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Hydrogel dressings have received extensive attention for the skin wound repair, while it is still a challenge to develop a smart
hydrogel for adapting the dynamic wound healing process. Herein, we develop a novel graphene oxide (GO) hybrid hydrogel
scaffold with adjustable mechanical properties, controllable drug release, and antibacterial behavior for promoting wound
healing. The scaffold was prepared by injecting benzaldehyde and cyanoacetate group-functionalized dextran solution
containing GO into a collection pool of histidine. As the GO possesses obvious photothermal behavior, the hybrid hydrogel
scaffold exhibited an obvious stiffness decrease and effectively promoted cargo release owing to the breaking of the
thermosensitive C=C double bond at a high temperature under NIR light. In addition, NIR-assisted photothermal antibacterial
performance of the scaffold could be also achieved with the local temperature rising after irradiation. Therefore, it is
demonstrated that the GO hybrid hydrogel scaffold with vascular endothelial growth factor (VEGF) encapsulation can achieve
the adjustable mechanical properties, photothermal antibacterial, and angiogenesis during the wound healing process. These
features indicated that the proposed GO hybrid hydrogel scaffold is potentially valuable for promoting wound healing and

other biomedical application.

1. Introduction

Skin wounds caused by trauma or surgical operations have
become a severe threat to human health and life [1-3]. Wound
dressings are essential for repairing skin defects and recon-
structing cutaneous functions [4-9]. Among numerous
wound dressings, hydrogels exhibited significant potential
for applications in wound healing since they can provide a
moist environment at the wound interface, absorb the wound
exudate, and facilitate the exchange of oxygen and nutrients
[10-15]. Particularly, they can also act as a carrier for loading
with bioactive molecules, such as anti-inflammatory drugs,
bactericidal drugs, and angiogenic factors, which endow these
hydrogels with the ability of anti-inflammation, antibacteria,
and angiogenesis [16-18]. Thus, by applying these functional
actives loaded hydrogels, wound healing could be significantly
facilitated [19, 20]. However, there are some limitations of
hydrogels used for wound healing. For example, soft hydrogels

can support cell growth, but lack efficient spatial structure,
which resulted in poor delivery of nutrients and oxygen for
cells and may lead to delayed wound healing [21, 22]. In
contrast, the rigid hydrogels could be facilely fabricated into
fixed shapes through different technologies (e.g., microfluidics
and 3D printing) [23-26], but these hydrogels were usually
nondegradable, which would lead them to fail to adapt to the
dynamic wound healing process [27-30]. Therefore, the devel-
opment of a smart hydrogel delivery scaffold that could adapt
to the dynamic wound healing process is highly anticipated.
In this study, we developed a graphene oxide (GO)-
mediated photothermal responsive dextran hydrogel scaffold
with adjustable mechanical properties, controllable drug
release, and antibacterial behavior for facilitating wound
healing, as shown in Figure 1. GO, an emerging 2D material,
has attracted substantial interest owing to its fascinating
properties, such as numerous active sites, high conductivity,
and mechanical strength [31, 32]. Further, the additive of
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FIGURE 1: Schematic of the GO hybrid hydrogel scaffold fabrication through the microfluidic 3D printing technique and its application in
treating infected wounds. (a) Preparation and NIR-induced stiffness change of the GO hybrid hydrogel scaffold. (b) The conductive GO
hybrid hydrogel scaffold is loaded with VEGF for promoting wound healing.

GO in the hydrogel preparation could also endow these
hydrogels with various unique attributes, such as high electri-
cal conductivity, high photothermal conversion efficiency, and
superior biocompatibility [33, 34]. These features make GO-
loaded hydrogels valuable in biomedical fields. Besides,
dextran is the neutral polysaccharide that have been widely
used as starting materials for chemical modification to design
new functional polymers with promising properties [35, 36].
Furthermore, it has been demonstrated that the aqueous solu-
tion of benzaldehyde and cyanoacetate groups-functionalized
dextran polymers could hardly form hydrogels spontaneously
in the presence of GO, but this solution could be rapidly solid-
ified into hydrogel when the histidine was added. However,
such hydrogels with adjustable mechanical properties and
controllable drug release behavior remain unexplored, and
the value of this hydrogel for wound healing is significantly
worth being explored.

Herein, we present the desired GO hybrid hydrogels and
investigated their values in wound healing. The hydrogels were
printed into 3D scaffolds through a glass capillary microfluidic
3D printing technique by injecting GO-incorporated benzal-
dehyde and cyanoacetate group-functionalized dextran mixed
solution into the histidine solutions. The resulting GO hydro-
gels displayed excellent photothermal performance, enhanced
mechanical properties, and enhanced good electrical conduc-
tivity because of the existence of GO. In addition, the excellent
photothermal performance endowed the resulting hydrogel
scaffolds with adjustable mechanical properties, excellent
NIR-responsive controlled drug release performance, and
antibacterial. Benefiting from these features, we have demon-
strated that such 3D printed GO hybrid hydrogel scaffolds
loaded with vascular endothelial growth factor (VEGF) could
achieve the dynamic wound healing process, photothermal
antibacterial, and angiogenesis in the infected full-thickness
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F1GURE 2: The mechanical properties, swelling, and degradation performance of the GO hybrid hydrogels and the generation of DEX/GO
scaffolds through microfluidics 3D printing. (a) G’ and G” of 8% GO hybrid hydrogels with different GO concentrations as a function of the
frequency from 0.1 to 100 rad/s at 37°C. (b) The compression stress of 8% GO hybrid hydrogels with different GO concentrations. ns: no
significant difference. (c) Equilibrium swelling ratio of the 8% GO hybrid hydrogels after 6h swelling. (d) Degradation of the 8% GO
hybrid hydrogels with different GO concentrations at 37°C. (e) Self-healing ability of the 8% DEX/GO5 hydrogel was evaluated with an
alternating strain of 1% and 300% at 37°C. (f) Images demonstrating the self-healing process for the 8% DEX/GO5 hydrogel. (g)
Schematic of the microfluidics 3D printing process of GO-incorporated dextran inks (8%) in histidine solution (2%). (h) Digital images
and optical microscopic images of the printed cubic scaffold. Scale bars: (i-iii) 0.5cm and (iv) 1 mm. (i) SEM images of the printed
scaffold from top (i and ii) and side (iii and iv) view. Scale bars in (i-iv) are 1.0 mm, 200 ym, 0.5 mm, and 250 ym, respectively.

skin defect model. Therefore, it is believed that the proposed
3D hydrogel scaffolds would provide a unique strategy for bio-
medical applications.

2. Results and Discussion

When used as wound dressings, the mechanical properties,
swelling, and degradation performance of the resulting hydro-

gels are significantly important. In a typical experiment, the
GO hybrid hydrogel could be rapidly prepared by adding histi-
dine to the mixture solution of benzaldehyde and cyanoacetate
group-functionalized dextran and GO (Figure S1). The
mechanical strength for these fabricated hydrogels with
varied GO concentrations was evaluated using a rheometer
with a frequency ranging from 0.1 to 100rad/s. As shown in

Figure 2(a), the storage modulus (G") showed the lowest in



the hydrogel without GO (DEX/GOO0 hydrogel) and increased
gradually with varying GO concentrations from 2 to 8 mg/
ml, indicating enhanced mechanical properties of the
hydrogels. This result was further confirmed from the
compression stress-strain curve. As shown in Figure 2(b) and
Figure S2, the stress of the GO hybrid hydrogels was
obviously increased with increasing the GO concentrations.
However, upon raising the GO concentration to 8 mg/mL,
the hydrogel (DEX/GO8 hydrogel) would be more brittle and
may be broken at low strain (Figure S3). By immersing them
in PBS (pH7.4), these hydrogels behaved obvious swelling
deformation, inferring their ability to absorb the tissue
exudates when used as wound dressings (Figure 2(c)).

Apart from the equilibrated swelling ratio test, the in vitro
degradation performances were also investigated. It demon-
strated that the hydrogels with either the presence or the
absence of GO all completely degraded within 4 days of incuba-
tion (Figure 2(d)). Specifically, the addition of GO could clearly
delay the degradation process, suggesting that these hydrogel
formulations have good biodegradation performance for
in vivo application. Because the rapid recovery of the hydrogel
strength after being destroyed is also an important feature in
the practical application, the self-healing ability of the hydrogel
was evaluated. The step-strain measurement displayed that the
hydrogel with 5mg/mL GO (DEX/GO5 hydrogel) was
disrupted after being subjected to a high strain (y =300%),
while its mechanical property recovered to the original value
after 1% strain was applied (Figure 2(e)). Moreover, the macro-
scopical observation could also be evidence of the excellent self-
healing behavior of the DEX/GOS5 hydrogel (Figure 2(f)). All
these features demonstrated that the DEX/GO5 hydrogel was
suitable for wound dressing applications.

To achieve the ability to transport oxygen, nutrients, and
cells for facilitated wound healing, the hydrogel was designed
and fabricated as a porous 3D scaffold via microfluidic 3D
printing. Briefly, the GO mixed dextran solution was pumped
through the tapered capillary and flowed into a collection bath
filled with histidine solution to induce the formation of a GO
hybrid hydrogel scaffold (Figure 2(g)). The printed construct
exhibited superior self-standing capability and could be picked
up without collapsing (Figure 2(h)). From the SEM images in
Figure 2(i), we observed that the scaffold presented the well-
defined microstructure as it was printed and meanwhile it
maintained microporous structure, which would favor the
transport of oxygen and nutrients.

Although it is not convenient to trigger the reversibility
by changing temperatures when the thermal-responsive
hydrogel was applied in vivo, our hydrogel was designed to
be with controlled stiffness under the NIR light owing to
the thermally reversible C=C double bond at higher or lower
temperatures, as schemed in Figure 3(a). To verify this
hypothesis, the temperature sweep test was firstly carried
out for the DEX/GOS5 hydrogel. As displayed in Figure 3(b)
and Figure S4, G’ decreased gradually when increasing the
temperature from 37°C to 70°C, suggesting that the DEX/
GO5 hydrogel was thermosensitive. Notably, G’ of the DEX/
GO5 hydrogel prepared at 37°C exhibited an obvious decrease
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upon heating at a fixed temperature of 45°C, 50°C, and 60°C
(Figure 3(c) and Figure S5). This could be further
demonstrated by larger pores of the hydrogel incubated at
50°C than 37°C for 10min (Figure 3(c)). When the
temperature was switched to 37°C again, G’ and G” showed
an obvious increase owing to the rebuilding of the dynamic
C=C double bond (Figure 3(d) and Figure S6). These results
confirmed that the GO hybrid hydrogel exhibited obvious
thermally reversible properties, and the addition of GO has no
effect on the thermal reversibility of the hydrogel based on the
C=C double bond.

Despite that it will not affect thermal reversibility, the exis-
tence of GO endowed the hybrid hydrogel with photothermal
characteristics. To study the photothermal performance of the
DEX/GO hydrogels, an 808 nm laser (1 W/cm?®) was applied
on these GO hybrid hydrogels for 5min, and then was absent
for 3min. Thermal infrared images of the heating process
showed the excellent photothermal properties of these DEX/
GO hydrogels (Figure 3(e)). In detail, the real-time tempera-
tures were recorded. It could be seen that the temperatures of
these hydrogels increased rapidly and reached a stable state of
29.7°C, 44°C, 53.5°C, and 57.2°C within 5min, respectively
(Figure 3(f)). Besides, the photothermal performance of the
DEX/GO5 hydrogel could be controlled under changed laser
power densities (Figure S7). The excellent photothermal
stability of the DEX/GO5 hydrogel could also be proved by
cycled irradiation and cooling processes. As shown in
Figure 3(g), four cycles of irradiation temperature rise were
almost identical from 27.7°C to 50°C. Taking together, all
these results confirmed the excellent temperature-responsive
and photothermal performance of the GO hybrid hydrogel.

The thermo-induced stiffness changes of GO hybrid
hydrogels using NIR facilitated the controllable drug release
(Figure 4(a)). To demonstrate this, rhodamine B was firstly
loaded into the precursor during the GO hybrid hydrogel for-
mation. Figure 4(c) displayed the bioactive molecules release
from the hydrogel during ON/OFF NIR irradiation cycles. In
detail, irradiation of the GO hybrid hydrogel stimulated a fast
drug release, which was in accordance with a low-stiffness state
under irradiation. While switching off the light showed a rela-
tively slower release, which should be attributed to the high
stiffness without irradiation. As a comparison, the drug release
from this hydrogel without irradiation was used as a control,
and it displayed a slower release from the hydrogel. Similarly,
a model protein FITC-BSA was incorporated into the GO
hybrid hydrogel as well. As shown in Figure 4(d), similar
switchable drug release behavior from the GO hybrid hydrogel
could be also demonstrated. Thus, it could be concluded that
the thermo-induced stiffness changes for GO hybrid hydrogels
stimulated the controlled drug release, and this cyclic ON/OFF
irradiation onto the hydrogel offers a promising strategy to
control the released dose of the loaded drugs.

Studies have demonstrated that conductive hydrogels
could obviously facilitate wound healing process. [37-40]
Hence, the conductivity of the GO hybrid hydrogels was
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F1GURE 3: Thermo-responsive performance of DEX/GO hydrogels. (a) NIR-induced thermo-responsive stiffness control of the 8% DEX/GO
hybrid hydrogel. (b) Variation in G’ and G" of the 8% DEX/GO5 hydrogel with temperatures. (c) G’ changes of 8% DEX/GO5 hydrogel
incubated for 25min at 50°C. SEM images of the 8% DEX/GO5 hydrogels formed at 37°C and incubated at 50°C for 10 min (insert).
Scale bars: 150 ym. (d) Switchable stiffness control of the DEX/GO5 hydrogel at 37°C and 50°C. (e and f) Thermo-responsive cycles of
the hybrid hydrogel with different GO contents and the corresponding real-time infrared thermal imaging pictures. (g) The real-time

temperature of DEX/GO hydrogel under cycled photoirradiation.

carried out. It was shown that the conductivity of the hydro-
gel without GO was the lowest and the increasing concentra-
tion of GO would elevate its conductivity (Figure 4(e)).
Moreover, the conductivity of the DEX/GO5 hydrogel would
also increase when the temperature of the hydrogel was raised,
which may attribute to the fact that the lower stiffness of the
hydrogel provides more opportunities for GO in the hydrogel
to connect at high temperatures (Figure 4(f)). This conductiv-
ity enabled the DEX/GO5 hydrogel to transfer the electricity
from a 3V supply to light the LED lamp (Figures 4(b) and
4(g)) . Although the physical rupture of the hydrogel would
cause the lighting-oft, it would be lighted again when the sep-
arated pieces were brought into contact and self-healed. The
reason may be that the dynamic C=C double bond crosslink-
ing as well as the conduction paths at the interface reformed

again when the separated hydrogels were put together. This
result could be further proved in Figure 4(h). These results
demonstrated that the DEX/GO hydrogels had excellent con-
ductive and self-healing abilities.

Good biocompatibility is indispensable when the mate-
rial was contact with tissues. Thus, blood compatibility of
the DEX/GO hydrogels was first evaluated. As shown in
Figure 5(a), there is no difference among the hydrogel
groups and PBS group, but obvious hemolysis behavior
was observed for the water group. The quantitative results
displayed that hemolysis ratio of hydrogel groups was insuf-
ficient to result in hematotoxicity for the tissue, suggesting
good blood compatibility of these DEX/GO hydrogels. Apart
from this, the cell biocompatibility of these hydrogels was
also carried out via CCK-8 assay, and it displayed that the
viability of NIH 3T3 cells treated with the DEX/GO hydrogel
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FiGure 4: NIR-responsive drug release and conductivity ability of the DEX/GO hydrogels. (a) The scheme demonstrating the NIR-
responsive controlled drugs delivery. (b) The schematic showing the electrical self-healing ability of 8% DEX/GOS5 hydrogel. (c)
Switchable release of rhodamine B from the 8% DEX/GO5 hydrogels upon switching on and off the NIR laser light. (d) Controllable
FITC-BSA release from 8% DEX/GO5 hydrogels upon switching on and off NIR laser. (e) The conductivity of the 8% hydrogels with
different GO contents. (f) The conductivity of the 8% DEX/GO5 hydrogels at different temperatures. (g) Optical images demonstrating
the good conductivity of the 8% DEX/GO5 hydrogel during a breaking/healing cycle. Scale bars: (i-iii) 1 cm. (h) Electrical self-healing
ability of the 8% DEX/GO5 hydrogel showing the resistance variation during the cut/healing process.

extracts maintained about 100% after 24, 48, or 72 h of incu-
bation, indicating that the DEX/GO hydrogels were noncy-
totoxic (Figure 5(b)). Live/dead cell viability assay was
further performed to estimate the cytocompatibility of
DEX/GO hydrogels (Figure 5(c)). It was found that almost
no dead cells were observed after treatment with the DEX/
GO hydrogel extracts, and normal cell proliferation
occurred. In addition to good biocompatibility, vascular
endothelial growth factors (VEGF) that could promote
blood vessel formation were encapsulated into the GO
hybrid hydrogel to facilitate the wound healing process. In
order to verify whether bioactivity of the released VEGF
from the DEX/GO hydrogels under NIR light was main-
tained, the tube formation assay was carried out by using
human umbilical vein endothelial cells (HUVECs). As
shown in Figure 5(d), compared to the HUVECs cultured

in the cell medium (control group), HUVECs cultured in
DEX/GO5 hydrogel extracts containing VEGF have devel-
oped more tubular structures. Figure 5(e) further demon-
strated that the total tube length for the DEX/GO5
hydrogel loaded with VEGF was higher than that in other
groups. To conclude, the DEX/GO5 hydrogel had good bio-
compatibility, and the released VEGF from the DEX/GO5
hydrogel under NIR light could effectively induce the blood
vessel formation.

Studies have shown that the temperature of 50°C dis-
played negligible damage to the wound tissue but high effi-
ciency on antimicrobial infection. [41, 42] Thus, based on
the good photothermal performance of the GO hybrid
hydrogels, the NIR-assisted photothermal antibacterial abil-
ity was evaluated against E. coli, S. aureus, and C. albicans
in vitro by directly irradiating the samples with NIR light
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FIGURE 5: Biocompatibility of DEX/GO hydrogels. (a) The hemolytic activity of DEX/GO hydrogels with different GO contents. (b)
Cytocompatibility evaluation of DEX/GO hydrogel by incubation with NIH 3T3 cells. (c) Fluorescent images of NIH 3T3 cells after
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typical tubular structures of HUVECs for the VEGF-loaded DEX/GO5 hydrogels (n = 3). *: compared with DEX/GO5/VEGF. Scale bars:
100 pym.
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F1GURE 6: The photothermal antibacterial property of DEX/GO hydrogels. (a) Schematic diagram of the antibacterial principle of DEX/GO
hydrogels. (b) Live/dead bacterial staining of E. coli, S. aureus, and C. albicans incubated with DEX/GO5 hydrogels with or without NIR
irradiation. Scale bars: 100 yum. (c) The images of the bacteria incubated with DEX/GO5 hydrogels for 24h with or without NIR

irradiation. (d-f) The quantitative bacterial killing ratio of DEX/GO5 hydrogels with or without NIR irradiation.

GOS5+NIR.

(Figure 6(a)). It could be found that almost no live bacteria
were observed when DEX/GOS5 hydrogel was exposed to
the NIR irradiation for 5min. As a comparison, most of
the bacteria were alive in the absence of NIR irradiation,
which is similar to the control group (Figure 6(b)). Also,
these culture mediums were photographed, as shown in
Figure 6(c). For the hydrogels cultured with the bacterial
with NIR irradiation, the culture mediums were very clear.
In contrast, the culture mediums were turbid owing to the
growth of the residual bacterial. Furthermore, the quantita-
tive bacterial killing ratio of DEX/GO5 hydrogels with the
presence or absence of NIR irradiation was evaluated. As
displayed in Figures 6(d)-6(f), when NIR laser was applied
to DEX/GO5 hydrogel for 5min, the bacteria-killing ratio
against E. coli, S. aureus, and C. albicans was all about
100%. As a control, the bacterial killing ratio of the DEX/
GOS5 hydrogels without NIR irradiation was negligibly dif-
ferent when compared to the control group. Taken together,
DEX/GO5 hydrogels with NIR irradiation exhibited out-
standing antibacterial performance.

*: compared with DEX/

Benefiting from the abovementioned features of GO
hybrid hydrogel, the wound healing ability of the DEX/
GOS5 hybrid hydrogel scaffolds loaded with VEGF was eval-
uated by establishing full-thickness skin wounds infected by
S. aureus. The rats were treated differently, including those
with PBS, DEX hydrogel without GO (DEX/GOO0 group),
DEX/GO5 hydrogel scaffold (DEX/GO5 group), DEX/GO5
hydrogel scaffold loaded with VEGF but not received NIR
irradiation (DEX/GO5/VEGF-NIR group), and VEGF-
loaded DEX/GO5 hydrogel scaffold irradiated with 808 nm
for 5min (DEX/GO5/VEGF+NIR group), respectively. The
healing results were recorded and photographed on day 0,
2, 5, 7, and 11 before the dressing change (Figure 7(a)). It
was obvious that the DEX/GO5 group exhibited a better
recovery compared to the DEX/GOO0 group after treatment
for 2 days because the conductive hydrogel was beneficial
to wound healing. However, the wound healing of the
DEX/GOS5 group was delayed owing to the bacterial infec-
tion and no statistically significant change was seen between
these two treatment groups after being treated for 11 days. In
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100 um (below), respectively.

addition, it presented an obvious closure in the DEX/GO5/
VEGE-NIR group compared with the DEX/GO5 group
owing to the promoting angiogenesis performance of the
loaded VEGEF. Particularly, for DEX/GO5/VEGF+NIR
group, a significantly accelerated wound closure rate com-
pared to other groups was observed after treatment for 11
days, and the wounds were almost healed and covered with
hair. This may be attributed to the photothermal antibacte-
rial and controlled drug delivery performance of the GO
hybrid hydrogel under NIR irradiation.

According to the calculated wound closure area at differ-
ent time points, the wound area treated with DEX/GO5/

VEGF+NIR group (5.3% + 0.8%) was smaller than that of
the DEX/GO5 group (11.1%+3.5%) and DEX/GOS5/
VEGF-NIR group (10.5% +3.6%) after treatment for 11
days (Figure 7(b)). In addition, from the hematoxylin-eosin
(H&E) staining results in Figures 7(c) and 7(d), the dermis
layer and skin appendages (e.g., hair follicle) were regener-
ated at the wound site in the DEX/GO5/VEGF+NIR group.
Furthermore, the average length of wound edge was 1249
+ 109 ym in the DEX/GO5/VEGF+NIR group and 1952 +
313um in the DEX/GO5/VEGF-NIR group, which was
greatly smaller than that in the other groups. Besides, the
DEX/GO5/VEGF+NIR group had the maximum width of
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FIGURE 8: Accelerated collagen deposition, promoted angiogenesis, and reduced inflammation. (a) Collagen deposition content after 11 days
of wound healing. Scale bars: 100 ym. (b) Immunofluorescence assay of CD31 and a-SMA to indicating vascularization. Scale bars: 200 ym.
(c) The immunohistochemistry of IL-6 of the granulation tissues for the different groups. Scale bars: 100 ym. (d) The collagen content (%) in
the different groups calculated from Figure 7(a). (e) Statistical analysis of the relative coverage area of the a-SMA. (f) Statistical analysis of

the IL-6 contents in the different groups.

epidermis thickness among all these treated groups
(Figure S8).

The wound healing process was further evaluated by col-
lagen deposition, angiogenesis, and inflammation. Masson’s
trichrome staining was firstly performed to detect collagen
deposition. In detail, the DEX/GO5/VEGF+NIR group dis-
played denser and well-organized collagen fibers in the
wound bed, while for the other groups, there was less
amount of collagen formed (Figures 8(a) and 8(d)). This
result indicated that the DEX/GOS5/VEGF+NIR group
exhibited improved tissue remolding performance. To indi-
cate the neovascularization, double immunofluorescence of
CD31 (vascular endothelial cell marker indicating new ves-
sels) and a-SMA (a-smooth muscle actin, vascular smooth
muscle cells, and mature blood vessels) were carried out. It

demonstrated that the PBS group exhibited lower CD31
and a-SMA expression, which suggested that few vascular
structures were formed at the wound site (Figure 8(b)). This
result was probably because there was excess aggregation of
inflammatory cells at the wound bed caused by the bacteria.
In contrast, the rest of groups showed a higher expression
ratio of CD31 and a-SMA, especially in DEX/GO5/VEGF
+NIR group, which could be ascribed to the promoted vas-
cularization of the released VEGF and the effective photo-
thermal antibacterial capability of the DEX/GO5 hydrogel
scaffold under NIR irradiation (Figure 8(e)). Furthermore,
the immunohistochemical staining for a proinflammatory
cytokine of interleukin-6 (IL-6) in the regenerated tissues
was used to evaluate the inflammatory response, which can
reflect the infection level of the wounds caused by the
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bacteria during the healing process. As shown in Figures 8(c)
and 8(f), the PBS group expressed a high level of IL-6, sug-
gesting a serious inflammatory response. However, the low-
est expression of IL-6 was detected in DEX/GO5/VEGF
+NIR group. Therefore, these results demonstrated that the
DEX/GO5/VEGF+NIR treated group was conducive to tis-
sue remolding, vascularization, and anti-inflammatory and
further presented excellent wound healing performance.

3. Conclusions

In conclusion, we have presented a novel conductive graphene
oxide (GO) hybrid hydrogel scaffold with adjustable mechan-
ical properties, controllable drug release, and antibacterial
behavior for promoting infected wound healing. The GO
hybrid hydrogel scaffold exhibited an obvious stiffness
decrease, effectively promoting cargo release and photother-
mal antibacterial performance under NIR light. When loaded
with VEGF and served as dressings to treat the infected full-
thickness wounds, the scaffold could thus achieve adjustable
mechanical properties, photothermal antibacterial, and
angiogenesis during the wound healing process. These fea-
tures demonstrated that the proposed NIR-responsive GO
hybrid hydrogel scaffold would provide insights into the
development of multifunctional hydrogel scaffold dressings
for precision treatment in infected wound healing and other
biomedical applications.

4. Materials and Methods

4.1. Materials and Cells. Dextran (Mn = 70,000gmol'1) was
purchased from Aladdin. GO suspension (20mg/mL) was
obtained from XF NANO Materials Tech Co. (Nanjing
China). 4-Formylbenzoic acid and cyanoacetic acid were
bought from Alfa Aesar. Histidine was bought from Aladdin.
4-Dimethylaminopyridine (DMAP) was bought from Energy
Chemical. 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide
(EDC-HCI) was bought from GL Biochem Ltd. Dimethyl sulf-
oxide (DMSO) was obtained from Aladdin. Cell Counting Kit-
8, calcein-AM, and propidium iodide were obtained from
Sigma-Aldrich. Bovine albumin (BSA) and cell culture media
were bought from Gibco. NIH 3T3 cells were purchased from
the American Type Culture Collection (Rockville, MD) and
were grown in Dulbecco’s modified Eagle’s medium (DMEM).

4.2. Characterizations. The morphologies of hydrogels and
scaffolds were obtained from a scanning electron microscope
(Hitachi SU8010, Japan). Optical microscopic photographs
of scaffolds could be obtained on a stereomicroscope (Olym-
pus BX51, Japan). Flow rate of the polymer solutions was
controlled by the syringe pump (LSP01-2A, Halma plc,
England). The rheology characterization was carried out on
a rotational rheometer (DHR-2, USA). The compression test
was evaluated by a mechanical testing machine (5944, Instron,
USA). The resistance for these hydrogels was monitored by a
digital multimeter (DMM6500, Keithley, Beaverton, USA).

4.3. Synthesis of Benzaldehyde and Cyanoacetate End-
Functionalized Dextran. The benzaldehyde and cyanoacetate
modified dextran were prepared by a simple chemical conju-
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gation reaction using EDC-HCI and DMAP as the coupling
reagents. Typically, dextran (5.0g) was firstly added into
DMSO in a flask and then 4-formylbenzoic acid (0.93 g,
0.25eq. to dextran dimer unit), EDC-HCI (5.0g, 1eq.), and
DMAP (0.11g, 0.03 eq.) were added into dextran solution.
After reaction for 2 days, the solution was purified by dialyz-
ing against water and then lyophilized to give the final prod-
uct (Yield: ~91%). Similarly, the cyanoacetate modified
dextran, of which the substitution degree of the cyanoacetate
groups was about 100%, was prepared by using the same
method as described above (Yield: ~94%).

4.4. Preparation and Characterization of GO Hybrid
Hydrogels. DEX-CA and DEX-BA were dissolved in 150 uL
GO suspensions (molar ratio cyanoacetate: benzaldehyde =
1:1; GO concentrations: 0, 2, 5, and 8 mg/mL). Subse-
quently, the histidine (2%) was added to the GO mixed dex-
tran solutions and the resulting solution could transit from
sol to gel immediately. The concentration of the GO hybrid
hydrogel was expressed as a weight (DEX-CA and DEX-
BA)/volume percentage (w/v, %).

The mechanical characterization of GO hybrid hydrogels
was evaluated on a DHR-2 rotational rheometer with 8§ mm
diameter steel parallel-plate geometry. The frequency sweep
tests of the GO hybrid hydrogels with different GO concentra-
tions were performed with frequencies ranging from 0.1 Hz to
100 Hz. Then, to confirm the temperature responsiveness of
the GO hybrid hydrogels, a temperature sweep test of the
hydrogel with a GO concentration of 5mg/mL was firstly car-
ried out with a temperature ranging from 37°C to 70°C. In addi-
tion, the storage modulus changes of the GO hybrid hydrogel
formed at 37°C were also recorded as a function of time at tem-
peratures of 45°C, 50°C, and 60°C, respectively. Furthermore,
self-healing property of the GO hybrid hydrogel was carried
out using continuous step-strain measurements. For this mea-
surement, the GO hybrid hydrogel was formed at 37°C for
600 s, and whereafter, a strain of 300% and 1% were alternately
applied onto the hydrogel to break and restore the network,
respectively. This process was repeated four times.

4.5. Fabrication of the GO Hybrid Hydrogel Scaffold. The GO
hybrid hydrogel scaffold was prepared by using a capillary
microfluidic device. The capillaries with diameters of
300 ym were immobilized on glass slides with needles and
epoxy resin. GO mixed dextran (DEX/GO) solution that
was comprised of 8% DEX-BA and DEX-CA mixed solution
and GO (5mg/mL) was prepared. The DEX/GO5 solution
was filled in a syringe and then injected into the microfluidic
device through polyethylene tubes. A syringe pump was used
to control the flow rate (2mL/h) of the DEX/GO solutions
and the GO hybrid hydrogel scaffold could be formed in a
histidine collection bath.

4.6. The Degradation of the GO Hybrid Hydrogels. The GO
hybrid hydrogels were prepared by adding the histidine to
500 uL DEX/GO solutions with different GO concentrations.
The vial (W,) containing GO hydrogel was accurately
weighed (W,,). Then, the obtained hydrogels were immersed
in 1 mL PBS solution (pH7.4) and then incubated at 37°C.
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At predetermined time intervals, PBS media were changed
using new PBS, and the remaining hydrogel was weighed
(W). The percentage of remaining hydrogel mass was calcu-
lated from the equation: SR = (W, - W)/(W, — W,,). All of

the experiment was performed in triplicate.

4.7. Drug Release Test of the GO Hybrid Hydrogels. To encap-
sulate bioactive molecules into the GO hybrid hydrogels,
FITC-BSA (1 mg/mL) was firstly mixed with 0.5 mL GO mixed
hydrogel precursor solutions. Then, the histidine (10 mg/mL)
was added into the precursor solutions to fabricate the FITC-
BSA-loaded GO hybrid hydrogels. The FITC-BSA loaded
GO hybrid hydrogels in tubes with 2 mL of PBS (pH 7.4) were
incubated at 37°C with shaking speed of 100 rpm. In order to
investigate the NIR triggered FITC-BSA release from the GO
hybrid hydrogels, the hydrogel (0.5 mL) with 2 mL of PBS were
irradiated with the NIR light (1 W/ecm?) for 5min. The FITC-
BSA-loaded GO hybrid hydrogels without receiving NIR light
were used as a control. At the predetermined time intervals,
0.5mL PBS was taken out from the tube and 0.5mL fresh
PBS was added into the tube. The concentrations of FITC-
BSA were measured by UV-vis-NIR spectrophotometer. Simi-
larly, the release of rhodamine B (1 mg/mL) was tested by
using the same method described above.

4.8. Photothermal Performance of GO Hybrid Hydrogels.
Photothermal performance of GO hybrid hydrogels with
different GO concentrations (0, 2, 5, 8 mg/mL) was evaluated
under the 808 nm laser. Briefly, the GO hybrid hydrogels
(300 uL) were placed on the marble. The real-time tempera-
ture and the thermal photos of these hydrogels were mea-
sured on an infrared thermal imaging camera and recorded
for 5 min with the 808 nm laser on, and then turn off the laser
to cool for 2 min. This process was repeated 5 times. More-
over, the photothermal performance of DEX/GOS5 hydrogel
under different light intensities (0.25, 0.5, 0.75, and 1 W/
cm?) was also evaluated according to the above process.

4.9. The Hemolysis Assays. The erythrocytes were separated by
centrifugation (1000 rpm). Then, they were washed using PBS
for three times and diluted to 5% (v/v). GO hybrid hydrogels
(500 uL) with different GO concentrations and erythrocytes
solutions (500 uL) in were placed into tubes, and subsequently
they were shaken in the incubator at 37°C for 120 min. Next,
the erythrocyte solutions in the tubes were centrifuged and
the supernatant (100 uL) was transferred to a 96-well micro-
plate. The absorbance was detected at 576 nm on a microplate
reader. PBS buffer was chosen as the negative control and the
water as the positive control. The hemolysis percentage could
be determined based on

A
Hemolysis (%) = [Ag AP] x 100% (1)
w4

where A,, A, and A, represent the absorbance of hydro-
gel groups, water groups, and PBS groups, respectively.

4.10. The Cytotoxicity of GO Hybrid Hydrogels. Biocompati-
bility of GO hybrid hydrogels were tested by using CCK-8
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assay and Live/dead cell staining. Before each test, GO
hydrogels were first irradiated with UV light overnight,
and then it was immersed in a serum-containing medium
and incubated for 24 hours. For the cell cytotoxicity analysis,
NIH 3T3 cells (10°/well) were cultured in DMEM for 12h.
And then the medium was changed using 200 L filtrate of
GO hydrogels. CCK-8 assay was carried out after incubation
for 24, 48, and 72 hours. Similarly, for the Live/dead cell
assay, at the predetermined times, fluorescence images were
recorded via a fluorescence microscope.

4.11. The Antibacterial Property of GO Hybrid Hydrogels. The
GO hybrid hydrogel cubes (2 cm x 2 cm) were prepared and
then placed into the 6-well plate, and bacterial suspension
(10 L, 10® CFU/mL) was added onto the surface of these
hydrogels. Then, NIR laser (808 nm, 1.0 W/cm?®) was applied
onto the GO hybrid hydrogel for 2 min. Subsequently, 5mL
of the sterilized culture medium was applied to resuspend all
the bacteria and incubated at 37°C overnight. Finally, 100 uL
of the above bacterial resuspension was transferred into 96-
well and OD value at 610 nm was measured.

4.12. The Use of GO Hybrid Hydrogel Scaffold for Wound
Healing In Vivo. The female Sprague Dawley (SD) rats
(200-250 g) were bought from Beijing Vital River Laboratory
Animal Technology Co., Ltd. All animal experiments were
carried out on the basis of the Laboratory Animal Care
and Use Guidelines and approved by the Animal Care and
Use Committee of Wenzhou Medical University (Zhejiang,
China). SD rats were anesthetized and then the back hair
was removed. Wounds (diameter: 1.5 cm) were created onto
the back and then 100 L of S. aureus suspensions (108 CFU/
mL) were dripped onto the wound surface to establish the
infection wound models. These infection wounds were
treated with PBS solution, DEX/GOO0 hydrogel, DEX/GO5
hydrogel scaffold, VEGF-loaded DEX/GO5 hydrogel scaf-
fold without NIR irradiation (DEX/GO5/VEGF-NIR), and
VEGF-loaded DEX/GO5 hydrogel scaffold with NIR irradi-
ation (DEX/GO5/VEGF+NIR), respectively (n = 6). In order
to prevent evaporation, these wounds were covered with
commercially film dressings to keep moist environment.
Photographs of wounds were taken on days 0, 2, 5, 7, and
11, and the size of these wound was determined from this
equation: wound size (%) =(A,/A,) % 100%, in which A,
and A, represents the wound size on day ¢ and day 0,
respectively.

In order to further evaluate the wound healing effect, the
skin around the wound site were harvested on day 11. After
being fixed in 4% paraformaldehyde for 2 days, these tissues
were embedded in paraffin and sectioned into 5um thick
slices. Afterwards, H&E, Masson’s trichrome staining,
immunofluorescence, and immunohistochemistry were car-
ried out and tissue slices were photo-captured using a micro-
scope (ZEISS Axio Vert.Al).

4.13. Statistical Analyses. All results in the experiment were
shown as mean + SD. The data were evaluated by Student’s
t-test and the difference was considered as *p < 0.05, **p <
0.01, and ***p < 0.001.
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