicating that it would not affect the acid-base balance of the skin.

SEM Analysis of CS/CSCPs/B-GP Gel Microstructure

The microstructure of the CS/CSCPs/B-GP gel was observed and analyzed with an SEM. As shown in Figure 3B, both
the CS/B-GP and CS/CSCPs/B-GP gels prepared in this study exhibited three-dimensional reticular porous structures.
Compared with the blank gel (Figure 3B i), the CS/CSCPs/B-GP gel (Figure 3B ii and 3B iii) had a more uniform porous
structure with relatively deep pores but a rougher surface, likely due to the added CSCPs.

Gelling Time and Temperature of CS/CSCPs/B-GP Gel
The prepared temperature-sensitive gel was liquid that flowed at room temperature (25 + 2 °C), and the liquid turned into
gel at 3637 °C (Figure 3A i and 3A ii). The gelling time was tested using the reversing method and was 120 + 10s. The
time for gel formation was relatively short, suggesting that it is favorable for drug administration through dermal
application.

The rheological properties of the CS/CSCPs/B-GP gel are shown in Figure 3C. The intersection of storage modulus
G’ and loss modulus G” corresponded to 36.3 °C (Figure 3C 1), at which the sample transitions from the sol state into the
gel state, so the gelling temperature of the CS/CSCPs/B-GP gel was 36.3 °C. The cross point of G’ and G” corresponds to
the gelation time of the sol-gel transition (Figure 3C ii). The gelation time of CS/CSCPs/B-GP at 37 °C was 8.5 min.
Compared to detection by the human eye, this was a longer gelation time. This may have been influenced by different test
methods, as the reversing method can be subjective depending on the observer.

Moisturizing Property of CS/CSCPs/B-GP Gel

The change in moisturizing degree of the CS/CSCPs/B-GP gel with time at 37 °C was shown in Figure 3D. As the time
increased, the moisturizing rate exhibited a descending trend. When the time reached ~330 min, the moisturizing rate was
still >50%, indicating that the CS/CSCPs/B-GP gel had a good moisturizing effect.

Comparative Analysis of Infrared Absorption Spectra of Test Samples

The infrared absorption spectra of all samples (Figure 3E) indicated that compared with CS, both the CS/B-GP and CS/
CSCPs/B-GP gels had red shift phenomena of the absorption peaks near 3425 cm ™', with relatively flat peaks. This may
be caused by the superposition between the hydroxyl group in the CS and that in the B-GP or by the hydrogen bond
formed through the interaction between the amino group in the CS chain and the hydroxyl group in the B-GP. The
absorption peaks at 1655 cm™ ' and 1592 cm™' of the CS are the characteristic absorption peaks of amide I (stretching
vibration of C=0) and amide II (bending vibration of N-H), respectively. After gelling, these two absorption peaks had
red shift phenomena with characteristic absorption weakening. This may be caused by hydrogen bonds between the CS
and B-GP, indicating that the CS-based temperature-sensitive gel was formed through physical crosslinking. In addition,
other absorption peaks in the spectra were similar between the CS/CSCPs/B-GP and CS/B-GP gels, so we infer that the
CSCPs were added into the blank gel through simple physical mixing, without a chemical reaction occurring.
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of CS/CSCPs/B-GP gel (F).

Cumulative Drug Release Rate
As shown in Figure 3F, the release behavior of CSCPs showed a nearly linear continuous release over 0—6 hours. After

that, the release speed decreased, but the release process lasted for 24 hours, and the cumulative drug release rate was
86.83%, indicating that most CSCPs could be released from CS/CSCPs/B-GP. These results demonstrate that CS/CSCPs/
B-GP showed desirable sustained-release effects, which could prevent rapid loss of CSCPs.

Improvement Effect of CSCPs on Irradiated Mouse Skin
The macroscopic effects of 8 consecutive weeks of UV irradiation to the back skin of the mice in all groups are shown in
Figure 4. Compared with the nude mice in group C, which had moisturized and smooth skin with only local shallow
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Figure 4 CS/CSCPs/B-GP gel prevents UV-induced macroscopic changes in mouse skin (A). Visual scores of skin on the dorsal surface of mice among the different
experimental groups (B) and valuation of the moisture content of CS/CSCPs/B-GP gel (C). Data are shown as means (X SD, n = 6). #p < 0.05 vs group C; *p < 0.05 vs
group M.

wrinkles, the back skin of the mice in group M was dry with sagging, darkening, deep wrinkles, and even a leather-like
appearance and slight flesh-colored lesions, which are typical characteristics of photoaging skin. The macroscopic
evaluation score and moisture content in group M were significantly different (p < 0.05) from those in group C,
indicating successful SP model generation. The dorsal skin appearance of the mice in group J was slightly better than
that in group M, but it still showed wrinkling, sagging, skin damage, and a leather-like appearance. The macroscopic
evaluation score and moisture content were not significantly different between these two groups, indicating that the blank
gel does not improve the characteristics of photoaging skin. Compared with group M, the following were observed in
mice in group T: wrinkle shallowing, skin damage reduction, reduced leather-like appearance, and significantly higher
skin moisture content (p < 0.05). The macroscopic evaluation score was also significantly lower than in group M (p <
0.05), indicating that the CSCPs have some photoaging skin repair effect. Compared with the mice in group M, those in
group T-J had smooth, moisturized, glossy skin with slight erythema and shallow wrinkles. The skin moisture content
increased significantly (p < 0.05), while the macroscopic evaluation score was significantly lower than in group M (p <
0.05). Compared with the mice in group T, those in group T-J exhibited even more evident skin improvement and higher
moisture content, indicating that continuous local application of CS/CSCPs/B-GP gel can help skin resist macroscopic
damage and moisture loss. Since the CSCPs are usually liquid, some run-off may occur after dermal application, thus
weakening the effect. When incorporated into gel, CSCPs are retained longer on the skin with extended action time, so
the effect is even more evident.

CSCP Improvement of UV-Induced Skin Histological Damage and Abnormal Epidermal
Hyperplasia

As shown in Figure 5A, the skin of the mice in group C had clearly visible layers and complete structure. The epidermis
was relatively thin with uniform thickness, the epidermis and dermis were closely connected in a wave shape with a clear
boundary, and the tightly interwoven collagen bundles in the dermis were also clearly visible. Skin from mice in the UV
irradiation group (group M) exhibited typical pathological characteristics of photoaging, such as irregular thickening of
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Figure 5 Histological changes of mouse skin (200x) (A). Elastic fibers in mouse skin tissue (200x) (B). Masson trichrome staining of mouse skin (200%) (C).
Immunohistochemical staining of mouse skin tissue (200%) (D).

Notes: Epidermal thickness (excluding cuticle thickness) is shown with yellow lines, and inflammatory cell infiltration is indicated by the yellow circle (A); the circles in black
represent collagen fiber aggregation and tangling, and arrows indicate broken collagen fibers (B).
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the epidermis layer, a flattening of the boundary between the epidermis and dermis, sparse and disorderly collagen fibers,
and even inflammatory infiltration in the dermis and subcutaneous tissue. Collectively, these effects indicated that the
photoaging model was successfully established. The skin status of mice in group J was relatively similar to that of the
mice in group M, with relatively thick epidermis and dermis layers that were not quite regular, and the inflammatory cell
infiltration phenomenon was also seen, indicating that the blank gel does not evidently improve pathological changes in
photoaged skin. Compared with group M, mice in the CSCPs treatment group T had more complete skin structure, the
epidermis was slightly thickened and more uniform, and there was a clear boundary with the dermis, indicating that the
CSCPs had some improvement effect on photoaged skin. In group T-J, the skin had complete structure, the epidermis was
relatively thin with clear and regular layers, the boundary between epidermis and dermis was clear and in a wave shape,
and there was no evidence of inflammatory cell infiltration, indicating that the CS/CSCPs/B-GP gel has a good anti-SP
effect.

Irregular thickening of the epidermis layer (ie, epidermal hyperplasia) is normally used as a parameter to evaluate
inflammation and wrinkles formed in SP.* so we measured the epidermis thickness of each mouse (mean epidermis
thickness of three randomly selected areas measured in each H&E-stained pathological section). The results are shown in
Figure 6A. Compared with group C, the dorsal skin in group M showed a significant increase in epidermis thickness (p <
0.05), indicating successful establishment of a murine SP model. Compared with group M, group J had a non-significant
decrease in epidermis thickness. Such abnormal epidermis hyperplasia caused by chronic UV irradiation was evidently
inhibited by locally applied CSCPs and CS/CSCPs/B-GP gel (p < 0.05 vs group M), and the Improvement effect of the
CS/CSCPs/B-GP gel was more significant than that of the CSCPs.

CSCP Inhibition of UV-Induced Damage to Skin Elastic Fibers

Elastic fibers account for a very small part in the dry weight of skin, but they are critical to maintaining an elastic and
smooth structures. When elastic fibers are damaged or broken, the reticular structure of the dermis layer is directly
destroyed, which causes the skin to wrinkle and sag.’’ In this study, the elastic fiber state in the dermis layer was
observed using the resorcinol staining method, and the results are shown in Figure 5B. In the normal group (group C), the
elastic fibers in the dermis layer showed orderly orientation and were relatively complete, and the purplish-red
filamentous elastic fibers were reticularly interwoven, with only rare pileup and fracture phenomena. In group M, the
elastic fibers thickened, fractured, and were distorted. Some of them were aggregated, entangled, and disorderly,
indicating that UV stimulation can damage the elastic fibers in the skin dermis layer of the mice and destroy their
reticular structure, which leads to macroscopic sagging and drooping of photoaging skin. The state of fibers in the dermis
layer of group J was similar to that in group M, without evident improvement. In group T, the elastic fibers were arranged
relatively orderly, and some of them still had the entanglement phenomenon. In group T-J, the elastic fibers were
arranged relatively orderly in a reticular structure seen, but aggregation, fracture, and entanglement phenomena were
occasionally seen. Collectively, these findings indicate that compared with directly applied CSCPs, the CS/CSCPs/B-GP
gel prepared in this experiment had a better effect to resist damage to elastic fibers.

CSCP Inhibition of UV-Induced Degradation of Skin Collagen

Previous studies demonstrated that collagen degradation caused by repeated UV irradiation is the direct cause of such
typical SP characteristics as sagging and wrinkling,® so we investigated the distribution, morphology, and relative content
(ie, collagen ratio) of collagen fibers in the dermis of photoaging skin of the mice using the Masson staining method. The
results are shown in Figure 5C. In the normal group (group C), collagen fibers in the dermis were fascicular (bright blue)
and were orderly arranged and densely and distributed in a uniform fashion. In the model group (group M), the collagen
fiber bundles in the dermis exhibited distortion and fracture phenomena and abnormal aggregation, and the relative
collagen fiber content was evidently lower than in the normal control group (p < 0.05, Figures 5C and 6B). Compared
with group M, group J did not exhibit evident improvement in collagen fiber distribution or arrangement, and the
collagen ratio was not increased, indicating that the blank gel failed to help skin resist collagen degradation induced by
repeated UV irradiation and the subsequent sagging and disorder arrangement. Conversely, local administration of
CSCPs and CS/CSCPs/B-GP gel alleviated UV-induced collagen fiber degradation, normalized the morphology and
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Figure 6 Epidermal thickness by H&E staining (A). The relative collagen content in mouse skins (B). MMP-3 levels of in PA-affected skin tissue (C). Levels of ROS (i) and the
inflammatory factors TNF-a. (ii), IL- I (iii), IL-6 (iv), and IL-10 (v) in each group (D). Data are shown as means (X SD, n = 6). #p < 0.05 vs group C; *p < 0.05 vs group M;
% < 0.05 vs group T.

arrangement distribution of collagen fiber bundles, and evidently increased the relative content of collagen relative to the
model group (p < 0.05 vs group M). In particular, the effect of the CS/CSCPs/B-GP gel was more prominent (p < 0.05 vs
group T), indicating that local administration of the CS/CSCPs/B-GP gel prepared in this experiment effectively inhibited
UV-induced degradation of collagen fibers in the dermis and prevented skin sagging and wrinkling.

CSCP Inhibition of UV-Induced MMP-3 Expression

UV-induced SP mainly originates from skin collagen degradation caused by excessive MMP expression. Among the
members of the large MMP family, MMP-3 has broader substrate specificity and degrades multiple types of collagen
fibers (eg, types III and V) by itself; together with MMP-1, most extracellular matrix components in the dermis can be
degraded, so MMP-3 is one of the root causes of typical SP appearance characteristics.***° Consequently, we measured
the expression level of MMP-3 in mouse skin tissue, and the results are shown in Figures 5D and 6C. Compared with
group C, skin tissue in group M had more yellowish-brown particles, and the expression level of MMP-3 distinctly
increased. The expression level in the skin of the mice in group J was similar to that in group M. Compared with group
M, the groups with locally administered CSCPs and CS/CSCPs/B-GP gel exhibited apparent decreases in the number of
yellowish-brown particles and lower MMP-3 expression (p < 0.05 vs group M); this inhibition effect was more evident in
the group treated with CS/CSCPs/B-GP gel than in mice treated with CSCPs.

https:
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Influence of CSCPs on the Expression of Key ROS/NF-«kB Signaling Molecules in Skin

Tissue

Repeated UV irradiation can induce skin tissue to continuously produce excessive ROS, which can activate the NF-xB
pathway, inducing the expression of multiple inflammatory factors, and the subsequent persistent inflammatory response
plays an important role in SP pathogenesis.***' As shown in Figure 6D, the contents of ROS, TNF-a, IL-1B, and IL-6 in
the skin of model group mice receiving UV irradiation were all higher than those in the normal control group (p < 0.05).
IL-10 levels were somewhat increased in the model group compared to the normal group, albeit not significantly (p >
0.05). All of the above indices in group J were similar to those in group M. However, compared with the model group,
the group with CSCPs applied after each irradiation showed a lower degree UV-induced abnormal changes, and the group
treated with CS/CSCPs/B-GP gel exhibited significant decreases in the levels of the above proinflammatory factors and
ROS and an evident increase in IL-10. By promoting the balance between pro- and anti-inflammatory factors, CSCPs can
effectively inhibit the development of skin inflammation.

Discussion

SP phenomena become evident in people with skin subjected to chronic UV irradiation (eg, often performing outdoor
activities). It is well known that UV rays are the core factor causing SP, and they include short-wave UV (UVC,
wavelengths of 200-290 nm), medium-wave UV (UVB, wavelengths of 290-320 nm), and long-wave UV (UVA,
wavelengths of 320-400 nm). The bioactivity of UVB is much stronger than that of UVA, and UVB is normally
regarded as the main cause of damage to skin. However, recent studies have shown that UVA can also cause skin damage
since it has far higher penetration capability than UVB and can more easily reach the dermis layer, causing more serious
skin changes than those caused by UVB.**** Therefore, the joint effects of UVA and UVB promote skin aging.
Accordingly, 15% UVA + 3% UVB was selected as the light source to simulate photoaging in nude mice. In addition,
the constant worsening of environmental conditions and ozonosphere thinning have increased the amount of UVC that
reaches human skin, so its influence on SP cannot be ignored. Indeed, UVC can also evidently damage skin cells.****
Based on CSCP’s absorption status in the range of UV 200-400 nm (mainly concentrated in short wavelength range, with
a maximum absorption peak in the range of 200-215 nm), these molecules should be further studied for the development
of physical sunscreen products including UV protection/resistant products (especially for short-wave UV).

With greater awareness about health and environmental protection, people are more inclined to use natural active
substances rather than artificial products to improve the skin state. Identifying natural active substances to effectively
prevent and/or treat photoaging has long been a research hot spot in the fields of life science, medical science, and
dermatology.”*® Owing to the low temperature and pressure in the deep sea, the active components in the skin of

14719 which are unique active components

organisms living in this environment typically have many excellent properties,
compared to those carried by shallow-sea and terrestrial creatures. Consequently, the anti-SP activity and possible action
mechanisms of deep-sea CSCPs were investigated. Previous studies demonstrated that many marine-derived fish skin
polypeptides can exert antioxidant effects.*’ ! Here we show that CSCPs can clear excessive ROS and regulate
inflammatory factor expression, which is consistent with reports of anti-oxidation and anti-inflammatory effects of
CSCPs.'* 1?2 The small polypeptides used in this study had molecular weights mainly concentrated in the range of <2
kDa, and it is reported that the anti-photoaging activity of collagen enzymolysate with low molecular weight is greater
than that of medium and high enzymolysates.**'*** Another report proposed that the skin repair effect for collagen
peptides is related to the polypeptide’s amino acid composition, and several specific amino acids (ie, Arg, Glu, Val, Ile,
and Leu) can promote collagen synthesis in skin.*! Our CSCP formulation had appropriately high contents of Leu, Val,
Glu, and Ile, indicating potential skin repair effect. Moreover, the CSCPs contained >55mg/g hydrophobic amino acids
(Phe, Met, Leu, Val, Ile, Ala, that can remove free ions) and ~20mg/g of aromatic amino acid residues (Tyr, which has
a strong antioxidation effect), indicating that the CSCPs have potential antioxidant capacity.**** The combination of the
above properties is likely why CSCPs can alleviated UV-induced photo-damage to skin in our model system.
Polypeptides have limitations such as short time of adhesion to skin, poor percutaneous absorption, and easy
oxidation during adhesion. This study used a temperature-sensitive gel to overcome these issues. As a porous water-
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absorbent material with good biocompatibility, it possesses significant advantages for drug delivery.?’ As one of the few
cationic high molecular polymers composed of natural polysaccharides, CS is a useful material to produce temperature-
sensitive gels, and its positive charges facilitate electrostatic attraction between the CS and the skin surface, enabling the
prepared gel to have closer contact with the skin. Moreover, CS has good bioadhesion and allows the gel to form a film
on the skin surface, which increases the adhesion time. The moisturizing property of the CS can effectively improve
hydration, making the epidermal cuticle structure swell and loosen with enlarged intercellular space, thus reducing the
barrier effect and promoting permeation of the carried drug into the skin.?*2° CS has good film-forming, adhesive and
moisturizing properties. Preparing it into a gel with sustained drug release property can prolong the retention time and
increase the drug absorption. CS-based thermosensitive gels have been widely studied as drug delivery materials and
used in wound healing, anti-tumor, nasal delivery, and other applications.“f56 Here we selected CS as the material to
prepare temperature-sensitive CS/CSCPs/B-GP gel to enhance its local treatment effect after dermal application. The CS/
CSCPs/B-GP gel had a phase transition temperature of 36.3 °C, which is similar to body temperature. After coming into
contact with mouse skin, the temperature-sensitive gel rapidly underwent phase transition with a good gelling effect.
Macroscopic characterization of mouse skin in the drug administration groups showed that the CS/CSCPs/B-GP gel
exhibited more significant anti-SP effects than the CSCPs itself, which corroborated the pathological skin tissue analysis
results. These findings indicate that CS/CSCPs/B-GP gel has increased skin adhesion to skin, which prolongs the
retention time and increases drug absorption, thus enhancing the therapeutic effect.

It is well known that lower cuticle moisture content and irregular epidermis thickening caused by repeated UV
irradiation are direct causes of skin darkness, roughness, and wrinkling.’”>® Dermal extracellular matrix degradation
(especially collagen and elastic fibers) caused by abnormally high MMP expression is the root cause of sagging and
wrinkling.'"* MMPs are a large family of zinc-dependent endonucleases that play a key role in the over decomposition
of extracellular matrix proteins in the dermis.®® Specifically, MMP-3 can degrade a variety of collagen and elastic fibers,
resulting in the typical photoaging appearance of the skin.*®*? The reticular structure of collagen provides the skin with
protection and elasticity, and elastic fibers are the key to keeping the skin elastic and smooth.>”®! In recent years, many
researchers have examined the role genetic metalloproteinase in photoaging.”***%* A previous study reported that CSCPs
may exert an anti-photoaging effect by influencing MMPs via the mitogen-activation protein kinase signaling pathway.?’
The observed effects of CSCPs on MMPs found in this study further supports this hypothesis. Notably, we designed
a carrier material to magnify the effect of CSCPs, and locally applied this CS/CSCPs/B-GP gel. It effectively inhibited
UV-induced abnormal MMP-3 expression and macroscopic and pathologic changes of mouse skin to achieve a good
appearance with a relatively smooth, ruddy, and glossy state and only several shallow wrinkles. Collectively, these results
suggest that the combination of active substances and gels can be used to treat SP.

Numerous studies have confirmed that UV rays increase ROS to activate NF-xB signaling, which is a central pathway
related to cell apoptosis, the inflammatory response, and immune responses in the photoaging process as depicted in
Figure 1.°%%* Excessive ROS activates NF-kB to promote the gene transcription of a large number of proinflammatory
factors that further promote NF-kB activity. This vicious cycle causes an imbalance between pro- and anti-inflammatory
factors in the body, which manifests as continuous proinflammatory response of skin that contributes to the characteristic
photoaging appearance.®® Researchers have demonstrated that TNF-a and IL-1f can stimulate MMP expression and
activation, which would further accelerate the degradation of collagen and elastin.>®*%” Here, we measured tissue levels
of typical proinflammatory factors (TNF-a, IL-1p, and IL-6), one anti-inflammatory factor (IL-10), and ROS. The results
showed that UV significantly induced elevated expression of ROS, TNF-a, IL-1p and IL-6 in the skin tissue, but it only
promoted IL-10 expression to a certain extent, thus perpetuating an imbalance that led to pathologic responses including
inflammatory cell infiltration. After treatment with CS/CSCPs/B-GP gel, proinflammatory factor and ROS levels
significantly decreased in mouse skin tissue, while IL-10 levels evidently increased. Based on these findings, we propose
that the peptide-carrying gel can reduce proinflammatory factor levels by inhibiting ROS-mediated NF-xB activation. It
can also enhance levels of the anti-inflammatory factor IL-10 to restore balance between pro- and anti-inflammatory
factors and effectively inhibit skin inflammation. Meanwhile, once NF-kB activation is inhibited, NF-«xB-mediated
transcription of MMPs (eg, MMP-3) decreases. As a result, there is less degradation of extracellular matrix components
such as collagen and elastic fibers. This hypothesis is consistent with the macroscopic characterization and pathological
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analysis of skin from the mice in the drug administration group. Moreover, the observation of reduced sagging and fewer
thick, deep wrinkles indicate that the gel has good anti-SP effects.

As discussed above, CSCPs themselves contain many hydrophobic amino acids and aromatic amino acid residues that
can remove many free ions and exert a strong anti-oxidation effect. Based on this, we infer that the CS/CSCPs/B-GP gel
can improve the anti-oxidation capability of skin tissue, inhibit ROS/NF-«B signaling activation and the expression of
downstream inflammatory factors, and finally attenuate the photoaging process. This study provides important experi-
mental results for further development in high-value fields such as functional cosmetics for skin aging and anti-
photoaging drugs.

Conclusion

The CSCP-based temperature-sensitive gel prepared had a phase transition temperature of 36.3 °C, which is similar to
body temperature. After coming into contact with mouse skin, the test substance rapidly underwent phase transition to
form a gel with a good gelling effect. According to the CSCP characteristics identified in this study, the molecular
weights (concentrated in the range of <2 kDa) showed good potential anti-photoaging effects, and the amino acid
composition included many hydrophobic and aromatic amino acid residues that exert strong anti-oxidation effects. Based
on this and combined with the macroscopic characterization, pathological sections, and the experimental results of
corresponding indicators, we infer that CS/CSCPs/B-GP gel can be applied to prevent the photoaging process. These
findings support the further development of CS/CSCPs/B-GP gel in skin aging and related conditions such as abnormal
pigmentation (eg, lentigines), benign or malignant tumors such as cutaneous melanoma, and squamous cell carcinoma.
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