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ABSTRACT: Background: Carvedilol can be used in the treatment of rosacea. However, their oral administration often results in a
series of adverse effects. Purpose: A novel thermosensitive hydrogel was developed to improve the administration of carvedilol in the
treatment of rosacea and to evaluate its safety and efficacy. Methods: The thermosensitive hydrogel was formulated using varying
ratios of poloxamer 407 (P407) and poloxamer 188 (P188), with carvedilol being encapsulated during the process. The gel
temperature and time of the hydrogel were observed, its phase transition was assessed through the inverted tube test, its
microstructure was examined using scanning electron microscopy (SEM), and its characteristic functional groups were identified
with Fourier transform infrared spectrometry (FTIR). The hydrogel’s therapeutic efficacy on a rosacea-like phenotype in mice was
evaluated through in vitro experiments. Results: It is observed that the microstructure of the hydrogel possesses a porous structure,
with pores uniformly arranged in a square lattice measuring 8−12 μm in diameter. Thermosensitive hydrogel encapsulated carvedilol
(Car-P40724/P1881) had favorable drug release rate and swelling properties. Live/dead cell assays indicated minimal toxicity of the
hydrogel to HaCaT cells, and the carvedilol encapsulated with hydrogel possessed a better therapeutic effect on the rosacea-like
phenotype in mice. Conclusion: Car-P40724/P1881 was not significantly cytotoxic and possessed good cellular biocompatibility.
Furthermore, it exhibits a good therapeutic effect on rosacea-associated facial flushing and erythema. It possesses some anti-
inflammatory properties and exhibits great potential for future use in rosacea treatment.

1. INTRODUCTION
Rosacea is a chronic inflammatory skin disease, mostly
occurring in the middle of the face, mainly manifested as
paroxysmal flushing of the skin and persistent erythema. In
severe cases, there will be papules, pustules, and capillary
dilatation. Additionally, some patients may have hyperplasia
and hypertrophy and ocular changes.1−4 An investigation
suggests that the global prevalence of rosacea is around 5.46%.
A survey from 2019 to 2020 showed that the prevalence rate of
rosacea in China was about 3.4%.5−7 Fixed central facial
erythema is considered to be the diagnostic phenotype of
rosacea,8 while flushing and erythema are the most common
manifestations of all types of rosacea. The high recurrence of
flushing and erythema, especially on the face, has a significant
impact on the patient’s psychology and quality of life;9−11

improving patients’ flushing and erythema still remains a great
challenge in clinic.12,13

Carvedilol is a α1-receptor antagonist and a nonselective β-
receptor antagonist, which is recommended for the treatment
of flushing and persistent erythema in rosacea.14−17 The
mechanism is thought to involve contraction of smooth muscle
in small cutaneous arteries by blocking β2-adrenergic
receptors.18 In addition, carvedilol slows cardiac function by
blocking cardiac β2-adrenergic receptors, further improving
refractory facial flushing and persistent erythema.19 Moreover,
carvedilol possesses additional antioxidant and anti-inflamma-
tory effects compared with other nonselective β-blockers.20,21
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It could also relieve flushing and erythema caused by rosacea
through down-regulate TLR2/KLK5/catheterin pathway.20

It is worth noting that the target of action of carvedilol is
widely distributed, which makes it easy for oral administration
to cause serious adverse reactions,14 which has hampered its
further use in the clinic. Adjustments to the mode of
administration and route of drug delivery of carvedilol are
urgent issues to be addressed. To enhance the bioavailability of
carvedilol, several methods for improving the delivery of
carvedilol have been developed in the past few years, primarily
for hypertension-related research.22,23 Currently, topical
medications targeted at treating erythema and flushing caused
by rosacea include brimonidine (α2-adrenoceptor agonist) and
oxymetazoline (α1-adrenoceptor agonist).24 In contrast,
research on carvedilol as a topical dosage form for the
treatment of rosacea has not yet been reported yet.
Hydrogels, using water as a medium, possess the character-

istics of high water retention, water absorption, and slow
release. Thermosensitive hydrogels are one of the many
classifications of hydrogels. Currently, thermosensitive hydro-
gels are widely researched and applied in many fields such as
drug slow control, tissue engineering, and cell engineering.25

Thermosensitive hydrogels can be divided into natural
thermosensitive hydrogels and synthetic thermosensitive
hydrogels. Poloxamer is a typical synthetic thermosensitive
hydrogel;26 it is a polyoxyethylene (PEO)−polyoxypropylene
(PPO) block copolymer. PEO possesses good hydrophilicity,
PPO possesses good hydrophobicity, and the copolymer
formed by chimerization of them possesses a unique
hydrophilic outer shell and internal hydrophobicity, which
makes it possible to encapsulate both hydrophilic and
hydrophobic drugs. Moreover, the three-dimensional structure
formed by the chimera can form a good drug reservoir.27−30 In
addition, poloxamer possesses a good property of phase
transition, with the lowest cosolubilization temperature as the
critical threshold, and the temperature is adjusted to achieve
sol−gel transition. The phase transition temperature and
stability of the gel can be improved by adjusting the mixing
ratio of poloxamer 407 (P407) and poloxamer 188 (P188).31

Therefore, it can be used as a good support for topical dosage
forms of carvedilol.
In this work, P407 and P188 were blended to make a

thermosensitive hydrogel, encapsulating carvedilol for the
treatment of rosacea-induced flushing and erythema. Materials
were characterized using scanning electron microscopy (SEM)
and Fourier transform infrared (FTIR) spectroscopy. It has
been verified that the topical drug possesses good biocompat-
ibility and shows significant effects on flushing and erythema
caused by rosacea while also possessing a certain anti-
inflammatory effect. This work sheds new light on the
development of topical dosage forms for the treatment of
rosacea.

2. MATERIAL AND METHODS
2.1. Chemicals and Reagents. Carvedilol (purity; 98%)

was purchased from Shanghai Xianding Biotechnology. P407
and P188 were purchased from Solarbio Co., Ltd. (Shanghai,
China). Other AR-grade chemicals were obtained from
Aladdin Biochemical Technology Co., Ltd. (Shanghai,
China) and Sangon Biotech Co., Ltd. (Guizhou, China).
2.2. Preparation of the Hydrogel. P407 and P188 were

mixed in a 50 mL centrifuge tube, and 20 mL of deionized
water was added to it to form a mixture of different

concentrations, which was put into a 4 °C refrigerator. This
was observed every 12 h and mixed fully upside down until a
colorless and transparent poloxamer sol was obtained, which
was kept in the refrigerator at 4 °C for spare use. Carvedilol
powder was weighed and dissolved completely in DMSO to
obtain a carvedilol solution. Different volumes of prepared
carvedilol solution were pipetted into the mixture of P407 and
P188 to obtain different contents of Car-P407x/P188y (x = 23,
24, 25 wt %, y = 0.5, 1.0, 1.5 wt %), which were placed in a
refrigerator at 4 °C to fully dissolve and mix until the sol was
clarified and transparent.
2.3. Characterization and Detection of Thermosensi-

tive Hydrogels. Hydrogel lyophilizates were prepared by the
freeze-drying method, and then, the blank hydrogel and the
hydrogel containing the drug were scanned with a scanning
electron microscope (Hitachi-TM1000, Hitachi, Japan) in the
range of 50−100 μm. Blank and drug-containing hydrogels
were measured using a FTIR spectrometer (TENSOR-27,
Bruker, Germany) with a resolution of 4 cm−1 and a frequency
range of 500−4000 cm−1.
2.4. Stirring and Inversion Method. The gel time was

determined by using the stirring method. The prepared gel
aqueous solution was placed in a water bath preset to a specific
temperature, and the temperature of the magnetic stirrer was
set so that the time when the magnetic stirrer stopped rotating
was taken as the gel time.
The gel temperature was determined by using the inversion

method. The prepared gel aqueous solution was placed in an
incubator and gradually heated, with the heating rate
controlled at 1 °C per 2 min. Every 10 min, the solution
was inverted and tilted at a 60° angle to the ground. The
solution was considered to have gelled if it did not flow within
30 s, and the gel temperature was recorded.
2.5. Swelling Test. An appropriate amount of phosphate

buffered saline (PBS) at 37 °C was added to the freeze-dried
hydrogel lyophilizate, placed in a 37 °C warming chamber for
adequate dissolution, and weighed at various time points.
Percentage swelling rate (SR) was calculated according to eq 1,
where Wd is the initial dry weight of the hydrogel and Ww is
the weight of the hydrogel after swelling in PBS. The
calculation formula is as follows

= [ ] ×W W Wdissolution rate (%) ( )/ 100%W d d (1)

2.6. Carvedilol Release Trial. The gel with different
proportions of 2 mL was added with 5 mL of pH 7.4 PBS and
0.2 wt % Tween 20. It was kept away from light in a constant
temperature shaker (100 rpm) and placed at 37 °C for 96 h.
The UV absorbance at 285 nm of PBS in the test tubes was
measured at different time points. Cumulative drug release rate
was calculated for drug release studies.
2.7. In Vitro Cytotoxicity. Human keratinocytes (HaCaT)

were cultured in Dulbecco’s modified Eagle’s medium (Sigma-
Aldrich) containing 10% heat-inactivated fetal bovine serum
(Gibco American). Cells were incubated in a 95% atmosphere
and 5% CO2 at 37 °C. After the cells had grown to a suitable
density, different drug-containing hydrogels were added and
cocultured for a certain period of time. Cells were labeled with
an FDA/propidium iodide (PI) staining cytotoxicity kit
(Beyotime, Shanghai, China), and cell viability was detected
by fluorescence microscopy (IX73, OLYMPUS, Japan).
2.8. Experimental Animals and Treatments. Female

BALB/c mice (6−7 weeks, weights of 18−25 g) were provided
by the Experimental Animal Center of Kunming Medical
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University. Laboratory animals were approved by Kunming
Medical University’s Animal Ethics Committee, under the
guidelines of its ethics committee. Mice were anesthetized by
intraperitoneal injection of sodium pentobarbital (50 mg/kg),
and the hair on the upper back was shaved. An antimicrobial
peptide (LL37) was used to induce a rosacea-like mouse. Mice
were injected twice daily with 40 μL of LL-37 (320 μM)
intradermally for 2 days at the marked back positions. The
mice were randomly divided into 4 groups: control, PBS,
LL37, and LL37 + drug-containing gel, with 10 mice in each
group. No other treatment was performed in the control group.
PBS was injected in the back in the PBS group, LL37 was
injected in the back in the LL37 group and LL37 + drug-
containing gel group, and the LL37 + drug-containing gel
group was injected with LL37, with the drug-containing gel
applied to the back. Photographs were taken 12 h after the last
injection, and mice were executed under anesthesia 4 days later
to dissect the diseased skin tissue for histological analysis.

2.9. Skin Condition Analysis. The backs of the mice were
photographed with a digital camera 12 h after completion of
the injection and 4 days after the treatment. Erythema was
observed with a dermatoscopic image processing workstation,
and the skin condition was observed with a body-reflective
confocal microscope.
2.10. HE Staining. Four days after injection, the skin tissue

was collected, fixed in 4% paraformaldehyde, dehydrated, and
embedded in paraffin. Successive 5 μm tissue sections were cut
with a microtome (LeicaCM1950, Germany), followed by HE
staining to observe the morphological features of the tissues.
Images of each section were acquired by using a light
microscope (OlympusCX40, Japan).
2.11. Statistical Analysis. All statistical analyses were

carried out by using the statistical software SPSS 26.0. All
quantitative data presented in this study were expressed as
mean (±) standard deviation. ρ < 0.05 was considered
statistically significant. Graphs were plotted using OriginPro
2021.

Figure 1. Preparation and optimization of conditions for thermosensitive hydrogels containing carvedilol. (A) Preparation of thermosensitive
hydrogels encapsulating carvedilol, effect of changing the P407 and P188 content on the temperature (B) and time (C) of the sol−gel phase
transition, and effect of different drug-containing gels on the temperature (D) and time (E) of the phase transition.
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3. RESULTS
3.1. Preparation of the Car-P407/P188 Hydrogel. The

synthetic process for thermosensitive hydrogel encapsulating
carvedilol is shown in Figure 1A. Figure 1B,C shows the effect
of changing the P407 and P188 content on the temperature
and time of the sol−gel phase transition, respectively. It could
be found that the change in the mass fraction of P407 and
P188 affects the phase transition temperature and phase
transition time. Fixing the mass fraction of P407 and increasing
the mass fraction of P188, the phase transition temperature
increased and the phase transition time prolonged. Fixing the
mass fraction of P188 and increasing the mass fraction of P407,
the phase transition temperature increased and the phase
transition time shortened. Considering that the exposed skin

temperature was roughly 32−36 °C, P40724 (24 wt %) and
P1881 (1.0 wt %) were finally selected, which possessed a gel
temperature of 30−35 °C and a molding time of 30−90 s
(Figure 1B,C).
P40724/P1881 was used as drug encapsulants to prepare

thermosensitive hydrogels encapsulating 0.05, 0.1, and 0.5 wt
% carvedilol. Figure 1D,E shows the effect of different drug-
containing gels on the temperature and time of the phase
transition, respectively. The gel formation time of the
thermosensitive composite hydrogel at the same temperature
was shortened by the addition of different amounts of
carvedilol to the poloxamer hydrogels, and the carvedilol
solution altered the gel formation time and gel formation
temperature of the system to a small extent (Figure 1D,E).

Figure 2. Stability testing of Car-P40724/P1881. (A) Tube inversion experiments and (B) gel states of drug-containing gels left at room temperature
for 30 days and 60 days and (C) after ultrahigh speed centrifugation.

Figure 3. Characterization of P40724/P1881 and Car-P40724/P1881. (A) Scanning electron micrographs of P40724/P1881 and Car-P40724/P1881
and (B) FTIR, (C) cumulative drug release rate from drug-containing gel, and (D) SR of the drug-containing gel.
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3.2. Physicochemical Properties of Car-P40724/P1881.
3.2.1. Morphological Characteristics. Sol−gel transition
behavior was observed at room temperature and 32 °C by
the tube-inversion method to evaluate the fluidity and viscosity
of the hydrogel at different temperatures. Figure 2A shows the
status of the Car-P40724/P1881 hydrogel after 2 min at 32 °C.
It could be found that the hydrogel became a gel state under
this condition, and there was still no liquid flow phenomenon
after inverting the Eppendorf tube for 1 min, indicating the
formation of a stable gel state. Rheometer measurements
showed that the viscosity of Car-P40724/P1881 hydrogels
gradually increased with the increase in the carvedilol content.
However, it still maintained good fluidity at room temperature
and stayed in the gel state after being placed at 32 °C for 60 ±
15 s (Figure 2A). Figure 2B,C shows the state of Car-P40724/
P1881 after different days and ultrahigh speed centrifugation of
the gel at room temperature, respectively. The drug-containing
gel was centrifuged in an ultracentrifuge and refrigerated at 4
°C. The properties of the gel did not change significantly after
30 and 60 days, remaining homogeneous, clear, and trans-

parent, and there was no delamination and precipitation,
indicating that Car-P40724/P1881 possessed good stability.

3.2.2. SEM Observation of the Gel Microstructure.
Generally, hydrogels possess a porous structure, which enables
them to show good water absorption and retention properties
and also enables them to possess good swelling properties.
Figure 3A shows the SEM images of P40724/P1881 and Car-
P40724/P1881. It could be found that the P40724/P1881
hydrogel freeze-dried substance was a regularly arranged
tetragonal network structure of porous holes with a pore size
range of approximately 8−12 μm. Notably, after the addition
of carvedilol to the P40724/P1881 system, the internal
network structure of Car-P40724/P1881 was not significantly
altered (Figure 3A). The results indicate that carvedilol was
physically bound and encapsulated in the porous structure of
the poloxamer hydrogel.

3.2.3. FTIR Spectra of Car-P40724/P1881. Figure 3B shows
the FTIR spectra of P40724/P1881, carvedilol, and Car-P40724/
P1881. P40724/P1881 showed characteristic peaks at about
2882 cm−1 (C−H stretching) and 1102 cm−1 (C�O

Figure 4. Biocompatibility and cytotoxicity of Car-P40724/P1881. (A) Cytocompatibility was observed by light microscopy, and (B) cytotoxicity
was detected by a live/dead cell kit (live cells were stained green, dead cells were stained red).
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stretching).32,33 For pure carvedilol, the characteristic peaks at
3343 and 1587 cm−1 were attributed to N−H, O−H, and C�
C, which was in agreement with the literature.34 Notably, Car-
P40724/P1881 showed characteristic peaks of carvedilol and
P40724/P1881, suggesting that carvedilol was successfully
introduced into the P40724/P1881 hydrogels.

3.2.4. Drug Release Capacity of Car-P40724/P1881. Figure
3C shows the cumulative drug release rate of Car-P40724/
P1881. The cumulative release rates of Car-P40724/P1881
hydrogels with different drug content ratios were 86.54%,
75.66%, and 56.30%, respectively. Under neutral pH
conditions, the results indicated a slow and sustained release
of the drug with a high effective release rate (Figure 3C).
However, as the percentage of drug content increased, the drug
release rate started to decrease, which may be due to the
saturation of the drug loading of the gel, where the actual drug
loading rate was less than the theoretical loading rate.

3.2.5. Swelling Ratios of Car-P40724/P1881. Clinical studies
had found that most patients with rosacea experience increased
transdermal water loss, resulting in dry skin.35,36 The hydrogel
possessed good swelling properties and good water absorption
and water retention properties, which could to a certain extent
achieve the effect of skin moisturization. The water absorption
of the material was conducted in its dried hydrogel state; the
results of the swelling test show that Car-P40724/P1881

hydrogel exhibits a high SR, and it could reach 130−180%
of the original mass (Figure 3D).

3.2.6. Cytotoxicity and Cytocompatibility of Car-P40724/
P1881. Car-P40724/P1881 extracts with different drug-contain-
ing agglutinations were cocultured with HaCaT cells for 24 h.
Figure 4A shows the cytocompatibility observed under a light
microscope. It could be found that the cells grew well after the
addition of different drug-containing ratios of Car-P40724/
P1881 and fused in the gel for adherent growth, and the
morphology of the cells did not change significantly (Figure
4A). Cells were furthermore evaluated for viability using
Calcein AM and PI dyes, where green represented live cells
and red represented dead cells (Figure 4B). Results showed
that there was no massive cell death in any of the groups and
there was no significant difference between the groups (Figure
4B). Taken together, these assays corroborated that Car-
P40724/P1881 was nontoxic and possessed a favorable
biocompatibility.
3.3. Efficacy of Car-P40724/P1881 in Rosacea Flushing

and Erythema. To investigate whether the Car-P40724/P1881
hydrogel was efficacious against rosacea flushing and erythema,
LL37 was injected subcutaneously into the dorsal skin of mice
every 12 h four times to simulate a model of rosacea-like
phenotype. The main pathological changes are inflammation
and angiogenesis.37 Significant erythema and telangiectasia
were visible to the naked eye after LL37 injection. A purplish-

Figure 5. Carvedilol-containing thermosensitive hydrogel improves rosacea-like phenotype in mice. (A and B) Naked eye skin phenotypes, (C)
dermoscopic phenotypes, and (D) reflective confocal microscopy phenotypes.

Figure 6. HE staining results of mouse skin tissues in each group.
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red background with a uniformly distributed vascular network
was seen dermoscopically. Skin CT showed refractive streaks
and scattered material in the hair follicles after LL37 injection,
and neutrophils were seen around the follicles, surrounded by a
nonspecific chronic inflammatory infiltrate. After 4 days of
treatment with Car-P40724/P1881, both erythema and capillary
dilation were significantly relieved in the treatment group
(Figure 5A−C). The Car-P40724/P1881 hydrogel was
demonstrated to significantly reduce the area of redness and
score on the backs of rosacea-like mice. Rosacea is an
inflammatory disease; inflammation and vascular disease are its
main pathogenesis. Treatment with Car-P40724/P1881 resulted
in a significant reduction in the inflammatory response
described above, and both the refractive strip pattern within
the hair follicle and the periphery with a nonspecific chronic
inflammatory infiltrate were ameliorated (Figure 5D).
Histological analysis revealed that the cellular infiltration in
the skin of rosacea-like mice was significantly reduced after
treatment with the Car-P40724/P1881 hydrogel (Figure 6),
suggesting that the Car-P40724/P1881 hydrogel possesses a
significant ameliorative effect on the rosacea-like phenotype in
mice.

4. DISCUSSION
Rosacea is a common chronic inflammatory skin disease; it
usually occurs after the age of 30. It is estimated to affect about
2−5% of adults worldwide.38 Long-term facial flushing and
erythema can cause serious physical discomfort and emotional
distress, as well as heavy medical burden.2 However, there is
still no effective cure, and the treatment of persistent erythema
and flushing remains a major challenge in clinical practice.2,39

Several studies have shown a β-adrenergic receptor antagonist
to be effective in reducing facial flushing and persistent
erythema,16 which may be an effective treatment for rosacea-
associated facial flush and erythema. However, due to its wide
range of systemic targets, side effects associated with the oral
dosage form should not be overlooked, with bradycardia and
hypotension being the most frequent adverse effects.40 The
Car-P40724/P1881 thermosensitive hydrogel studied in this
experiment could control systemic adverse effects to a greater
extent using topical administration, providing new ideas for
erythematous, capillarised rosacea.
In recent years, the growing focus on individualized drug

therapy and precision medicine has driven innovation in smart
biomaterials.41,42 The use of smart hydrogels in drug delivery
systems reduces the frequency of administration, maintains the
desired therapeutic concentration in a single dose, and
minimizes drug side effects by preventing accumulation of
the drug in nontarget tissues.43,44 In addition, smart hydrogels
are easy to prepare, making them ideal for sustained-release
systems for doped drugs.45 The Car-P40724/P1881 hydrogel
takes advantage of these properties of hydrogels to achieve the
effect of slow drug release.
In this work, the Car-P40724/P1881 thermosensitive hydro-

gel was prepared by the cold swelling method. By detecting the
gel formation time and temperature, the ratio of P407 and
P188 was adjusted to achieve the most suitable state for the
topical gel for human skin. SEM results showed that the
hydrogel possessed a porous structure, which provided a good
reserve space for the drug. FTIR results showed that carvedilol
exhibited N−H, O−H, and C�C absorption peaks at 3343
and 1587 cm−1, and the characteristic peaks were also found in
Car-P40724/P1881, which proved that carvedilol was success-

fully encapsulated by the hydrogel. In addition, Car-P40724/
P1881 shows a good swelling property. The experiments show
that it possesses the strongest water-absorbing ability in the
first hour and reached a relative equilibrium state with the
extension of time, which could play a role in skin
moisturization. These characteristics can help moisturize the
skin to a certain extent. Finally, toxicity testing confirmed that
Car-P40724/P1881 was not significantly cytotoxic and had
good cellular biocompatibility.
LL-37 plays an important role in innate immunity in rosacea

inflammation.1 LL-37 was injected subcutaneously into the
dorsal skin of mice, and a model of the rosacea-like phenotype
in mice was successfully constructed. Topical application of the
Car-P40724/P1881 hydrogel was used to assess the skin status
by dermoscopy and skin CT, which confirmed that Car-
P40724/P1881 possesses better control of erythema and
flushing. Subsequent HE staining of the tissues showed that
Car-P40724/P1881 played an active role in the inflammation
control process.
This work was only a preliminary validation of animal

phenotype, but it has not been used in clinical patients. The
optimal drug loading rate for therapeutic use must be
confirmed by more studies. In conclusion, Car-P40724/P1881
exhibits a good therapeutic effect on rosacea-associated facial
flushing and erythema. It possesses some anti-inflammatory
properties and exhibits great potential for future use in rosacea
treatment.

5. CONCLUSIONS
In conclusion, a temperature-sensitive hydrogel encapsulating
carvedilol (Car-P40724/P1881) was obtained by the cold
swelling method and was successfully used in the treatment of
rosacea for topical application. The hydrogel possessed rich
pore structures, which facilitated drug encapsulation to achieve
slow release of the drug. In addition, the hydrogel exhibited
good swelling, water absorption, and retention and possessed
good biocompatibility and stability. Moreover, the temper-
ature-sensitive property of Car-P40724/P1881 gave a good
phase transition property, which enabled the realization of its
rapid gel formation on the skin surface. In a skin rosacea
therapeutic study with a mouse model, Car-P40724/P1881
significantly inhibited the nonspecific chronic inflammatory
response, thereby demonstrating a favorable therapeutic effect
on rosacea-associated facial flushing and erythema. The
hydrogel showed great potential for the treatment of rosacea.
This work provides new insights for the development of topical
agents for the treatment of rosacea.
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(34) Pesǐc,́ N.; Dapcěvic,́ A.; Ivkovic,́ B.; Kachrimanis, K.; Mitric,́ M.;
Ibric,́ S.; Medarevic,́ D. Potential Application of Low Molecular
Weight Excipients for Amorphization and Dissolution Enhancement
of Carvedilol. Int. J. Pharm. 2021, 608, 121033.
(35) Wang, J.; Sun, Y.; Chen, L.; Wang, Y.; Shi, D.; Wu, Y.; Gao, X.
Supramolecular Salicylic Acid Ameliorates Rosacea-like Eruptions by
Suppressing NLRP3-Mediated Inflammasome Activation in Mice. Int.
Immunopharmacol. 2023, 118, 110057.
(36) Hu, M.; Tu, Y.; Man, M.-Q.; He, Y.; Wu, P.; He, L.; Gu, H.
Rosacea and Seborrheic Dermatitis Differentially Respond to Lactic
Acid Sting and Capsaicin Tests in Chinese Women. J. Cosmet.
Dermatol. 2023, 22 (12), 3505−3510.

(37) Wang, L.; Wang, Y.-J.; Hao, D.; Wang, X.-Y.; Li, X.-X.; Zhao,
Q.; Li, Y.-M.; He, G.; Jiang, X. Long Non-Coding RNA NEAT1
Functions as a Competing Endogenous RNA to Regulate S100A9
Expression by Sponging miR-196a-5p in Rosacea. J. Dermatol. Sci.
2021, 102 (1), 58−67.
(38) Marchitto, M. C.; Chien, A. L. Mast Cell Stabilizers in the
Treatment of Rosacea: A Review of Existing and Emerging Therapies.
Dermatol. Ther. 2021, 11 (5), 1541−1549.
(39) Pietschke, K.; Schaller, M. Long-Term Management of Distinct
Facial Flushing and Persistent Erythema of Rosacea by Treatment
with Carvedilol. J. Dermatol. Treat. 2018, 29 (3), 310−313.
(40) Bunchorntavakul, C.; Reddy, K. R. Pharmacologic Management
of Portal Hypertension. Clin. Liver Dis. 2019, 23 (4), 713−736.
(41) Montoya, C.; Du, Y.; Gianforcaro, A. L.; Orrego, S.; Yang, M.;
Lelkes, P. I. On the Road to Smart Biomaterials for Bone Research:
Definitions, Concepts, Advances, and Outlook. Bone Res. 2021, 9 (1),
12.
(42) Bordbar-Khiabani, A.; Gasik, M. Smart Hydrogels for Advanced
Drug Delivery Systems. Int. J. Mol. Sci. 2022, 23 (7), 3665.
(43) Krishnan, N.; Fang, R. H.; Zhang, L. Engineering of Stimuli-
Responsive Self-Assembled Biomimetic Nanoparticles. Adv. Drug
Delivery Rev. 2021, 179, 114006.
(44) Zarrintaj, P.; Ramsey, J. D.; Samadi, A.; Atoufi, Z.; Yazdi, M. K.;
Ganjali, M. R.; Amirabad, L. M.; Zangene, E.; Farokhi, M.; Formela,
K.; Saeb, M. R.; Mozafari, M.; Thomas, S. Poloxamer: A Versatile Tri-
Block Copolymer for Biomedical Applications. Acta Biomater. 2020,
110, 37−67.
(45) Jacob, S.; Nair, A. B.; Shah, J.; Sreeharsha, N.; Gupta, S.; Shinu,
P. Emerging Role of Hydrogels in Drug Delivery Systems, Tissue
Engineering and Wound Management. Pharmaceutics 2021, 13 (3),
357.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.4c08884
ACS Omega 2025, 10, 7964−7972

7972

https://doi.org/10.1001/archdermatol.2011.204
https://doi.org/10.1001/archdermatol.2011.204
https://doi.org/10.3389/fimmu.2021.609615
https://doi.org/10.3389/fimmu.2021.609615
https://doi.org/10.3389/fimmu.2021.609615
https://doi.org/10.1007/s00210-023-02914-7
https://doi.org/10.1007/s00210-023-02914-7
https://doi.org/10.1007/s00210-023-02914-7
https://doi.org/10.1007/s00210-023-02914-7
https://doi.org/10.1186/s12951-021-00833-4
https://doi.org/10.1186/s12951-021-00833-4
https://doi.org/10.1186/s12951-021-00833-4
https://doi.org/10.1080/03639040500215875
https://doi.org/10.1080/03639040500215875
https://doi.org/10.1080/03639040500215875
https://doi.org/10.1080/09546634.2019.1639606
https://doi.org/10.1080/09546634.2019.1639606
https://doi.org/10.3390/md20050306
https://doi.org/10.3390/md20050306
https://doi.org/10.3390/md20050306
https://doi.org/10.3390/polym14173624
https://doi.org/10.3390/polym14173624
https://doi.org/10.1016/j.ijpharm.2019.03.038
https://doi.org/10.1016/j.ijpharm.2019.03.038
https://doi.org/10.1016/j.ijpharm.2019.03.038
https://doi.org/10.1016/j.ijpharm.2021.121255
https://doi.org/10.1016/j.ijpharm.2021.121255
https://doi.org/10.3390/pharmaceutics11120671
https://doi.org/10.3390/pharmaceutics11120671
https://doi.org/10.3390/gels8060360
https://doi.org/10.3390/gels8060360
https://doi.org/10.1111/cod.13834
https://doi.org/10.1111/cod.13834
https://doi.org/10.1016/j.carbpol.2014.12.084
https://doi.org/10.1016/j.carbpol.2014.12.084
https://doi.org/10.1016/j.carbpol.2014.12.084
https://doi.org/10.1016/j.ijpharm.2014.11.043
https://doi.org/10.1016/j.ijpharm.2014.11.043
https://doi.org/10.1016/j.ijpharm.2021.121033
https://doi.org/10.1016/j.ijpharm.2021.121033
https://doi.org/10.1016/j.ijpharm.2021.121033
https://doi.org/10.1016/j.intimp.2023.110057
https://doi.org/10.1016/j.intimp.2023.110057
https://doi.org/10.1111/jocd.15878
https://doi.org/10.1111/jocd.15878
https://doi.org/10.1016/j.jdermsci.2021.02.005
https://doi.org/10.1016/j.jdermsci.2021.02.005
https://doi.org/10.1016/j.jdermsci.2021.02.005
https://doi.org/10.1007/s13555-021-00597-7
https://doi.org/10.1007/s13555-021-00597-7
https://doi.org/10.1080/09546634.2017.1360991
https://doi.org/10.1080/09546634.2017.1360991
https://doi.org/10.1080/09546634.2017.1360991
https://doi.org/10.1016/j.cld.2019.06.004
https://doi.org/10.1016/j.cld.2019.06.004
https://doi.org/10.1038/s41413-020-00131-z
https://doi.org/10.1038/s41413-020-00131-z
https://doi.org/10.3390/ijms23073665
https://doi.org/10.3390/ijms23073665
https://doi.org/10.1016/j.addr.2021.114006
https://doi.org/10.1016/j.addr.2021.114006
https://doi.org/10.1016/j.actbio.2020.04.028
https://doi.org/10.1016/j.actbio.2020.04.028
https://doi.org/10.3390/pharmaceutics13030357
https://doi.org/10.3390/pharmaceutics13030357
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c08884?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

