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Abstract: The hard-healing chronic wounds of diabetics are still one of the most intractable problems
in clinical skin injury repair. Wound microenvironments directly affect wound healing speed, but
conventional dressings exhibit limited efficacy in regulating the wound microenvironment and facili-
tating healing. To address this serious issue, we designed a thermo-sensitive drug-controlled hydrogel
with wound self-adjusting effects, consisting of a sodium alginate (SA), Antheraeapernyi silk gland
protein (ASGP) and poly(N-isopropylacrylamide) (PNIPAM) for a self-adjusting microenvironment,
resulting in an intelligent releasing drug which promotes skin regeneration. PNIPAM has a benign
temperature-sensitive effect. The contraction, drugs and water molecules expulsion of hydrogel were
generated upon surpassing lower critical solution temperatures, which made the hydrogel system
have smart drug release properties. The addition of ASGP further improves the biocompatibility
and endows the thermo-sensitive drug-controlled hydrogel with adhesion. Additionally, in vitro
assays demonstrate that the thermo-sensitive drug-controlled hydrogels have good biocompatibility,
including the ability to promote the adhesion and proliferation of human skin fibroblast cells. This
work proposes an approach for smart drug-controlled hydrogels with a thermo response to promote
wound healing by self-adjusting the wound microenvironment.

Keywords: Antheraeapernyi silk gland protein; sodium alginate; poly(N-isopropylacrylamide);
thermo-sensitive hydrogels; diabetic wound healing

1. Introduction

The skin, being the largest organ in the body, is the first line of defense against injury
and microbial invasion [1,2]. However, the structure and function of the skin can be affected
by cuts, burns, surgical incisions or diabetes [3]. The chronic skin wound healing of diabetic
patients becomes a challenging problem due to their damaged immune function and blood
vessels [4,5]. Hydrogels have shown remarkable advantages in wound repair, are easy
to make, and can be loaded with drugs, growth factors and other substances [6,7]. The
traditional hydrogel diabetic wound dressing has good biocompatibility, degradability
and good mechanical properties; it can absorb wound exudate to maintain the microen-
vironment of the wound area, and has drug release performance. However, the drug in
traditional hydrogel wound dressing cannot achieve on-demand release [8,9].

Stimulus-responsive hydrogel diabetic wound dressing can achieve an on-demand
release of drugs by absorbing wound exudate or changing its phase and volume in re-
sponse to changes in the wound microenvironment, and can also achieve on-demand
removal of diabetic wound dressings [10,11]. Thermo-sensitive bio-hydrogels in diabetic
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wound dressing are one of these smart hydrogels which can respond to changes in exter-
nal ambient temperature without any chemical treatment of the internal structure [12,13].
Such bio-hydrogels can modulate and regulate feedback control of drug release. As a
temperature-responsive polymer, Poly(N-isopropylacrylamide) (PNIPAM) has lower crit-
ical solution temperatures (LCST) that are extremely close to the human physiological
temperature, about 32 ◦C [14,15]. When the ambient temperature is higher than the LCST,
hydrogen bonds are formed between the isopropyl amide groups on the molecular chain
of PNIPAM and the polymer contracts, releasing the drug and water for targeted release,
which improves the drug utilization rate [16].

In terms of diabetic wound dressing material, sodium alginate (SA) is a naturally oc-
curring polysaccharide biopolymer that is widely used in medicine, such as in slow release
drugs [17,18], wound healing [19,20] and tissue repair [21,22]. It has strong hydrophilic
properties, is low immunogenic and can absorb large amounts of liquid by exchanging
calcium ions with sodium to form a salt-hydrophilic gel [23,24]. In addition, SA dressings
have unique hemostatic properties, and can be used to treat deep wounds with severe
exudation [25]. However, it is difficult to attach the dressing to the wound surface due to the
weak adhesion of sodium alginate hydrogel. Moreover, SA hydrogel has poor mechanical
properties, great brittleness and poor biodegradability, making it difficult to meet specific
performance requirements of biological materials, limiting the range of applications for
sodium alginate [26]. Antheraeapernyi silk gland fibroin (ASGP), derived from living,
nontoxic organisms, has excellent biological affinity and cell adhesion properties not found
in other biological proteins applied to wound dressing [27–29]. They have a unique, natural
arginine-glycine-aspartate RGD tripeptide sequence that is capable of specific interactions
with mammalian cells, and facilitates cell adhesion and growth [30–33]. ASGP can improve
the adhesion, brittleness and biodegradability characteristics of sodium alginatehydrogel,
which expands the application sphere of biomaterial wound dressing [34–38]. Based on this,
the addition of PNIPAM endows the temperature-sensitive response of the gel dressing
and results in a smart gel dressing with a temperature-sensitive drug release.

In the ecosystem, the channels through which water vapor is exchanged between the
atmosphere and the leaves of plants are found in the stomata. The stomata is affected by
temperature, with the stomata opening at the suitable temperature and closing at high
temperatures [39]. The opening and closing of stomata due to temperature changes inspired
our design of temperature-sensitive hydrogel wound dressings for smart controlled drug
release (Figure 1).

Herein, we developed a series of thermo-sensitive ASGP/SA/PNIPAM drug-controlled
hydrogels inspired by the variation of stomatal opening and closing with temperature (des-
ignated as thermo-sensitive ASGP/SA/PNIPAM hydrogel, Figure 1). The hydrogel was
designed and synthesized using ASGP/SA as parent liquor, NIPAM as thermo-sensitive
monomers and metformin hydrochloride as a drug model by in situ polymerization technol-
ogy. The introduction of ASGP endows the hydrogel with good biocompatibility, adhesion
and mechanical properties. Importantly, the PNIPAM has a good thermo-sensitive effect,
regulating Metformin hydrochloride (MFH) drug release under different temperatures,
which endows the hydrogel system with good thermo-sensitive controllable drug release
properties. In vitro drug release evaluation was performed to confirm the smart controlled
drug release effects of our proposed design principle, which is more conducive to improv-
ing the drug utilization and reducing their side effects. As prepared, the thermo-sensitive
ASGP/SA/PNIPAM drug-controlled hydrogel is expected to be applied in the diabetic
wound dressing field, and other tissue engineering fields.
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Figure 1. (a) Schematic diagram: the preparation of thermo-sensitive ASGP/SA/PNIPAM hydrogel 
containing MFH, and the stomata opening and closing of plant leaves affected by temperature; (b) 
substrate synthesis of thermo-sensitive hydrogel. 

Herein, we developed a series of thermo-sensitive ASGP/SA/PNIPAM drug-con-
trolled hydrogels inspired by the variation of stomatal opening and closing with temper-
ature (designated as thermo-sensitive ASGP/SA/PNIPAM hydrogel, Figure 1). The hydro-
gel was designed and synthesized using ASGP/SA as parent liquor, NIPAM as thermo-
sensitive monomers and metformin hydrochloride as a drug model by in situ polymeri-
zation technology. The introduction of ASGP endows the hydrogel with good biocompat-
ibility, adhesion and mechanical properties. Importantly, the PNIPAM has a good thermo-
sensitive effect, regulating Metformin hydrochloride (MFH) drug release under different 
temperatures, which endows the hydrogel system with good thermo-sensitive controlla-
ble drug release properties. In vitro drug release evaluation was performed to confirm the 
smart controlled drug release effects of our proposed design principle, which is more con-
ducive to improving the drug utilization and reducing their side effects. As prepared, the 
thermo-sensitive ASGP/SA/PNIPAM drug-controlled hydrogel is expected to be applied 
in the diabetic wound dressing field, and other tissue engineering fields. 

2. Experimental Section 
2.1. Materials 

The fully grown 5th instar larvae of Antheraeapernyi were obtained from local farms 
(Dandong, China). Sodium alginate (SA, MW = 5.0 × 103kDa) was provided by Qingdao 
Bright moon Seaweed Group. (Qingdao, China). Metformin hydrochloride (MFH, ≥97% 
purity), N-isopropylacrylamide (NIPAM, ≥98% purity), N,N,N’,N’-Tetramethylethylene-
diamine (TEMED, ≥99% purity), N,N-MethylenebisacrylamideBis-acrylamide (Bis, ≥99% 
purity), Ammonium persulfate (APS, ≥98.5% purity), Sodium dodecyl sulfate (SDS, 
≥99.5% purity), Tris (hydroxymethyl)aminomethane (Tris, ≥99.8% purity) and Human 

Figure 1. (a) Schematic diagram: the preparation of thermo-sensitive ASGP/SA/PNIPAM hydrogel
containing MFH, and the stomata opening and closing of plant leaves affected by temperature;
(b) substrate synthesis of thermo-sensitive hydrogel.

2. Experimental Section
2.1. Materials

The fully grown 5th instar larvae of Antheraeapernyi were obtained from local
farms (Dandong, China). Sodium alginate (SA, MW = 5.0 × 103 kDa) was provided
by Qingdao Bright moon Seaweed Group. (Qingdao, China). Metformin hydrochlo-
ride (MFH, ≥97% purity), N-isopropylacrylamide (NIPAM, ≥98% purity), N,N,N′,N′-
Tetramethylethylenediamine (TEMED, ≥99% purity), N,N-MethylenebisacrylamideBis-
acrylamide (Bis, ≥99% purity), Ammonium persulfate (APS, ≥98.5% purity), Sodium
dodecyl sulfate (SDS, ≥99.5% purity), Tris (hydroxymethyl)aminomethane (Tris, ≥99.8%
purity) and Human skin fibroblast (HSF) cells were purchased from Green Flag Biotechnol-
ogy Development Co., Ltd. (Shanghai, China). Other reagents were all purchased from
Shanghai Macklin Biochem Tech. (Shanghai, China).

2.2. Preparation of Thermo-Sensitive ASGP/SA/PNIPAM Hydrogel

The preparation of thermo-sensitive ASGP/SA/PNIPAM hydrogel containing MFH
was achieved by introducing NIPAM into a mixed solution of ASGP and SA (Figure 1).
First, 4% ASGP solution of 5th instar Antheraeapernyi silk gland protein was prepared by
dissecting silk glands from fifth instar larvae, then placing them in a mixed solvent of 1%
SDS and Tris•HCl (0.01 M, pH = 8.0) solutions for 2 h, and centrifuging them to obtain the
supernatant ASGP. Second, 15 mg MFH was added to the ASGP solution until sufficiently
dissolved. Finally, the NIPAM (0.4 g/0.6 g/0.8 g/1.0 g/1.2 g), APS (0.8 g), 5% TEMED
(160 uL), Bis (0.03 g) and 2mL 4% SA solution were separately added to 8 mL above ASGP
solution, in turn. The aforementioned solution was mixed evenly and left to stand until
the thermo-sensitive hydrogel was finished (A8S2/N0.4, A8S2/N0.6, A8S2/N0.8, A8S2/N1.0,
A8S2/N1.2).
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2.3. Morphological Characterizations

Scanning electron microscopy (SEM, JSM-IT100, Japan) was used to characterize the
morphology. The structure and LCST of thermo-sensitive ASGP/SA/PNIPAM hydro-
gel was determined with Fourier transform infrared spectroscopy (FTIR, Spectrum Two,
Waltham, MA, USA) and a differential scanning calorimeter (DSC, Q2000, New Castle, DE,
USA), respectively.

2.4. Mechanical Properties and Adhesion

The tensile/adhesion properties of different thermo-sensitive ASGP/SA/PNIPAM
hydrogels were conducted with electric universal testing (AGS-X-10kN, SHIMADZU,
Guangzhou, China). The aforementioned hydrogel was made into a uniform cylinder-shaped
sample and tested. (1) Adhesion strength: Fresh pig skin was cut into 20 mm2 × 1 mm
cylindrical splines, hydrogel was cut into 20 mm 2 × 1 mm splines, then the hydrogel
was placed on the surface of the pig skin, another piece of pig skin was placed on the
gel, and held at room temperature for 10 min. The bonding area was 20 mm × 20 mm,
and the stretching rate was 5 mm/min. (2) Tensile performance: Cut the hydrogel into
20 mm× 50 mm× 0.03 mm splines and test at a rate of 2 mm/min until the spline breaks.
(3) Compression performance: Cut the hydrogel into 20 mm2 × 50 mm cylindrical splines
and test at a rate of 2 mm/min. Compress according to 50% compression mode.

2.5. Temperature Sensitivity

The macro morphologies of thermo-sensitive ASGP/SA/PNIPAM hydrogels at dif-
ferent temperatures were observed on camera. Before observation, the thermo-sensitive
ASGP/SA/PNIPAM hydrogel was first stored at room temperature. The temperature
changes of the hydrogel were observed using Infrared thermal imager (FLIR E8, Wilsonville,
OR, USA), and the temperature data of hydrogel samples and heating plates were obtained.
The hydrogel was cut into 20 mm2 × 1mm splines, then the hydrogel was placed on the
surface of the heating plate.

2.6. Release of MFH

The dialysis method was used to test the MFH release from in vitro. Briefly, thermo-
sensitive ASGP/SA/PNIPAM hydrogels (5.0 mg) were sealed in dialysis bags (MWCO
14,000), which were suspended in 100 mL of artificial intestinal fluid simulation solution
(SIF, pH = 7.4) containing 0.05 M KH2PO4 and 0.0395M NaOH at different temperatures
(20 ◦C, 37 ◦C). Afterward, 5.0 mL of SIF media was taken and replenished with the same
volume of new medium at regular intervals. The samples were further analyzed, with the
cumulative released amount of MFH in thermo-sensitive ASGP/SA/PNIPAM hydrogel at
230 nm.

The cumulative release amount (CR) of MFH in thermo-sensitive ASGP/SA/PNIPAM
hydrogel was determined according to MFH standard curve:

CR(%) =
Cn·100 + 5∑n−1

i=0 Ci

M0
× 100 (1)

where Cn, Ci is the concentration of MFH solution at the nth, ith time point; V0 = 0, C0 = 0.
CR is one of cumulative release amounts of MFH averages. M0 is the mass of MFH into the
thermo-sensitive ASGP/SA/PNIPAM hydrogel.

2.7. Cytotoxicity Assay

The human skin fibroblast (HSF) cells were used as model cells to investigate the cyto-
toxicity of ASGP/SA/PNIPAM hydrogel. In a typical culture procedure, the logarithmic
growth stage HSF cells were diluted and inoculated into 48-well plates for 3 days, then the
old medium was replaced with 220 µL fresh culture medium, containing CCK-8 culture
mixture (CCK-8:DMEM = 1:10). After further culturing for 1, 2, 5 and 7 days, 100 µL of the
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medium was sucked out to the 96-well plate, and the absorbance at 450 nm was recorded.
The average value of the three reproes was taken as the final absorbance value of different
groups and compared with the control group to calculate the cell survival rate:

C.V.(%) =
ODs

ODc
× 100% (2)

where C.V. is cell survival rates, ODs is the OD value of sample extraction solution after
cell culture and ODc is the OD value of the solution in the blank group, respectively.

3. Results and Discussion
3.1. Micro-Morphology and Characterization

Here, SEM was utilized to analyze the micro-morphology of the thermo-sensitive
ASGP/SA/PNIPAM hydrogel. The hydrogel, as depicted in Figure 2A,a–E,e, possesses a
porous structure with uniform parallel pores that facilitate oxygen delivery and offer the
potential to expedite wound healing [40]. The increased content of NIPAM may cause the
structure of hydrogel to be more uniform.
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Figure 2. SEM images of ((A) ×100, (a) ×1000) A8S2N0.4, ((B) ×100, (b) ×1000) A8S2N0.6, ((C) ×100,
(c) ×1000) A8S2N0.8, ((D) ×100, (d) ×1000) A8S2N1.0, ((E) ×100, (e) ×1000) A8S2N1.2, (F) FTIR
spectra, (G) the second derivative spectra, (H) reaction mechanism and (I) substrate synthesis route
of thermo-sensitive hydrogel.

FT-IR spectroscopy (Figure 2F) is used to analyze the interaction between ASGP,
SA and PNIPAM. The FTIR spectra of the thermo-sensitive ASGP/SA/PNIPAM hy-
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drogel with different content of NIPAM are shown in Figure 2F. Figure 2F shows that
there are obvious absorption peaks of thermo-sensitive ASGP/SA/PNIPAM hydrogel
at 3452 cm−1, 2930 cm−1 and 1631 cm−1, which were related to −OH stretching vibra-
tion, −CH of six-membered ring stretching vibration and −COO− asymmetric stretch-
ing vibration, respectively [41]. The infrared spectra of thermo-sensitive hydrogel were
smoothed using the Sa-vitzky–Golay method and second derivative spectra for study-
ing the hydrogen bond interaction among SA, ASGP and PNIPAM, ranging from 3000
to 4000 cm−1 (Figure 2G). Figure 2G shows that there are obvious hydrogen bonds at
3101 cm−1, 3260 cm−1, 3450 cm−1, 3572 cm−1 and 3739 cm−1, which were related to
hydrogen bond (Annular polymer), hydrogen bond (OH· · ·O, etheric), intramolecular
(OH· · ·OH), intermolecular (OH· · ·π) and free hydroxyl (−OH), along with ASGP, SA
and PNIPAM, respectively [42,43]. According to the results of the FT-IR spectrum, the
second derivative spectra and SEM, it is concluded that the abundant hydrogen bonds
were formed between ASGP and SA, or ASGP and PNIPAM by the in situ polymerization
method. The specific reaction mechanism and substrate synthesis route of thermo-sensitive
hydrogel are shown in Figures 2H and 2I, respectively.

3.2. Temperature Sensitivity

The infrared camera was utilized to acquire the infrared image of ASGP/SA/PNIPAM
hydrogel at varying temperatures (Figure 3). Figure 3a,b demonstrates the real-time changes
in surface temperature and macroscopic morphology of ASGP/SA/PNIPAM hydrogel, as
the external temperature varies from 20.7 ◦C to 41.2 ◦C. With the increase in temperature,
the ASGP/SA/PNIPAM hydrogel undergoes a transition from opalescent transparency
to white opacity, accompanied by a gradual reduction in overall sample size. Simulta-
neously, the ASGP/SA/PNIPAM hydrogel surface exhibited a gradual self-shrinkage
phenomenon due to temperature-induced alterations in both hydrophobic interactions
among ASGP/SA/PNIPAM hydrogel groups and hydrogen bonding between polymer
chain segments [44].

The prepared thermo-sensitive hydrogel has reversible temperature sensitivity
(Figure 3c). When the temperature falls below the LCST, the polymer chains within the
ASGP/SA/PNIPAM hydrogel network become elongated and water molecules disperse
throughout. When the temperature surpasses the LCST, there is an increase in intersegmen-
tal interactions within polymer chains, leading to a contraction of the ASGP/SA/PNIPAM
hydrogel’s network structure. This results in the expulsion of water molecules, reduction in
hydrogel size and subsequent occurrence of a gradual whitening phenomenon. Above all,
the specific temperature-sensitive response mechanism of ASGP/SA/PNIPAM hydrogel is
presented (Figure 3d).

Figure 3e,f shows the DSC and DSC second derivative of ASGP/SA/PNIPAM hydrogel.
Based on the results of DSC and DSC second derivative analyses, the ASGP/SA/PNIPAM hy-
drogel exhibited a thermal transition temperature ranging from 31 ◦C to 34 ◦C. Furthermore,
the thermal transition temperature of ASGP/SA/PNIPAM hydrogel decreased slightly
with the increase of NIPAM content. This is because with the increase of thermo-sensitive
monomer content, the space occupied by the thermo-sensitive polymer chain segment
in the ASGP/SA/PNIPAM hydrogel network structure increases, and the sensitivity to
temperature is enhanced [45,46]. The results above demonstrate the high temperature
sensitivity of the prepared ASGP/SA/PNIPAM hydrogel.



Gels 2023, 9, 987 7 of 14

Gels 2023, 9, x FOR PEER REVIEW 7 of 15 
 

 

phenomenon. Above all, the specific temperature-sensitive response mechanism of 
ASGP/SA/PNIPAM hydrogel is presented (Figure 3d). 

Figure 3e,f shows the DSC and DSC second derivative of ASGP/SA/PNIPAM hydro-
gel. Based on the results of DSC and DSC second derivative analyses, the 
ASGP/SA/PNIPAM hydrogel exhibited a thermal transition temperature ranging from 31 
°C to 34 °C. Furthermore, the thermal transition temperature of ASGP/SA/PNIPAM hy-
drogel decreased slightly with the increase of NIPAM content. This is because with the 
increase of thermo-sensitive monomer content, the space occupied by the thermo-sensi-
tive polymer chain segment in the ASGP/SA/PNIPAM hydrogel network structure in-
creases, and the sensitivity to temperature is enhanced [45,46]. The results above demon-
strate the high temperature sensitivity of the prepared ASGP/SA/PNIPAM hydrogel. 

 
Figure 3. (a) The infrared image and (b) Macroscopic morphology of ASGP/SA/PNIPAM hydrogel 
as the external temperature varies from 20.7 °C to 41.2 °C; (c) Temperature-sensitive reversible and 
(d) Temperature-sensitive response mechanism; (e) DSC and (f) DSC second derivative of hydrogel. 

3.3. Adhesion Ability 
In order to provide protection against external irritation, the wound dressing must 

be capable of adhering tightly to the skin tissue. Thermo-sensitive ASGP/SA/PNIPAM hy-
drogel, as a constituent of composite materials in direct contact with the skin, should ex-
hibit excellent tissue adhesion. Therefore, the adhesion strength of thermo-sensitive 
ASGP/SA/PNIPAM hydrogel to pigskin was measured, and the test method is shown in 
Figure 4. The adhesion strength between hydrogel and various substrate surfaces was 
quantified using the aforementioned adhesion testing method. 

Figure 3. (a) The infrared image and (b) Macroscopic morphology of ASGP/SA/PNIPAM hydrogel
as the external temperature varies from 20.7 ◦C to 41.2 ◦C; (c) Temperature-sensitive reversible and
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3.3. Adhesion Ability

In order to provide protection against external irritation, the wound dressing must
be capable of adhering tightly to the skin tissue. Thermo-sensitive ASGP/SA/PNIPAM
hydrogel, as a constituent of composite materials in direct contact with the skin, should
exhibit excellent tissue adhesion. Therefore, the adhesion strength of thermo-sensitive
ASGP/SA/PNIPAM hydrogel to pigskin was measured, and the test method is shown
in Figure 4. The adhesion strength between hydrogel and various substrate surfaces was
quantified using the aforementioned adhesion testing method.

Figure 4 shows that the thermo-sensitive ASGP/SA/PNIPAM hydrogel has good
adhesion on a variety of substrates. The maximum adhesion strengths to glass, PC, stain-
less steel, plank and rubber were measured to be 31.48 ± 2.01 kPa, 39.87 ± 1.95 kPa,
25.056 ± 2.23 kPa, 38.56 ± 2.16 kPa, respectively (Figure 4a,b). Simultaneously, pig-skin
viscosity experiments were performed on thermally sensitive ASGP/SA/PNIPAM hydro-
gel with different NIPAM contents, and the results showed that the hydrogel had good
bonding properties. The hydrogel with different contents of NIPAM has a significant
influence on the viscosity of thermo-sensitive hydrogel. With the increase of NIPAM,
the viscosity of hydrogel is increased, and bond strength ranges from 5.07 ± 1.03 kPa to
36.87 ± 1.21 kPa, which is better than the 5 kPa of commercial wound dressing [47].
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3.4. Mechanical Properties

The mechanical properties of ASGP/SA/PNIPAM hydrogel were analyzed from a
macroscopic perspective. The test results of hydrogel’s mechanical properties are shown
in Figure 5. As can be seen in Figure 5a,b, the ASGP/SA/PNIPAM hydrogel can with-
stand 50% of extreme tensile without fracture; additionally, the ASGP/SA/PNIPAM hy-
drogel tensile strength slightly increases with the increase of thermo-sensitive monomer
content. Furthermore, with the increase of thermo-sensitive monomer content, the com-
pressive strength of ASGP/SA/PNIPAM hydrogel was significantly enhanced, and the
maximum compressive strength was about 60 kPa (Figure 5c,d). This is because as the
monomer content increases, the space occupied by the temperature-sensitive polymers
in the ASGP/SA/PNIPAM hydrogel increases, which improves the interaction between
the molecules and the hydrogen bonding so that the ASGP/SA/PNIPAM hydrogel has a
uniform stress and load distribution during the deformation process [48].

3.5. Release of MFH

Temperature is the “switch” that regulates the drug release rate of bionic intelligent
hydrogel. As shown in Figure 6, the drug release behavior of temperature-sensitive hydro-
gel at different temperatures was studied. As can be seen in Figure 6a, the drug release
rate of thermo-sensitive drug-carrying hydrogel gradually decreases with the extension
of release time at 20 ◦C and 37 ◦C, and the cumulative drug release amount of hydrogel
also increases with the increasing of heat-sensitive monomer content. This is because the
higher the content of thermo-sensitive monomer, the stronger the hydrogen bond between
the amide bond and water molecule in the thermo-sensitive monomer. As a result, the
PNIPAM molecular chain is expanded, which is more conducive to drug release under the
same drug release conditions [49,50].
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The cumulative drug release amount of hydrogel can reach 75% at 37 ◦C, which is
higher than that of its condition at 20 ◦C. This is due to the heightened hydrophobic effect
of PNIPAM, resulting in its contraction and subsequent expulsion of drugs and water
molecules upon surpassing LCST. Conversely, the hydrophobic effect of PNIPAM weakens,
resulting in swelling of the hydrogel, with water molecules dispersing throughout when
the temperature falls below LCST [51]. Specifically, the hydrogen bond between the amide
group and water molecules in the hydrogel dominates, and the macromolecule of PNIPAM
shows an extended state at low temperature. The hydrogen bond between the amide
group and water molecules is weakened, and the interaction between the hydrophobic
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chain segments in the hydrogel is enhanced, resulting in the contraction of the PNIPAM
molecular chain in the hydrogel network upon surpassing LCST [52,53]. Smart hydrogel
has shown advantages in autonomously controlling drug release behavior based on ambient
temperature.

In order to investigate the release mechanism of MFH, the diffusion kinetics of MFH
in composite hydrogels was measured. The first order [54] empirical equation was fit for
the cumulative drug release percentage:

Mt/M∞ = 1 − e−kt (3)

where Mt/M∞ is the percentage of drug released at time tth time point and k is the apparent
drug release rate constant.

The fitting results of the dynamic model are shown in Figure 7 and Table 1. For 20 ◦C,
the drug release of different ASGP/SA/PNIPAM hydrogels is divided into three stages
(k1 > k2 > k3), and the drug release mainly occurs from 10 min to 150 min. For 37 ◦C, the
drug release of different ASGP/SA/PNIPAM hydrogels is also divided into three stages
(k1 > k2 > k3), and the drug release mainly occurs from 10 min to 60 min. Therefore,
thermosensitive hydrogel wound dressings are susceptible to external temperatures and
can release drugs at higher external temperatures to achieve the role of smart drug release.
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A8S2/N1.2 0.84 0.026 0.93 0.003 0.92 0.002 0.79 0.04 0.99 0.005 0.80 0.002

3.6. Cytocompatibility In Vitro

The low cytotoxicity of hydrogel wound dressing is a basic property demand for
biomedical application [55–57]. To test the cytotoxicity of ASGP/SA/PNIPAM hydrogel,
the live/dead staining of HSF cells with ASGP/SA/PNIPAM hydrogel was carried out
during days one, three, five and seven. The Laser confocal scanning microscope was used
to observe the morphology of HSF cells in ASGP/SA/PNIPAM hydrogel after one, three,
five and seven days of culture, as shown in Figure 8a. As can be seen in Figure 8a, the HSF
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cells adhered and diffused well on the hydrogel sample on the third, fifth and seventh days.
Each group showed favorable growth morphology, with the HSF cell number and HSF cell
diffusion area increasing significantly with the increase of days. The HSF cells adhered to
the surface of the ASGP/SA/PNIPAM hydrogel and showed good growth on the first day
of culture. On the fourth and seventh days of culture, it can be seen that the HSF cells are
uniformly distributed in the ASGP/SA/PNIPAM hydrogel, showing a 3D growth state;
furthermore, the number of proliferating HSF cells increases significantly with increasing
culture time. The results above indicate that HSF cells grow well in ASGP/SA/PNIPAM
hydrogel, and have the effect of promoting cell proliferation.
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Figure 8. Cell assay analysis: (a) Live staining images of HSF cells after inoculating hydrogel after
1, 3, 5 and 7 days of culture; (b) Cell viability and (c) Proliferation of HSF cells measured by CCK-8
assays after 1, 3, 5 and 7 days of culture.

At the same time, the CCK-8 test was carried to measure HSF cells viability after one,
three, five, and seven days of culture (Figure 8b). As shown in Figure 8b, the results of
the CCK-8 assay show that the viable cell rate maintains above 100%. The OD value of
HSF cells increases gradually with the extension of culture time, and is higher than that of
the blank group (Figure 8c). In conclusion, the ASGP/SA/PNIPAM hydrogel has inherent
cytocompatibility. The ASGP/SA/PNIPAM hydrogel has non-negative effects on HSF cell
viability and proliferation, and it has good biocompatibility.

4. Conclusions

In summary, we successfully fabricated a temperature-responsive ASGP/SA/PNIPAM
drug-loaded hydrogel, which enables synergistic potential by modulating the wound
microenvironment to play the role of a novel wound dressing. Compared to the previously
reported research in hydrogel wound dressing, ASGP/SA/PNIPAM hydrogel has good
temperature sensitivity and drug controllable release. In addition, the biological hydrogel
showed the ability to promote the adhesion and proliferation of HSF cells. Therefore, this
ASGP/SA/PNIPAM hydrogel with thermo-sensitivity and controllable drug release will
provide a microenvironment that promotes wound regeneration and healing, and will have
a high therapeutic effect on diabetic wound healing in future clinical practice. In future
studies, we will conduct in vivo experimental research on diabetic wound models to build
a more comprehensive theoretical and practical application basis. This will also provide
theoretical support for further practical medical dressings.
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