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Abstract: Prolonged exposure to ultraviolet (UV) irradiation can cause oxidative stress in the skin,
accompanied by rapid immunosuppressive effects, resulting in a peroxidation reaction throughout
the body. Curcumin (Cur), as the bioactive compound of turmeric, is a natural polyphenol with potent
antioxidant properties but is often overlooked due to its poor solubility and low bioavailability. In
this study, curcumin-loaded liposomes in a sodium alginate gel complex preparation were designed
to improve the bioavailability of curcumin and to study its preventive effect on photodamage. Cur-
loaded liposomes (Cur-L), Cur-loaded gel (Cur-G) based on an alginate matrix, and curcumin-loaded
liposomes in gel (Cur-LG) were prepared, and their antioxidant effects and drug diffusion abilities
were evaluated. The antioxidant capacity of Cur, Cur-L, Cur-G, and Cur-LG was also studied in a
mouse model of photodamage. Cur had the highest antioxidant activity at about 4 mg/mL. Cur-
LG at this concentration showed antioxidant effects during 1,1-diphenyl-2-trinitrophenylhydrazine
(DPPH) and H2O2 experiments. During the UV light damage test, Cur-LG demonstrated the ability
to effectively neutralize free radicals generated as a result of lipid peroxidation in the skin, serum,
and liver, thereby enhancing the overall activity of superoxide dismutase (SOD). In conclusion, using
Cur-LG may protect against epidermal and cellular abnormalities induced by UV irradiation.

Keywords: curcumin; liposomes in gel; photodamage; antioxidant

1. Introduction

The main types of UV radiation affecting the body’s skin include ultraviolet A (UVA)
and ultraviolet B (UVB). Among these, UVA (320–400 nm) can be absorbed by DNA,
induce the indirect formation of DNA photoproducts, and lead to changes in other macro-
molecules [1]. It may directly affect local immune cells because of the oxidative free radicals
released. UVB (280–320 nm) can penetrate the basal layer of human skin [2] and is reflected,
absorbed, and transmitted by complex skin structures and chromophores such as melanin,
bilirubin, and hemoglobin [3]. Other cellular components such as DNA, cell membranes,
and vitamin D can also absorb UVB rays [4]. If not repaired, the DNA damage caused
by ultraviolet radiation may lead to mutations in oncogenes and tumor suppressor genes,
leading to skin cancer. UVB mainly reaches into the epidermis layer and induces changes
in epidermal cells at the molecular level directly. Both types of radiation stimulate skin cells
to produce signals that result in rapid or slow responses at the local and systemic levels
mediated by the skin’s neuroendocrine system [5].

Skin exposure to UVA or UVB radiation interferes with the production and removal
reactive oxygen species, leading to oxidative stress; affecting the oxidative modification
of nucleic acids, proteins, and lipids; and hindering efficient cell metabolism and normal
skin function [6]. On the other hand, the UV irradiation process can produce proapoptotic
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proteins, induce lipid peroxidation, and affect related signaling molecules. All these
molecules can cause proinflammatory reactions in adjacent cells throughout the body. So
far, the harmful oxidation effect of UV radiation on skin tissues has been confirmed in
mouse liver studies. A significant increase in triglycerides was accompanied by a decrease
in glutathione, and the activities of glutathione reductase, superoxide dismutase, and
catalase were also affected [7]. In addition, the level of glutamic acid in the blood of mice
treated with UV irradiation was increased, and these substances were transported to the
brain and significantly affected synapses. Systematic human studies have shown that UV
radiation reduces blood pressure by increasing nitric oxide production in the skin [8,9].

In recent years, the medical costs of treating bone-related trauma, infections, and
tumors have been increasing [10]. Currently, clinical treatments for bone injury (such as
autografts, allografts, and xenografts) are not widely available due to the potential risks
of disease transmission, infection, and host rejection. Bone tissue engineering (BTE), a
new method of using scaffolds to inoculate cells or incorporate bioactive growth factors to
promote bone repair and regeneration, is considered to be able to avoid the above problems
and provide an innovative platform for regenerative medicine [11]. Hydrogels are polymer
scaffolds that have several potential advantages in bone repair [12]. Turmeric belongs
to the ginger family and is widely used in the food industry as a pigment, seasoning,
and preservative agent due to its natural color and odor. The essential oil of turmeric,
with a unique smell, is mainly composed of monoterpenes, sesquiterpene, alcohols, and
carbonyl compounds [13]. Turmeric is also a famous natural medicinal plant, and cur-
cumin, as its main active ingredient, has been widely studied for its anti-inflammatory,
antioxidant, antibacterial, and anticancer properties. Curcumin may specifically disrupt
the nuclear factor kappa B (NF-κB) pathway, target cancer stem cells, and inhibit histone
deacetylase signaling to treat cancer patients with poor prognoses [14]. The inhibition of
NF-κB activation by curcumin combined with the reduced downstream induction of inter-
cellular adhesion molecule-1, cyclo-oxygenase-2, and macrophage chemotactic protein-1
significantly reduced methionine- and choline-induced liver inflammation [15]. However,
curcumin is characterized by low solubility, poor stability, and non-specificity in prac-
tice [16]. It is readily converted into compounds such as glucuronic and sulfonic acid in
the intestine. The rapid metabolism and short half-life of curcumin result in low bioavail-
ability. In recent years, several methods have emerged to improve the bioavailability of
curcumin. Ethyl polymethacrylate nano-capsules loaded with curcumin in lamb diets
enhanced the absorption of curcumin at the intestinal level and effectively improved the
growth of lambs [17]. When curcumin was combined with N-n-butyl haloperidol iodide to
form a new combination, curcumin’s availability and antitumor effect were significantly
increased [18].

Sodium alginate (SA) is a polysaccharide found in seaweed and is naturally anionic.
Due to its biocompatibility, low toxicity, and relatively low cost, it has been widely used
in the food, pharmaceutical, and medical device industries. Alginate can form three-
dimensional cross-linked networks by various methods under mild gelation conditions.
Alginate gels are typically nanoporous (pore size ~5 nm) [19] and can allow for small
molecules to rapidly diffuse in the gel, shrink or expand under specific stimulation (tem-
perature or pH, etc.), and release drugs. The protonation of the carboxylate in the alginate
structure leads to a change in viscosity, taking on a complex texture in acidic media and
having a rubbery taste [20]. Alginate can absorb wound fluid, convert it into a gel, and
then supply water to the dry wound to maintain a physiologically wet microenvironment,
thus effectively reducing bacterial infection in the wound [20]. The injection of alginate gel
into ischemic muscle tissue could maintain the long-term release capacity of intravascular
growth factors and promote the formation and maturation of blood vessels [21,22].

Therefore, the different concentration of Cur, Cur-L, Cur-G, and Cur-LG was prepared,
and their ability of free radical scavenging and diffusion capacities were studied. A mouse
photoaging model was established to study the inhibiting ability of Cur and its preparations
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against UV damage and their suppressive effect on oxidative stress responses in serum,
spleen, and liver tissues.

2. Results and Discussion
2.1. Antioxidant Capacity of Curcumin-Loaded Liposomes in Gel on H2O2

The main sources of free radicals are the normal physiological and the metabolic
productions of chemical toxins in the body. The O-O bond of H2O2 in the molecular
structure can easily be broken to form H-O free radicals [23]. When free radicals increase in
the body, they will damage the chemical structure of essential biological macromolecules.
When they exist in skin tissue, it can cause skin peroxidation, induce inflammatory reactions,
lead to the loss of collagen in the skin, and accelerate the skin’s aging process [24]. Therefore,
the antioxidant activity of curcumin was evaluated by its action of scavenging free radicals.
According to Figure 1A, curcumin’s inhibition of free radicals showed an increasing trend
with increasing concentrations (0.5, 0.8, 1, 2, 4, and 6 mg/mL). In Figure 1B, the inhibition
rates of free radicals by Cur, Cur-L, Cur-G, and Cur-LG were 58.47 ± 6.67%, 73.43 ± 3.23%,
84.5 ± 3.9%, and 81.63 ± 5.45%, respectively.
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Figure 1. Scavenging capacity on H2O2 and DPPH. (A) Clearance of H2O2 by curcumin solution
with different concentrations; (B) the scavenging ability of Cur, Cur-L, Cur-G, and Cur-LG on H2O2;
(C) the relationship between curcumin solution and DPPH scavenging rate. (D) The scavenging
ability of Cur, Cur-L, Cur-G, and Cur-LG on DPPH; * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001,
# p < 0.05.

2.2. Scavenging DPPH Free Radical Experiment

DPPH is a very stable nitrogen-centered free radical. The conjugation of three benzene
rings prevents the unpaired electrons on the nitrogen atom sandwiched between them from
functioning as an electron pair [25]. In the presence of a free radical scavenger, electrons
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are added to the DPPH free radical, resulting in a lightening of color. The degree of color
fading is quantitatively related to the number of electrons received and can be measured
spectrophotometrically. Therefore, DPPH can be used to evaluate the antioxidant activity
of Cur, Cur-L, Cur-G, and Cur-LG. In Figure 1C, curcumin’s scavenging rate of free radicals
increased with increasing concentration. The scavenging rates on DPPH free radicals
by Cur, Cur-L, Cur-G, and Cur-LG at the same concentration shown in Figure 1D were
similar to the results of H2O2 experiments. The protective effect of sodium alginate gel
surrounded curcumin in Cur-G gives full play to its antioxidant effect. Cur-LG had an
excellent antioxidant effect when Cur was synergistic with liposomal gel.

2.3. Release Rates of Cur, Cur-L, Cur-G, and Cur-LG across Dialysis Membranes

In order to protect against UV damage to the skin, the drug must reach and remain in
the skin. In the dialysis release profile (Figure 2), the cumulative release rates of Cur, Cur-L,
Cur-G, and Cur-LG were 19.76 ± 1.54%, 3.26 ± 3.27%, 33.02 ± 1.91%, and 27.64 ± 2.05%
at the time of 4320 min (72 h). Compared with the Cur group, the Cur-LG and Cur-G
groups could release large amounts of the drug in a short period and maintain a particular
concentration in the middle and late stages because of the osmotic pressure of the gel. The
drug release rate of Cur-L was slower and thus could achieve a slow release. Still, the
release amount was lower, probably because of the skeletal characteristics of liposomes, and
the many functional groups in phospholipids that are sensitive to oxidation and hydrolysis.
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2.4. Macroscopic Changes
2.4.1. Changes in Skin Surface Inflammation and Proliferation: Subcutaneous Vascularity
in Mice

Erythema, epidermal hyperplasia, and dermal vasodilation were observed after the
skin was exposed to UV radiation [26]. The main reason for this was that UV radiation
on the skin leads to a significant upregulation of proangiogenic and proinflammatory
mediators, resulting in excessive vascular permeability [27]. Studies have shown that
UV radiation causes pronounced upregulation of vascular endothelial growth factor and



Gels 2024, 10, 596 5 of 16

downregulation of thrombospondin-1 in epidermal keratinocytes, inducing elastic fiber
damage and marked dermal angiogenesis [28].

Within eight weeks of UVA and UVB irradiation, compared to the blank group, the
model group mice showed significant red scars and skin thickening signs due to dermatitis
on their backs starting from the third week. After removing the skin, the blood vessels
in the skin of the mice were severely visually dilated, with clear red blood vessels visible
(Figure 3A,B). The mice of Cur, Cur-L, Cur-G, and Cur-LG showed different degrees of
damage prevention. After UV irradiation, the mice of Cur group appeared dry and scaly,
gradually improving after the seventh week. However, skin damage still occurred, and
subcutaneous vessels were dilated compared to the blank group. In the fifth week, the
mice of the Cur-L group showed significant reddish-brown scab scars; in the eighth week,
the scar symptoms decreased. However, skin inflammation was still present, similar to
vasodilation, compared to that of the Cur group. The mice of the Cur-G group showed
signs of slightly red skin inflammation in the sixth week, a small number of wrinkles in
the seventh week, and almost no damage in the eighth week. The vascular condition was
nearly the same as that in the blank group. The redness and swelling of the skin of the
Cur-LG group mice were more severe due to the drug’s slow release, with scabs starting
from the third week and showing apparent dry scales in the sixth week. Subcutaneous
vasodilation in the Cur-LG group was less severe than that in the model group.

2.4.2. Score of Mouse Skin Injury

Photos of the skin on the backs of the mice in each group after 8 continuous weeks of
UV radiation are shown in Figure 3C. The skin of the mice in the blank group was moist
and smooth, while the skin of the mice in the model group was red and inflamed, with
large crusts and even a tendency toward developing flesh-colored lesions, which are typical
characteristics of photoaging skin. There was a significant difference (p < 0.001) in the
macroscopic score between the model and the blank groups, indicating that the photoaging
model was successfully generated. Compared with the model group, the mice of the Cur
and Cur-L groups showed lighter wrinkles and less skin damage. The skin of the mice in
the Cur-G group showed slight redness and wrinkles, and some mice had even recovered,
exhibiting smooth skin. Their macroscopic scores were significantly lower than those of the
mice in the model group (p < 0.001), indicating that Cur-G had a specific preventive effect
on skin photoaging.

2.5. Effects of Cur/Cur-L/Cur-G/Cur-LG on the Spleen Index of Photodamaged Mice

The spleen is the largest immune organ in the body [29]. The strength of immune
function was assessed by measuring the weight of the spleen and calculating the spleen
index (ratio of spleen to body weight). According to Figure 4A, the spleen index of
the model group was 0.63 ± 0.08%, which was higher than that of the blank group at
0.24 ± 0.04%. There was a significant difference (p < 0.001), indicating that photodamage
caused abnormal systemic immune reaction, resulting in enhanced splenic function and
thus splenomegaly. The spleen indices of the Cur, Cur-L, Cur-G, and Cur-LG groups were
0.41 ± 0.12%, 0.34 ± 0.07%, 0.473 ± 0.04%, and 0.315 ± 0.01%, respectively, which were
all lower than those of the model group, indicating that there was an inhibitory effect on
all hyperimmune reactions. The enlargement in the Cur-G group was higher than that
in the Cur-LG group (p < 0.05), indicating that liposomes in hydrogel could enhance the
protective effect on the spleen.

2.6. Effect of Cur/Cur-L/Cur-G/Cur-LG on MDA Content in Skin and Liver Tissue of
Photodamaged Mice

UV light induces a large production of reactive oxygen species in the skin. It attacks
various biological molecules, of which the peroxidation of polyunsaturated fatty acids
results in the production of MDA and other reaction products. Therefore, MDA is widely
accepted as a biomarker of oxidative stress, and its measurement can be used as the test
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indicator of photoaging damage. MDA in skin and liver homogenates were measured and
demonstrated the ability of Cur and its different preparations to scavenge MDA. In the skin
map (Figure 4B), the MDA clearance of Cur, Cur-L, Cur-G, and Cur-LG was 43.45 ± 5.38%,
34.62 ± 4.46%, 53.21 ± 1.76%, and 39.56 ± 8.51%, respectively. Among them, the MDA
clearance rate of Cur-G was higher than that of the Cur-L, with a significant difference
(p < 0.05). In the graph of MDA clearance in the liver (Figure 4C), the MDA clearance rates
of Cur, Cur-L, Cur-G, and Cur-LG were 66.38 ± 8.42%, 24.53 ± 5.83%, 63.94 ± 1.26% and
40.44 ± 11.8%, respectively. The MDA clearance rate of Cur-L was lower than that of Cur,
with a significant difference (p < 0.01). The MDA clearance rate of Cur-G was similar to
that of Cur and there was a significant difference from that of the Cur-L group (p < 0.01).
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2.7. Effect of Cur/Cur-L/Cur-G/Cur-LG on MDA Content in Blood LDL in Photodamaged Mice

LDL in the blood itself does not cause damage to the body. UV-irradiation-induced
reactive oxygen species oxidize polyunsaturated side chains to produce MDA, which pre-
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vents the standard decomposition of fats in LDL into H2O and CO2 [30]. The level of MDA
was measured in LDL to demonstrate the extent of damage caused by UV irradiation, which
was 27.41 ± 2.77% and 54.07 ± 9.13% in the Cur and Cur-G groups; there was a significant
difference between the Cur-G and Cur groups (p < 0.01). The MDA clearance rates in the
Cur-L and Cur-LG groups were 43.92 ± 5.13% and 22.22 ± 3.63%, with no significant differ-
ences compared to that of the Cur group (p > 0.05) (Figure 4D). The Cur-L and Cur-G groups
had higher and significantly different MDA clearance rates than the Cur-LG group. Due to
the advantages of liposomes and gel, Cur-LG had slow-release properties [31], resulting in
insufficient drug release to remove MDA from LDL in a short period.
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2.8. Effect of Cur/Cur-L/Cur-G/Cur-LG on Skin SOD Activity in Photodamaged Mice

SOD is an essential enzyme for the elimination of superoxide radicals to protect cells
and maintain the body’s immune levels by scavenging free radicals. The superoxide anion
is generated via the xanthine and xanthine oxidase reaction system [32], and the superoxide
anion reduces azotetrazolium to produce blue methanogen, which absorbs at 560 nm. SOD
scavenges the superoxide anion, thereby inhibiting the formation of methanogen, and the
color change can be measured by UV spectrophotometry. In Figure 4E, one can see that
the total SOD activity in the positive control group was 355.82 ± 23.32 U/mg prot, which
is significantly different from that of the blank group (p < 0.001), demonstrating that UV
inhibited the activity of SOD in the skin tissue. The SOD content in the Cur group was
452.2 ± 29.86 U/mg prot, which is significantly different from that of the positive control
group (p < 0.05); the total activity in the Cur-G group was 521.61 ± 24.65 U/mg prot. The
total SOD activities in the Cur and Cur-G groups were higher and had a preventive effect
on UV-induced oxidative stress. This group did not show significant difference (p > 0.05),
indicating that the Cur-L and Cur-LG groups had a better slow-release effect.

2.9. Discussion

It was shown that ultraviolet radiation could cause abnormal levels of free radicals in
the skin and other issues of the body, leading to oxidative stress reactions. Experiments
had demonstrated that Cur, Cur-L, Cur-G, and Cur-LG could effectively prevent damage
caused by UV radiation. The dialysis and mouse antioxidant experiments indicated that
Cur-L and Cur-LG had good sustained-release properties.

Curcumin has a broad therapeutic potential and is one of the most valuable natural
products. Phenol hydroxyl and β-diketone is the leading active group of curcumin [33],
which can eliminate free radicals and achieve antioxidant effects. The methoxy group on the
benzene ring on both sides of the molecular structure can enhance its antioxidant activity.
DPPH is a stable nitrogen-centered chromogenic free radical that produces characteristic
absorption peaks at a wavelength of 517 nm [34]. The antioxidant activity of curcumin at
different concentrations depends on its ability to donate electrons. In in vitro experiments,
the 4 mg/mL curcumin solution had the most vital ability to reduce free radicals. It has the
most potent antioxidant ability in the DPPH and H2O2 antioxidant activity experiments.

However, curcumin is yet to be widely used in clinical practice because it is a hydropho-
bic molecule and is insoluble in water [35]. The phenolic hydroxyl group in curcumin,
which is sensitive and unstable in alkaline solution, is ionized into phenol oxygen negative
ions under alkaline conditions, making curcumin lose the dominant characteristic of the
phenolic hydroxyl group [6]. Therefore, curcumin is very easy to deactivate in the human
body and has a short half-life as a drug. Curcumin has a weak net negative charge, and the
conformation of the β-diketone group in its structure is highly dependent on its intermolec-
ular bonding behavior [36]. Therefore, it is necessary to develop appropriate dosage forms
to increase the utilization rate of curcumin.

Liposomes, which are mainly composed of phospholipids and cholesterol, have
the same bilayer structure as the cell membrane of the body, such as skin, which is
easy to fuse with the cell membrane [37]. Liposomes entering the body can be swal-
lowed by macrophages as foreign bodies and concentrated in liver, spleen, lymphocytes,
macrophages, and other cell organs, which have an excellent targeting effect. However, the
stability of liposomes is poor, and external factors easily disrupt the lipid bilayer [38].

In the experiment, sodium alginate was used to prepare the gel, which could maintain
the activity of wrapping drugs, proteins, and other active substances, thus improving the
medical applicability of curcumin [39–41]. The viscosity, pH value, and cross-linking form
of sodium alginate are all factors affecting drug release [42]. According to the experimental
characteristics and equipment, the size of molecules and the amount of penetration that
could pass across the dialysis membrane. Sodium alginate is a polymer with basic groups,
and hydrogels made from it have pH-responsive behavior. As shown in Figure 5A, under
acidic conditions, the -COO- group is protonated into the -COOH group and strong hy-
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drogen bonds are formed between -COOH, -OH, and -NH2. The hydrogen bonds make
the gel structure less mobile and allow for more stable coalescence and adsorption of the
drug; under neutral conditions, the -COOH group on the alginate starts to deprotonate;
in an alkaline environment (pH 7.4), due to massive deprotonation, the dissociation of
most of the hydrogen bonds in the lattice caused electrostatic repulsion, leading to the
expansion of the lattice structure and the release of the drug [43,44]. However, high pH can
dissociate the hydrogel. In addition, the three-dimensional spatial arrangement of the gel
is spatially supported, and the encapsulated drug is not susceptible to spatial movement.
It is also widely used to treat skin diseases due to its advantages, i.e., it is non-toxic and
non-irritant [45].

Due to the instability of liposomes, Cur-L might precipitate and result in a weakened
ability to penetrate the dialysis membranes. By dispersing the liposomes in the gel, the
network structure of the gel provides spatial support for the liposomes, which improves
the stability of the liposomes and enables them to give full play to their slow-release
properties. The same concentration of Cur-L/Cur-G/Cur-LG was designed and prepared
according to the characteristics of the liposomes and gel to study their preventive effects on
photodamaged mice.

The MDA indicator, measured in this study, is generated during the metabolism of
oxygen free radicals. MDA can affect polymers such as nucleic acids and proteins, leading
to a series of oxidative damage and accelerating the rate of body damage [46]. Long-term
UV radiation would cause degeneration of elastic tissue in the upper dermis, thickening of
the epidermis, reduction in premature collagen fibers in the dermis, proliferation of elastic
fibers, and increase in reticular fiber. In addition, UV radiation can cause lipid peroxidation
in the skin, leading to an abnormal increase in MDA content. In antioxidant experiments,
Cur-G could remove MDA from tissues more quickly than Cur-L and Cur-LG with the
sustained release effect. Studies have shown that intact skin is naturally acidic, with a pH
between 4 and 6. When the skin is damaged, the dermis is disrupted, exposing internal
tissue and interstitial fluid, increasing the pH of the wounded surface, the pH of the wound
increases, and approaching the physiological pH that favors bacterial infection (pH 7.4) [47],
which in turn leads to an increase in skin pH between 7.5 and 8.9, causing inflammation and
resulting in a prolonged wound healing time [48]. Curcumin can undergo intramolecular
cyclization by autoxidation or free-radical-mediated generation of phenoxy radical interme-
diates at alkaline pH or by catalytic enzymes such as cyclooxygenase and lipoxygenase; this
leads to a long chain reaction of the conjugated β-endione chain segment between the two
benzene rings to produce intramolecular carboxylation products with tetrahydrofuran and
cyclopentadiene structures [6-hydroxy-1-(4-hydroxy-3-methoxyphenoxy)-3-(4-hydroxy-
3-methoxyphenyl)-1,3,3a,6a-tetrahydro-4H-cyclopenta[c]furan-4-one] (Figure 5B) [49,50].
The carboxylation product retains the original phenolic hydroxyl group of curcumin. Still,
the long-conjugated chain segment structure and β-diketone disappear, and the antioxidant
activity is significantly reduced. Numerous structure–activity studies have shown that the
direct antioxidant activity of curcumin is not only closely related to the phenolic hydroxyl
group in its molecular structure but also plays a vital role in the β-diketone [25,51]. There-
fore, it could be verified by the experiments of clearing MDA using Cur and restoring an
acidic environment on the skin surface. Studies have shown that maintaining an acidic
surface environment reduces the microbial load on the surface of skin and helps to restore
the metabolism of adipose tissue [52].

The ROS produced by ultraviolet radiation attacks DNA, proteins, and biofilm systems,
leading to cell damage and a series of pathological reactions, such as inflammation, gene
mutations, and immune suppression [53,54]. SOD is the organism’s primary substance
for scavenging free radicals. It has good antioxidation and antiaging effects on the skin,
and does not easily cause allergy or irritation. SOD inhibits the peroxidation reaction of
sebum, effectively fights aging, enhances skin immunity, and protects the skin from external
factors such as UV rays and dust mites. By detecting the total SOD activity in the skin, it
was higher in the Cur and Cur-G groups. In contrast, the total SOD activity in the Cur-L
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and Cur-LG groups was lower than that of the model group, considering the liposome’s
slow-release properties, meaning that the drug released in a short period and was less
effective for prevention or treatment. Therefore, the factors affecting the slow release of
liposomes need to be verified in future experiments.
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Figure 5. (A) The relationship between Cur-LG stability and pH; (B) under alkaline pH or the action
of catalytic enzymes such as cyclooxygenase and lipoxygenase, curcumin can undergo intramolecular
cyclization of phenoxy radical intermediates generated by autoxidation or free radical mediation.

3. Conclusions

In conclusion, Cur-LG, compared to Cur-L, Cur-G, and Cur, enhances the antioxidant
effect of curcumin. In in vitro experiments, Cur showed a solid ability to scavenge free
radicals; Cur-L and Cur-G could release the drug rapidly and in large quantities. Cur-LG
had a slow-release definite effect. In the experiment of preventing UV damage, Cur/Cur-
L/Cur-G/Cur-LG could all effectively eliminate free radicals generated in vivo, inhibit
lipid peroxidation, and promote the activity of epidermal SOD in mice; this proves that
Cur can reach the site of free radical accumulation through the skin mucosa with the
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help of liposomes and sodium alginate gel, reduce UV damage to the skin, and prevent
radiation-induced oxidative stress responses.

4. Materials and Methods
4.1. Materials

Curcumin (purity 99%) was purchased from Chengdu Pufei De Biotech Co., Ltd.
(Chengdu, China). Phospholipids and cholesterol were purchased from Xi’an Jinxiang
Pharmaceutical Accessories Co., Ltd. Tianjin GuangFu Chemical Research Institute pro-
vided sodium alginate (Tianjin, China). Glycerol, stearic acid, 1,1-diphenyl-2-picric acid
hydrazine (DPPH), and thiobarbituric acid (TBA) were supplied by Shanghai Yuanye Biol-
ogy Science and Technology Co., Ltd. (Shanghai, China). Hydrogen peroxide (H2O2) was
provided by Shanghai SuYi Chemical Reagent Co., Ltd. (Shanghai, China). Trichloroacetic
acid (TCA) was supplied by DAMAO Chemical Reagent Factory (Tianjin, China). The
t-SOD Test kit was acquired from Jiancheng Bioengineering Institute (Nanjing, China).
UVA ultraviolet lamp tube, T8 20W UVA-340 nm ± 2%, was obtained from Hongyuan
Lighting. UVB ultraviolet lamp tube, G20T8E UVB-313nm, was obtained from Hongyuan
Lighting. All chemical reagents were of analytical grade, and deionized distilled water was
used in all experiments.

4.2. Animals

Healthy Kunming mice (male, 20 ± 2 g) were purchased from the Animal Experimental
Center of Anhui University of Chinese Medicine (Hefei, China). All animal experiments
complied with the guidelines approved by the ethics committee of Anhui University of
Chinese Medicine (Hefei, China). The animals were raised under constant environmental
conditions (25 ± 2 ◦C, 40–70% relative humidity). The animals had free access to food and
sterile water.

4.3. Studies of the Antioxidant Activity of Curcumin In Vitro
4.3.1. The Activity of Scavenging H2O2

A 0.4% solution of H2O2 was prepared with distilled water. The experiment was
divided into three groups: blank group—0.6 mL phosphate-buffered solution (PBS) +
1.8 mL H2O2; sample group—0.6 mL of 0.6 mg/mL, 0.7 mg/mL, 0.8 mg/mL, 0.9 mg/mL,
and 1.0 mg/mL curcumin solution + 1.8 mL H2O2; control group—0.6 mL of 1 mg/mL,
2 mg/mL, 4 mg/mL, 8 mg/mL, and 10 mg/mL curcumin solution + 1.8 mL PBS. Mixtures
were evenly mixed and left to stand for 10 min to determine the absorbance at 230 nm
absorbance. The scavenging rate (SE) to H2O2 was calculated as follows (1):

SE (%) =

(
1− As−Ac

A0

)
×100% (1)

where “A0” is the absorbance of the blank group, “As” is the absorbance of the sample
group, and “Ac” is the absorbance of the sample control group.

4.3.2. The Activity of Scavenging the DPPH Free Radical

A measure of 0.08 mg/mL DPPH was made up in absolute ethanol; the color of
the solution was dark purple, and the characteristic absorption wavelength was 517 nm.
When DPPH meets an antioxidant, its single electron is trapped; it lightens in color and
its absorbance decreases at a wavelength of 517 nm. The decrease in absorbance level can
indicate an increase in antioxidant activity [55]. The experiment was divided into three
groups: blank group—2 mL PBS + 1 mL DPPH; control group—1 mL PBS + 2 mL DPPH;
and other groups—1 mL + 1 mL PBS + 1mL DPPH in curcumin solution of 0.5 mg/mL,
1 mg/mL, 4 mg/mL, 6 mg/mL, and 10 mg/mL. Mixtures were left to stand in the dark for
30 min. Absorbance was determined at 517 nm. The equation for the scavenging rate (SE)
of the DPPH is the same as Formula (1) above.
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4.4. Preparation of Cur, Cur-L, Cur-G, Cur-LG

Cur was obtained by pouring 40 mg of curcumin into 10 mL of PBS and shaking well.
Solution a was obtained by dissolving 40 mg of curcumin in 5 mL of PBS, and solution
b was obtained by dissolving 0.3 g of phospholipids and 0.1 g of cholesterol in 3 mL of
anhydrous ethanol via ultrasonication. Solutions a and b were quickly mixed and evenly
mixed through ultrasonication. A constant temperature of 75 ◦C was maintained on a
magnetic stirrer. The mixed solution was injected into 5 mL of PBS using the injection
method and slowly cooled at a constant temperature for 10 minutes to obtain Cur-L. Cur-G
was obtained by shaking 40 mg of curcumin and 10 mL PBS well and adding 20 mg sodium
alginate, which was left to become fully swollen overnight. Cur-LG was obtained by
adding 20 mg of sodium alginate to curcumin liposomes, which was left to become fully
swollen overnight.

4.5. In Vitro Release Rate of Cur, Cur-L, Cur-G, Cur-LG

According to the existing method [56,57], the Franz diffusion cell is a device for
studying the release properties of transdermal formulations in vitro. The diffusion tank
was filled with PBS and the dialysis membrane was spread (MWCO: 8000–14,000 Da) on
the bottle mouth to ensure there were no bubbles in the pool. The diffusion tank was placed
in a magnetic stirrer. The diffusion tank was kept at a constant temperature (37 ◦C). A
measure of 1.0 mL of PBS was added to Cur, Cur-L, Cur-G, and Cur-LG in the upper part
of the diffusion cell. A measure of 2 mL of the sample was removed from the receiving cell
at 5 min, 10 min, 20 min, 30 min, 1 h, 2 h, 3 h, 4 h, 5 h, 6 h, 7 h, 8 h, 9 h, 10 h, 11 h, 12 h,
24 h, 48 h, and 72 h. At the same time, 2 mL PBS was injected into the receiving cell. The
absorbance of the sample was measured at a wavelength of 425 nm, and the cumulative
release (R%) was plotted according to Equation (2):

R (%) =
Cn×Vn + ∑n−1

i=1 Ci×Vi

Qt
×100% (2)

where “A” is the absorbance of the samples; “C” is the concentration of the drug; “Cn” is
the drug concentration of the dissolution medium; “Ci” is the drug concentration in the
sample at each sampling time point; “Vn” and “Vi” are the dissolution medium volume
and sample volume, respectively; “Qt” is the theoretical drug amount.

4.6. Establishing Model of Photodamage Caused by UVA and UVB

One week after adaptive feeding, experiments were performed with mice. Ultraviolet
light was simulated with one UVA aging test lamp and two UVB aging test lamps. Chinese
Kunming mice were divided into 6 groups (N = 4): the blank group, the model group, the
Cur group, the Cur-L group, the Cur-G group, and the Cur-LG group. The mice in the drug
treatment group had 0.3 mL of treatment applied to their skin. The hair of skin on the backs
of the mice was removed with a razor, exposing a 4 × 4 cm area to be irradiated. Each UV
exposure treatment started at nine o’clock each day, with five instances a week, lasting for
eight weeks. The irradiation time in the first week was 30 min, that in the second week
was 60 min, that in the third week was 90 min, and those in the remaining five weeks were
120 min. Before each irradiation, the bare skin of the mouse had Cur, Cur-L, Cur-G, Cur-LG,
or saline applied to it. The photos of the skin of the mice’s backs following irradiation
were taken at the end of each week; the macroscopic characteristics were observed at these
points as well. The scoring rules [58] for the degree of skin aging are shown in Table 1.
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Table 1. Scoring rules for the degree of skin aging.

Grade Apparent Characteristic

0 No wrinkles or sagging; normal skin texture all over the body
1 Normal skin texture
2 Normal skin texture disappears
3 Shallow wrinkles
4 Few deep wrinkles and mild sagging
5 More deep wrinkles, severe wrinkles

4.7. Pretreatment

After eight weeks of UV irradiation, a macroscopic skin examination was performed.
The animals were weighed and the excess hair on the backs of the mice was shaved off
under anesthesia. Blood samples were collected into the Eppendorf micro test tubes (EP
tubes) and centrifuged (1000 r/min, 10 min) to obtain the serum. The serum was placed in
heparin and trisodium citrate, and mixed evenly for 10 min after centrifugation (TG16-W,
Human Xiangli Experimental Instrument Factory, Human, China) (1000 r/min, 10 min).
The pellet was added inside the EP tubes; the mixture was weighed, and 2 times the volume
of the high-salt phosphate buffer was added. This was dialyzed it with a dialysis bag for
24 h. The solution obtained for determining malondialdehyde (MDA) content in serum
low-density lipoprotein (LDL) was applied. Another dorsal skin was washed with PBS,
and the skin was removed to determine the MDA and SOD content.

4.8. Antioxidant Activity Measurement and MDA Content Determination

The fresh skin and liver tissue of the mice were centrifuged with a homogenizer
(1500 r/min, 10 min). Mice were divided into 6 groups: blank group (1 mL tissue ho-
mogenate + 100 µL normal saline + 3 mL TBA TCA mix), model group (1 mL tissue
homogenate + 100 µL normal saline + 3 mL TBA TCA mix), Cur group (1mL tissue ho-
mogenate + 100 µL Cur + 3 mL TBA TCA mix), Cur-L group (1 mL tissue homogenate +
100 µL 4 mg/mL Cur-L + 3 mL TBA TCA mixture), Cur-G group (1 mL tissue homogenate +
100 µL 4 mg/mL Cur-G + 3 mL TBA TCA mixture), Cur-LG group (1 mL tissue homogenate
+ 100 µL 4 mg/mL Cur-LG + 3 mL TBA TCA mixture). These were placed in a water bath
at 95 ◦C for 40 min, rapidly cooled with water, and centrifuged (4000 r/min, 8 min). The
supernatant was aspirated, and the absorbance at 532 nm was determined. The MDA
content of the mouse skin and liver was calculated.

The condition of the fresh blood was observed after coagulation (1000 r/min, 10 min).
A measure of 1 mL of heparin-citrate buffer was added (0.064 mol/L trisodium citrate
with 5 mol/L HCL configuration 20 mL) per 100 µL serum; then, 10 mg of heparin was
added, pH was adjusted to 5.04. This was mixed and placed at room temperature for
10 min, and then centrifuged (1000 r/min, 10 min). The final pH was adjusted to 5.1; the
pellets were obtained and weighed. The precipitation was suspended with a high-salt
phosphate buffer of 1~2 times the serum volume (pH 7.4) to dissolve the LDL precipitate.
Finally, it was dialyzed for 24 h, and an LDL extract was obtained. LDL was diluted into
an LDL application solution containing 25 µg/mL cholesterol with PBS. The experiment
was divided into 6 groups: blank group (1 mL PBS + 1 mL LDL + 1 mL TBA + 2 mL TCA),
model group (1 mL PBS + 1 mL LDL + 1 mL TBA + 2 mL TCA), Cur group (1 mL Cur +
1 mL LDL+1 mL TBA + 2 mL TCA), Cur-L group (1 mL Cur-L + 1 mL LDL+ 1 mL TBA +
2 mL TCA), Cur-G group (1 mL Cur-G + 1 mL LDL + 1 mL TBA + 2 mL TCA), and Cur-LG
(1 mL Cur-LG + 1 mL LDL + 1 mL TBA + 2 mL TCA). They were placed in a bath at 95 ◦C
for 1.5 h, cooled with running water to room temperature, and centrifuged (3000 r/min,
10 min). The absorption (A) value was measured at 532 nm, and the serum MDA content
of the mice was calculated.

The mouse skin was sheared and homogenized (1500 r/min, 10 min). The SOD
viability was measured according to the SOD operating instructions in the T-SOD test kit.
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4.9. Statistical Analysis

The obtained results were expressed as mean ± standard deviation (SD). The statistical
analyses were performed using GraphPad Prism Software 9.0 (GraphPad Software Corp.,
San Diego, CA, USA) by an analysis of variance (ANOVA) with a t-test. p < 0.05 was
considered a statistically significant difference.

Author Contributions: Y.Z.: Data curation, Formal analysis, Investigation, Methodology. B.S.:
Formal analysis, Investigation, Software, Validation. L.W.: Data curation, Formal analysis, Resources.
W.S.: Resources, Writing—original draft. S.S.: Data curation, Writing—original draft. X.C. Data
curation, Writing—original draft, Resources. X.L.: Formal analysis, Investigation, Software. H.X.:
Conceptualization, Funding acquisition, Project administration, Supervision, Writing—review and
editing. All authors have read and agreed to the published version of the manuscript.

Funding: This study was supported by Anhui Provincial Quality Engineering Project for Education
in the New Era—Research on the Reform of Graduate Education and Teaching (2023jyjxggyjY168), the
Department of Education of Anhui Province of China (2023AH050754 and KJ2019A0470), the Quality
Engineering Project of the Anhui Provincial Department of Education in 2021 (2021jyxm0824), the
Research and Development Project Entrusted by the Enterprise: Research on Antioxidant Biological
Activity of Quercetin (2022HZ049), the Natural Science Foundation of Anhui Province of China
(1608085MH227), the Quality Engineering Project of Anhui University of Chinese Medicine in 2021
(2021zlgc042).

Institutional Review Board Statement: This study involved animal experiments, and its research.
program had been approved by the Experimental Animal Ethics Committee of Anhui University of
Chinese Medicine.

Informed Consent Statement: Not applicable.

Data Availability Statement: The raw data supporting the conclusions of this article will be made
available by the authors on request.

Conflicts of Interest: The authors declare no conflicts of interest.

Abbreviations

UV: ultraviolet; Cur-LG: curcumin-loaded liposomes in sodium alginate gel complex preparation;
Cur-L: Cur-loaded liposomes; Cur-G: Cur-loaded gel based on alginate matrix; DPPH: 1,1-Diphenyl-
2-trinitrophenylhydrazine; SOD: superoxide dismutase; UVA: ultraviolet A; UVB: ultraviolet B;
PBS: phosphate buffer solution; SA: sodium alginate; TBA: thiobarbituric acid; TCA: trichloroacetic
acid; mL: milliliter; ◦C: degree Centigrade; EP tubes: Eppendorf micro test tubes; MDA: malondialde-
hyde; LDL: low-density lipoprotein.

References
1. Kripke, M.L. Ultraviolet radiation and immunology: Something new under the sun—Presidential address. Cancer Res. 1994, 54,

6102–6105. [PubMed]
2. Meinhardt, M.; Krebs, R.; Anders, A.; Heinrich, U.; Tronnier, H. Wavelength-dependent penetration depths of ultraviolet radiation

in human skin. J. Biomed. Opt. 2008, 13, 044030. [CrossRef]
3. Van Laethem, A.; Claerhout, S.; Garmyn, M.; Agostinis, P. The sunburn cell: Regulation of death and survival of the keratinocyte.

Int. J. Biochem. Cell Biol. 2005, 37, 1547–1553. [CrossRef]
4. Ullrich, S.E.; Byrne, S.N. The Immunologic Revolution: Photoimmunology. J. Investig. Dermatol. 2012, 132, 896–905. [CrossRef]
5. Slominski, A.T.; Zmijewski, M.A.; Plonka, P.M.; Szaflarski, J.P.; Paus, R. How UV Light Touches the Brain and Endocrine System

Through Skin, and Why. Endocrinology 2018, 159, 1992–2007. [CrossRef] [PubMed]
6. Kharat, M.; Du, Z.; Zhang, G.; McClements, D.J. Physical and Chemical Stability of Curcumin in Aqueous Solutions and

Emulsions: Impact of pH, Temperature, and Molecular Environment. J. Agric. Food Chem. 2017, 65, 1525–1532. [CrossRef]
7. Ferguson, A.L.; Kok, L.F.; Luong, J.K.; Van den Bergh, M.; Bell-Anderson, K.S.; Fazakerley, D.J.; Byrne, S.N. Exposure to solar

ultraviolet radiation limits diet-induced weight gain, increases liver triglycerides and prevents the early signs of cardiovascular
disease in mice. Nutr. Metab. Cardiovasc. Dis. 2019, 29, 633–638. [CrossRef] [PubMed]

8. Ben Messaoud, G.; Sanchez-Gonzalez, L.; Jacquot, A.; Probst, L.; Desobry, S. Alginate/sodium caseinate aqueous-core capsules:
A pH-responsive matrix. J. Colloid Interface Sci. 2015, 440, 1–8. [CrossRef]

https://www.ncbi.nlm.nih.gov/pubmed/7954455
https://doi.org/10.1117/1.2957970
https://doi.org/10.1016/j.biocel.2005.02.015
https://doi.org/10.1038/jid.2011.405
https://doi.org/10.1210/en.2017-03230
https://www.ncbi.nlm.nih.gov/pubmed/29546369
https://doi.org/10.1021/acs.jafc.6b04815
https://doi.org/10.1016/j.numecd.2019.02.006
https://www.ncbi.nlm.nih.gov/pubmed/30956026
https://doi.org/10.1016/j.jcis.2014.10.042


Gels 2024, 10, 596 15 of 16

9. Weller, R.B.; Wang, Y.; He, J.; Maddux, F.W.; Usvyat, L.; Zhang, H.; Feelisch, M.; Kotanko, P. Does Incident Solar Ultraviolet
Radiation Lower Blood Pressure? J. Am. Heart Assoc. 2020, 9, e013837. [CrossRef]

10. Bai, X.; Gao, M.; Syed, S.; Zhuang, J.; Xu, X.; Zhang, X.Q. Bioactive hydrogels for bone regeneration. Bioact. Mater. 2018, 3, 401–417.
[CrossRef]

11. Zhou, Z.; Liu, J.; Xiong, T.; Liu, Y.; Tuan, R.S.; Li, Z.A. Engineering Innervated Musculoskeletal Tissues for Regenerative
Orthopedics and Disease Modeling. Small 2024, 20, e2310614. [CrossRef] [PubMed]

12. Lv, B.; Lu, L.; Hu, L.; Cheng, P.; Hu, Y.; Xie, X.; Dai, G.; Mi, B.; Liu, X.; Liu, G. Recent advances in GelMA hydrogel transplantation
for musculoskeletal disorders and related disease treatment. Theranostics 2023, 13, 2015–2039. [CrossRef] [PubMed]

13. Komoto, D.; Furuike, T.; Tamura, H. Preparation of polyelectrolyte complex gel of sodium alginate with chitosan using basic
solution of chitosan. Int. J. Biol. Macromol. 2019, 126, 54–59. [CrossRef]

14. Heger, M.; van Golen, R.F.; Broekgaarden, M.; Michel, M.C. The Molecular Basis for the Pharmacokinetics and Pharmacodynamics
of Curcumin and Its Metabolites in Relation to Cancers. Pharmacol. Rev. 2014, 66, 222–307. [CrossRef]

15. Boontheekul, T.; Kong, H.J.; Mooney, D.J. Controlling alginate gel degradation utilizing partial oxidation and bimodal molecular
weight distribution. Biomaterials 2005, 26, 2455–2465. [CrossRef] [PubMed]

16. Patil, N.; Mahajan, H. Development and Validation of RP-HPLC Method for Simultaneous Qualitative and Quantitative Estimation
of Curcumin and Quercetin in Bulk Mixture. Indian J. Pharm. Educ. Res. 2022, 56, 247–254. [CrossRef]

17. Marcon, H.; Griss, L.G.; Molosse, V.L.; Cecere, B.G.O.; Alba, D.F.; Leal, K.W.; Galli, G.M.; Souza, C.F.; Baldissera, M.D.; Gundel, S.;
et al. Dietary supplementation with curcumin-loaded nanocapsules in lambs: Nanotechnology as a new tool for nutrition. Anim.
Nutr. 2021, 7, 521–529. [CrossRef] [PubMed]

18. Khan, H.; Ni, Z.; Feng, H.; Xing, Y.; Wu, X.; Huang, D.; Chen, L.; Niu, Y.; Shi, G. Combination of curcumin with N-n-butyl
haloperidol iodide inhibits hepatocellular carcinoma malignant proliferation by downregulating enhancer of zeste homolog 2
(EZH2)—lncRNA H19 to silence Wnt/β-catenin signaling. Phytomedicine 2021, 91, 153706. [CrossRef]

19. Xie, C.; Koshino, H.; Esumi, Y.; Takahashi, S.; Yoshikawa, K.; Abe, N. Vialinin A, a novel 2,2-diphenyl-1-picrylhydrazyl (DPPH)
radical scavenger from an edible mushroom in China. Biosci. Biotechnol. Biochem. 2005, 69, 2326–2332. [CrossRef]

20. Schreml, S.; Szeimies, R.M.; Karrer, S.; Heinlin, J.; Landthaler, M.; Babilas, P. The impact of the pH value on skin integrity and
cutaneous wound healing. J. Eur. Acad. Dermatol. Venereol. 2010, 24, 373–378. [CrossRef]

21. Leclercq, I.A.; Farrell, G.C.; Sempoux, C.; dela Peña, A.; Horsmans, Y. Curcumin inhibits NF-κB activation and reduces the
severity of experimental steatohepatitis in mice. J. Hepatol. 2004, 41, 926–934. [CrossRef] [PubMed]

22. Gillet, A.; Compere, P.; Lecomte, F.; Hubert, P.; Ducat, E.; Evrard, B.; Piel, G. Liposome surface charge influence on skin penetration
behaviour. Int. J. Pharm. 2011, 411, 223–231. [CrossRef]

23. Gegotek, A.; Biernacki, M.; Ambrozewicz, E.; Surazynski, A.; Wronski, A.; Skrzydlewska, E. The cross-talk between electrophiles,
antioxidant defence and the endocannabinoid system in fibroblasts and keratinocytes after UVA and UVB irradiation. J. Dermatol.
Sci. 2016, 81, 107–117. [CrossRef]

24. Dong, L.; Lee, H.; Liu, Z.; Lee, D.-S. Anti-Skin Inflammatory and Anti-Oxidative Effects of the Neoflavonoid Latifolin Isolated
from Dalbergia odorifera in HaCaT and BJ-5ta Cells. Int. J. Mol. Sci. 2023, 24, 7371. [CrossRef]

25. Litwinienko, G.; Ingold, K.U. Abnormal solvent effects on hydrogen atom abstraction. 3. Novel kinetics in sequential proton loss
electron transfer chemistry. J. Org. Chem. 2005, 70, 8982–8990. [CrossRef] [PubMed]

26. Pearse, A.D.; Gaskell, S.A.; Marks, R. Epidermal changes in human skin following irradiation with either UVB or UVA. J. Investig.
Dermatol. 1987, 88, 83–87. [CrossRef]

27. Chung, J.H.; Yano, K.; Lee, M.K.; Youn, C.S.; Seo, J.Y.; Kim, K.H.; Cho, K.H.; Eun, H.C.; Detmar, M. Differential effects of
photoaging vs intrinsic aging on the vascularization of human skin. Arch. Dermatol. 2002, 138, 1437–1442. [CrossRef] [PubMed]

28. Yano, K.; Kadoya, K.; Kajiya, K.; Hong, Y.K.; Detmar, M. Ultraviolet B irradiation of human skin induces an angiogenic switch that
is mediated by upregulation of vascular endothetiat growth factor and by downregulation of thrombospondin-1. Br. J. Dermatol.
2005, 152, 115–121. [CrossRef]

29. McKenzie, C.V.; Colonne, C.K.; Yeo, J.H.; Fraser, S.T. Splenomegaly: Pathophysiological bases and therapeutic options. Int. J.
Biochem. Cell Biol. 2018, 94, 40–43. [CrossRef]

30. Rice-Evans, C.; Burdon, R. Free radical-lipid interactions and their pathological consequences. Prog. Lipid Res. 1993, 32, 71–110.
[CrossRef]

31. Weiner, A.L.; Carpenter-Green, S.S.; Soehngen, E.C.; Lenk, R.P.; Popescu, M.C. Liposome-collagen gel matrix: A novel sustained
drug delivery system. J. Pharm. Sci. 1985, 74, 922–925. [CrossRef] [PubMed]

32. Komada, F.; Nishiguchi, K.; Tanigawara, Y.; Iwakawa, S.; Okumura, K. Effects of secretable SOD delivered by genetically modified
cells on xanthine/xanthine oxidase and paraquat-induced cytotoxicity in vitro. Biol. Pharm. Bull. 1999, 22, 846–853. [CrossRef]
[PubMed]

33. Kotha, R.R.; Luthria, D.L. Curcumin: Biological, Pharmaceutical, Nutraceutical, and Analytical Aspects. Molecules 2019, 24, 2930.
[CrossRef]

34. Atsumi, T.; Iwakura, I.; Kashiwagi, Y.; Fujisawa, S.; Ueha, T. Free radical scavenging activity in the nonenzymatic fraction of
human saliva: A simple DPPH assay showing the effect of physical exercise. Antioxid. Redox Signal. 1999, 1, 537–546. [CrossRef]

https://doi.org/10.1161/JAHA.119.013837
https://doi.org/10.1016/j.bioactmat.2018.05.006
https://doi.org/10.1002/smll.202310614
https://www.ncbi.nlm.nih.gov/pubmed/38200684
https://doi.org/10.7150/thno.80615
https://www.ncbi.nlm.nih.gov/pubmed/37064871
https://doi.org/10.1016/j.ijbiomac.2018.12.195
https://doi.org/10.1124/pr.110.004044
https://doi.org/10.1016/j.biomaterials.2004.06.044
https://www.ncbi.nlm.nih.gov/pubmed/15585248
https://doi.org/10.5530/ijper.56.1.29
https://doi.org/10.1016/j.aninu.2020.06.014
https://www.ncbi.nlm.nih.gov/pubmed/34258441
https://doi.org/10.1016/j.phymed.2021.153706
https://doi.org/10.1271/bbb.69.2326
https://doi.org/10.1111/j.1468-3083.2009.03413.x
https://doi.org/10.1016/j.jhep.2004.08.010
https://www.ncbi.nlm.nih.gov/pubmed/15582125
https://doi.org/10.1016/j.ijpharm.2011.03.049
https://doi.org/10.1016/j.jdermsci.2015.11.005
https://doi.org/10.3390/ijms24087371
https://doi.org/10.1021/jo051474p
https://www.ncbi.nlm.nih.gov/pubmed/16238337
https://doi.org/10.1111/1523-1747.ep12465094
https://doi.org/10.1001/archderm.138.11.1437
https://www.ncbi.nlm.nih.gov/pubmed/12437449
https://doi.org/10.1111/j.1365-2133.2005.06368.x
https://doi.org/10.1016/j.biocel.2017.11.011
https://doi.org/10.1016/0163-7827(93)90006-I
https://doi.org/10.1002/jps.2600740903
https://www.ncbi.nlm.nih.gov/pubmed/3906082
https://doi.org/10.1248/bpb.22.846
https://www.ncbi.nlm.nih.gov/pubmed/10480324
https://doi.org/10.3390/molecules24162930
https://doi.org/10.1089/ars.1999.1.4-537


Gels 2024, 10, 596 16 of 16

35. Amari, N.O.; Djebli, N.; Le Mai, H.; Tran Thi Hong, H.; Nguyen Dinh, L.; Vu Thi, B. Neuroprotective effect of 1, 3-β-glucan-
curcumin mixing (Bioglucur) on Alzheimer Disease Induced in Mice by Aluminium Toxicity. Indian J. Pharm. Educ. Res. 2020, 54,
1089–1097. [CrossRef]

36. Liu, D.; Fernandez, B.O.; Hamilton, A.; Lang, N.N.; Gallagher, J.M.C.; Newby, D.E.; Feelisch, M.; Weller, R.B. UVA Irradiation of
Human Skin Vasodilates Arterial Vasculature and Lowers Blood Pressure Independently of Nitric Oxide Synthase. J. Investig.
Dermatol. 2014, 134, 1839–1846. [CrossRef]

37. Zhang, C.; Lu, Y.; Ai, Y.; Xu, X.; Zhu, S.; Zhang, B.; Tang, M.; Zhang, L.; He, T. UVB-Induced Erythema and Lethery Skin
Production. J. Microbiol. Biotechnol. 2021, 31, 630–636. [CrossRef]

38. Gabizon, A.A.; Shmeeda, H.; Zalipsky, S. Pros and cons of the liposome platform in cancer drug targeting. J. Liposome Res. 2006,
16, 175–183. [CrossRef] [PubMed]

39. Zakerikhoob, M.; Abbasi, S.; Yousefi, G.; Mokhtari, M.; Noorbakhsh, M.S. Curcumin-incorporated crosslinked sodium alginate-g-
poly (N-isopropyl acrylamide) thermo-responsive hydrogel as an in-situ forming injectable dressing for wound healing: In vitro
characterization and in vivo evaluation. Carbohydr. Polym. 2021, 271, 118434. [CrossRef]

40. Huang, K.; Liu, W.; Wei, W.; Zhao, Y.; Zhuang, P.; Wang, X.; Wang, Y.; Hu, Y.; Dai, H. Photothermal Hydrogel Encapsulating
Intelligently Bacteria-Capturing Bio-MOF for Infectious Wound Healing. Acs Nano 2022, 16, 19491–19508. [CrossRef]

41. Wang, M.; Xia, H.; Yang, X.; Zhang, Q.; Li, Y.; Wang, Y.; Xia, Y.; Xie, Z. Berberine Hydrochloride-loaded Liposomes Gel:
Preparation, Characterization and Antioxidant Activity. Indian J. Pharm. Educ. Res. 2023, 57, 74–82. [CrossRef]

42. Siboro, S.A.P.; Anugrah, D.S.B.; Ramesh, K.; Park, S.-H.; Kim, H.-R.; Lim, K.T. Tunable porosity of covalently crosslinked
alginate-based hydrogels and its significance in drug release behavior. Carbohydr. Polym. 2021, 260, 117779. [CrossRef] [PubMed]

43. Foti, M.C. Use and Abuse of the DPPH• Radical. J. Agric. Food Chem. 2015, 63, 8765–8776. [CrossRef]
44. Lin, D.; Kelly, A.L.; Miao, S. The impact of pH on mechanical properties, storage stability and digestion of alginate-based and soy

protein isolate-stabilized emulsion gel beads with encapsulated lycopene. Food Chem. 2022, 372, 131262. [CrossRef]
45. Kao, C.-H. Use of concentrate growth factors gel or membrane in chronic wound healing: Description of 18 cases. Int. Wound J.

2020, 17, 158–166. [CrossRef]
46. Gonenc, A.; Ozkan, Y.; Torun, M.; Simsek, B. Plasma malondialdehyde (MDA) levels in breast and lung cancer patients. J. Clin.

Pharm. Ther. 2001, 26, 141–144. [CrossRef]
47. Wallace, L.A.; Gwynne, L.; Jenkins, T. Challenges and opportunities of pH in chronic wounds. Ther. Deliv. 2019, 10, 719–735.

[CrossRef]
48. Si, R.; Wang, Y.; Yang, Y.; Wu, Y.; Wang, M.; Han, B. A multifunctional conductive organohydrogel as a flexible sensor for

synchronous real-time monitoring of traumatic wounds and pro-healing process. Chem. Eng. J. 2024, 489, 151419. [CrossRef]
49. Li, L.; Wang, L.; Shao, Y.; Ni, R.; Zhang, T.; Mao, S. Drug release characteristics from chitosan-alginate matrix tablets based on the

theory of self-assembled film. Int. J. Pharm. 2013, 450, 197–207. [CrossRef]
50. Griesser, M.; Pistis, V.; Suzuki, T.; Tejera, N.; Pratt, D.A.; Schneider, C. Autoxidative and Cyclooxygenase-2 Catalyzed Transforma-

tion of the Dietary Chemopreventive Agent Curcumin. J. Biol. Chem. 2011, 286, 1114–1124. [CrossRef]
51. Tonnesen, H.H.; Karlsen, J.; van Henegouwen, G.B. Studies on curcumin and curcuminoids. VIII. Photochemical stability of

curcumin. Z. Lebensm.-Unters.-Forsch. 1986, 183, 116–122. [CrossRef] [PubMed]
52. Sun, Q.; Silva, E.A.; Wang, A.; Fritton, J.C.; Mooney, D.J.; Schaffler, M.B.; Grossman, P.M.; Rajagopalan, S. Sustained Release of

Multiple Growth Factors from Injectable Polymeric System as a Novel Therapeutic Approach Towards Angiogenesis. Pharm. Res.
2010, 27, 264–271. [CrossRef] [PubMed]

53. Kaidbey, K.H.; Agin, P.P.; Sayre, R.M.; Kligman, A.M. Photoprotection by melanin—A comparison of black and Caucasian skin.
J. Am. Acad. Dermatol. 1979, 1, 249–260. [CrossRef] [PubMed]

54. Schwarz, T.; Urbanska, A.; Gschnait, F.; Luger, T.A. Inhibition of the induction of contact hypersensitivity by a UV-mediated
epidermal cytokine. J. Investig. Dermatol. 1986, 87, 289–291. [CrossRef]

55. Marquardt, J.U.; Gomez-Quiroz, L.; Camacho, L.O.A.; Pinna, F.; Lee, Y.-H.; Kitade, M.; Dominguez, M.P.; Castven, D.; Breuhahn,
K.; Conner, E.A.; et al. Curcumin effectively inhibits oncogenic NF-κB signaling and restrains stemness features in liver cancer.
J. Hepatol. 2015, 63, 661–669. [CrossRef]

56. Liu, C.; Xia, Y.; Li, Y.; Cheng, Y.; Xia, H.; Wang, Y.; Yue, Y.; Wu, Y.; Cheng, X.; Xu, Y.; et al. Ligustrazine as an Extract from
Medicinal and Edible Plant Chuanxiong Encapsulated in Liposome-Hydrogel Exerting Antioxidant Effect on Preventing Skin
Photoaging. Polymers 2022, 14, 4778. [CrossRef]

57. Wu, Y.; Wang, M.; Li, Y.; Xia, H.; Cheng, Y.; Liu, C.; Xia, Y.; Wang, Y.; Yue, Y.; Cheng, X.; et al. The Fabrication of Docetaxel-
Containing Emulsion for Drug Release Kinetics and Lipid Peroxidation. Pharmaceutics 2022, 14, 1993. [CrossRef]

58. Kong, S.; Lv, L.; Guo, J.; Yang, X.; Liao, M.; Zhao, T.; Sun, H.; Zhang, S.; Li, W. Preparation of Cod Skin Collagen Peptides/Chitosan-
Based Temperature-Sensitive Gel and Its Anti-Photoaging Effect in Skin. Drug Des. Dev. Ther. 2023, 17, 419–437. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.5530/ijper.54.4.204
https://doi.org/10.1038/jid.2014.27
https://doi.org/10.4014/jmb.2011.11006
https://doi.org/10.1080/08982100600848769
https://www.ncbi.nlm.nih.gov/pubmed/16952872
https://doi.org/10.1016/j.carbpol.2021.118434
https://doi.org/10.1021/acsnano.2c09593
https://doi.org/10.5530/001954642087
https://doi.org/10.1016/j.carbpol.2021.117779
https://www.ncbi.nlm.nih.gov/pubmed/33712135
https://doi.org/10.1021/acs.jafc.5b03839
https://doi.org/10.1016/j.foodchem.2021.131262
https://doi.org/10.1111/iwj.13250
https://doi.org/10.1046/j.1365-2710.2001.00334.x
https://doi.org/10.4155/tde-2019-0066
https://doi.org/10.1016/j.cej.2024.151419
https://doi.org/10.1016/j.ijpharm.2013.04.052
https://doi.org/10.1074/jbc.M110.178806
https://doi.org/10.1007/BF01041928
https://www.ncbi.nlm.nih.gov/pubmed/3765852
https://doi.org/10.1007/s11095-009-0014-0
https://www.ncbi.nlm.nih.gov/pubmed/19953308
https://doi.org/10.1016/S0190-9622(79)70018-1
https://www.ncbi.nlm.nih.gov/pubmed/512075
https://doi.org/10.1111/1523-1747.ep12696708
https://doi.org/10.1016/j.jhep.2015.04.018
https://doi.org/10.3390/polym14214778
https://doi.org/10.3390/pharmaceutics14101993
https://doi.org/10.2147/DDDT.S391812

	Introduction 
	Results and Discussion 
	Antioxidant Capacity of Curcumin-Loaded Liposomes in Gel on H2O2 
	Scavenging DPPH Free Radical Experiment 
	Release Rates of Cur, Cur-L, Cur-G, and Cur-LG across Dialysis Membranes 
	Macroscopic Changes 
	Changes in Skin Surface Inflammation and Proliferation: Subcutaneous Vascularity in Mice 
	Score of Mouse Skin Injury 

	Effects of Cur/Cur-L/Cur-G/Cur-LG on the Spleen Index of Photodamaged Mice 
	Effect of Cur/Cur-L/Cur-G/Cur-LG on MDA Content in Skin and Liver Tissue of Photodamaged Mice 
	Effect of Cur/Cur-L/Cur-G/Cur-LG on MDA Content in Blood LDL in Photodamaged Mice 
	Effect of Cur/Cur-L/Cur-G/Cur-LG on Skin SOD Activity in Photodamaged Mice 
	Discussion 

	Conclusions 
	Materials and Methods 
	Materials 
	Animals 
	Studies of the Antioxidant Activity of Curcumin In Vitro 
	The Activity of Scavenging H2O2 
	The Activity of Scavenging the DPPH Free Radical 

	Preparation of Cur, Cur-L, Cur-G, Cur-LG 
	In Vitro Release Rate of Cur, Cur-L, Cur-G, Cur-LG 
	Establishing Model of Photodamage Caused by UVA and UVB 
	Pretreatment 
	Antioxidant Activity Measurement and MDA Content Determination 
	Statistical Analysis 

	References

