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Introduction: Graphene oxide (GO) nanoparticles have emerged as a compelling photothermal agent (PHTA) in the realm of
photothermal antibacterial therapy, owing to their cost-effectiveness, facile synthesis, and remarkable photostability. Nevertheless, the
therapeutic efficacy of GO nanoparticles is commonly hindered by their inherent drawback of low photothermal conversion efficiency
(PCE).

Methods: Herein, we engineer the Ag/GO-GelMA platform by growing the Ag on the surface of GO and encapsulating the Ag/GO
nanoparticles into the GeIMA hydrogels.

Results: The resulting Ag/GO-GelMA platform demonstrates a significantly enhanced PCE (47.6%), surpassing that of pure GO
(11.8%) by more than fourfold. As expected, the Ag/GO-GelMA platform, which was designed to integrate the benefits of Ag/GO
nanoparticles (high PCE) and hydrogel (slowly releasing Ag’ to exert an inherent antibacterial effect), has been shown to exhibit
exceptional antibacterial efficacy. Furthermore, transcriptome analyses demonstrated that the Ag/GO-GelMA platform could signifi-
cantly down-regulate pathways linked to inflammation (the MAPK and PI3K-Akt pathways) and had the ability to promote cell
migration.

Discussion: Taken together, this study presents the design of a potent photothermal antibacterial platform (Ag/GO-GelMA) aimed at
enhancing the healing of infectious wounds. The platform utilizes a handy method to enhance the PCE of GO, thereby making notable
progress in the utilization of GO nano-PHTAs.
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Introduction

The skin tissue, being the largest and most exposed tissue in the human body, is also the most vulnerable. The repair
process of damaged skin tissue is notably intricate.' Wound infection emerges as a fundamental factor that impedes and
prolongs the healing process. In order to ensure the efficacy of antibiotics in combating and preventing wound infections,
it is imperative to achieve a high concentration specifically at the site of the wound. This localized concentration should
be prioritized over systemic administration, which can result in severe side effects due to elevated serum levels.
Simultaneously, the inappropriate utilization, particularly the excessive usage of antibiotics, has resulted in the emer-
gence of numerous multidrug-resistant (MDR) bacteria.> Currently, numerous studies have focused on enhancing skin
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regeneration for the treatment of various refractory wounds. For instance, Shafiq et al developed a core/shell fiber
incorporating bioactive peptides, which demonstrated a significant capacity to promote wound healing.* Similarly, Yuan
et al engineered a multifunctional nanofiber dressing capable of inducing macrophage polarization and inhibiting
inflammation by facilitating wound re-epithelialization and neovascularization, thereby promoting scar-free wound
healing.” Nevertheless, additional therapeutic strategies are required to address the challenge of multi-resistant bacterial
infections. Consequently, the pursuit of powerful alternative therapeutics to eliminate bacterial infections without
provoking multidrug resistance has become a pressing objective.

Light is a highly advantageous instrument that has significantly influenced contemporary medicine.® encompassing
drug administration, photothermal therapy (PTT), photodynamic therapy (PDT), and tissue engineering.” This can be
attributed to its convenient application, noninvasive characteristics, and ability to be controlled in terms of space and
time.® Numerous investigations have demonstrated that localized hyperthermia induced by photothermal agents (PHTAs)
under the illumination of light at a specific wavelength can lead to the disruption of bacterial integrity, rendering it
a widely employed approach in the management of wounds accompanied by bacterial infection.” Among the various
therapeutic approaches, PTT involves artificially elevating tissue temperature through the utilization of PHTAs.'® These
agents possess the ability to absorb light and subsequently convert it into heat, thereby inducing protein denaturation, cell
cavitation and rupture, bubble formation, and DNA fragmentation.'' Consequently, this process facilitates the thermal
ablation of undesirable cells at the intended location, ultimately yielding a favorable therapeutic outcome.'®'" PTT, due
to its high inherent specificity and low invasive burden, presents itself as a compelling and auspicious method for
localized heating.'” This technique effectively enhances blood circulation within the wound vicinity, concurrently
promoting fibroblast proliferation and mitigating inflammation. Consequently, PTT expedites the overall wound-
healing process."*

A range of inorganic materials, including gold nanoparticles, carbon nanomaterials, transitional metal dichalcogenide,
and palladium nanosheets, along with organic nanoparticles such as polyaniline, porphyrins, polydopamine, cyanines,
and polypyrrole, are currently under development as potential PHTAs for PTT."* Among these materials, graphene oxide
(GO) has gained significant attention as a promising PHTAs in PTT, owing to its excellent photostability, low cost, and
favorable compatibility.'> In recent years, researchers have designed GO nanomaterials of different sizes (ranging from
20 to 500 nm) for PTT.'® However, there are two main defects associated with the currently developed GO nano-PHTAs.

To begin with, akin to numerous other inorganic nanomaterials, GO exhibits a relatively low photothermal conversion
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efficiency (PCE) of approximately 15% upon exposure to 808 nm near-infrared (NIR) laser irradiation. Moreover, the
PCE diminishes further at longer wavelengths, primarily attributed to incomplete nonradiative transitions, thereby
resulting in feeble NIR absorbability, which results in the use of higher near-infrared laser power and longer laser
irradiation time when PTT is performed with PHTAs. For instance, Chen et al utilized PTT to facilitate diabetic wound
healing, but their required laser power and irradiation time were 1.5 W cm 2 and 5 minutes, respectively.'” Yan et al
utilized PTT to promote infectious wound healing, but the laser power and irradiation time they needed were also 2.0
W cm 2 and 5 minutes, respectively.'® Another noteworthy aspect pertains to the propensity of GO nanomaterials to
aggregate easily, owing to the presence of a substantial number of active moieties such as hydroxyl (—-OH) and carboxyl
(~COOH) groups on the surface of nano-GO.'*° The emergence and aggregation of GO nanomaterials have been found
to have a detrimental effect on light absorbance efficiency, leading to a subsequent decrease in PCE. These two
drawbacks significantly impede the practical utilization of GO-based nano-PHTAs in various applications.>' The
previous study of Tan et al prepared enhanced synergistic antibacterial RGO/Ag nanocomposites but failed to solve
the problem of their easy aggregation.'> Consequently, the simultaneous enhancement of light absorption efficiency and
reduction of nanomaterial aggregation poses major challenges in the development of high-performance GO-based PHTAs
for the treatment of bacterial infections.

Extensive endeavors have been undertaken to enhance the PCE of GO nanomaterials through two approaches:
enhancing light absorption efficiency by minimizing nonradiative transitions in the NIR region and facilitating the
nanomaterials’ dispersion by introducing a suitable carrier. For example, Cheng et al demonstrated that in situ growth of
metal nanoparticles on the surfaces of PHTAs enhanced the photothermal performance due to improved charge transfer
efficiency, which then induced enhanced nonradiative transitions.”> Shen et al have shown that Ag ions can improve the
PCE of GO, but no further applications have been made.”* Zeng et al found that loading PHTAs in a hydrogel matrix
reduced aggregation, resulting in high PTT efficiency.”* These findings serve as a reminder that the incorporation of
metal nanoparticles onto GO, followed by its encapsulation within a hydrogel scaffold, has the potential to enhance the
photothermal properties of GO.

In order to test the aforementioned hypothesis, we have developed a biocompatible hydrogel that contains Ag/
GO nanoparticles for potential use in treating focal infections. Figure 1 illustrates the successful growth of Ag
nanoparticles on the surface of GO nanoparticles using the reduction-deposition method. The addition of Ag resulted
in a significant improvement in the photothermal conversion rate, increasing it from 11.8% (for GO) to 46.2% (for
Ag/GO). Subsequently, the Ag/GO nanoparticles were incorporated into the Gelatin Methacryloyl (GelMA) hydrogel
network using a simple one-pot blending technique combined with UV-crosslinking, resulting in the formation of the
Ag/GO-GelMA hydrogel. The addition of a hydrogel carrier first achieved uniform dispersion of Ag/GO nanopar-
ticles and effectively prevented agglomeration. Therefore, the combination of Ag/GO-GelMA systems can improve
the PCE from 46.2% to 47.6%. Secondly, the GeIMA hydrogel exhibits the ability to slowly release Ag", thereby
mitigating their oxidation and extending their antibacterial efficacy. Consequently, the GelMA hydrogel offers an
extra antibacterial effect. In vitro antibacterial tests have demonstrated that the Ag/GO-GelMA hydrogel possesses
a broad-spectrum antibacterial property, effectively inhibiting the growth of Escherichia coli (E. coli) by 99.9% and
Staphylococcus aureus (S. aureus) by 99.9%. Additional findings demonstrated that the Ag/GO-GelMA hydrogel
exhibited remarkable bactericidal efficacy in an in vivo rat wound infection model, thereby facilitating the expedited
healing process of infected wounds (with a wound healing rate of 94.34%=+1.71% on day 12). Histological staining
further revealed a reduction in IL-6 levels and an increase in CD31 levels. Subsequent sequencing and bioinfor-
matics analysis revealed its regulatory role in the IL-17 signaling pathway and its activation of the MAPK pathway,
thereby facilitating the healing process of infected wounds through the down-regulation of IL-6. This study presents
novel insights into the development of a resilient GO-based photothermal system for antibacterial therapy and

wound healing.
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Figure | This schematic illustrates the fabrication of Ag/GO-GelMA hydrogel and its use as an antibacterial wound dressing using PTT. (A) Using reduction-deposition and
UV-crosslinking approaches, (B) we easily constructed a potent hydrogel dressing that can attenuate wound infection through synergistic antibacterial therapies such as
photothermal effect and continuous Ag” releasing, regulate inflammation and angiogenesis through MAPK signaling pathway and PI3K-AKT signaling pathway, and promote
cell migration, thereby ultimately accelerating infectious wound healing.
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Results and Discussion

Fabrication and Physicochemical Characterization of Ag/GO Nanoparticles

In this study, Ag/GO nanoparticles were prepared using a reduction-deposition method, as depicted in Figure 1. The
selection of Ag nanoparticles for deposition was based on their favorable photoelectric properties, which have the
potential to reduce the nonradiative transition through charge transfer and increase the near-infrared absorption,” thus
enhancing the PCE of the designed nanoparticles (Figure 2A). During the fabrication process, the various functional
groups present on the surface of GO, such as OH groups and COOH groups, actively engaged in the reduction-deposition
of Ag ions, resulting in the formation of Ag and the establishment of coordination linkages with Ag NPs.?

The morphology of the designed Ag/GO nanoparticles was initially assessed using scanning electron microscopy
(SEM) (Figure 2B) and transmission electron microscopy (TEM) (Figure 2C). The GO nanoparticles exhibited
a relatively uniform distribution of Ag nanoparticles with an average diameter of 50 nm on their surface. Then, as
shown in Figure 2D, the zeta potentials of the nanoparticles changed from —31.1 mV (GO) to —21.6 mV (Ag/GO) due to
the reduction of Ag" into Ag NPs which resulted in the consumption of a certain quantity of negatively charged groups of
GO. What’s more, after Ag NPs were loaded on the surface of GO NPs, the zeta potentials of the nanoparticles changed
from —1.1 mV (Ag) to —21.6 mV (Ag/GO), indicating that GO NPs increased the dispersion of Ag NPs and reduced its
deposition.?' Furthermore, a comparison was made between the X-ray diffraction (XRD) pattern of Ag/GO NPs and that
of GO NPs. The XRD pattern of GO revealed a distinct peak at 206 = 9.8°, indicating its characteristic properties, as
depicted in Figure 2E. In the XRD of Ag/GO, the presence of metallic Ag was observed through the peaks of Ag (111) at
38.2°, Ag (200) at 44.4°, Ag (220) at 64.4°, and Ag (311) at 77.5°.?” Additionally, SEM-assisted element mapping
images were utilized to confirm the successful construction of Ag/GO NPs, revealing the homogeneous distribution of C,
0O, and Ag clements, as shown in Figure 2F. Afterward, the UV—vis—NIR absorption spectra of the as-prepared GO and
Ag/GO NPs were examined. It is well-established that Ag NPs exhibit a surface plasmon resonance band at approxi-
mately 440 nm, which can be detected through UV —vis —NIR spectroscopy. Consistent with expectations, the Ag/GO
NPs’ absorption at 808 nm was significantly greater than that of GO, potentially attributed to the UV absorption
contributed by Ag.?® This observation implies that Ag/GO may be more suitable for photothermal therapy (PTT), as
depicted in Figure 2G. Other researchers have also reported a comparable increase in spectral absorption due to the
deposition of Ag nanoparticles.”” It is worth noting that the photothermal conversion efficiency (n) of GO and Ag/GO at
808 nm was determined to be 11.8% and 46.2% (Figure 2H and I), using Equations (4)—(6). According to these results,
the hybrid system’s photothermal performance improved significantly after Ag deposition.**

o hA (mec,sam - Tmax,water)

1
1 (1 — 104w o
~ 2imiCp;
t =S 0 2)
T— Tcur
0=—""+ 3
Tmax - Tvur ( )

where T« sam denotes the maximum temperature generated by samples; Trax water denotes the maximum temperature
generated by water; I denotes the laser power; Agog denotes the absorbance of the aqueous solution of samples at 808
nm; my denotes the weight of water; C,; denotes the heat capacity of water; and 6 denotes the system constant.'

Fabrication and Physicochemical Characterization of Ag/GO-GelMA Hydrogels

In order to enhance the biocompatibility and photothermal performance of Ag/GO nanoparticles, three Ag/GO-GelMA
hydrogels (1AGG, 2AGG, and SAGG) were synthesized using an environmentally approachable one-pot mixing and UV-
crosslinking method. The GeIMA solution was combined with Ag/GO nanoparticles, resulting in a rapid sol-gel
transition facilitated by UV light-induced crosslinking (Figure S1). Simultaneously, the GeIMA networks engage in
numerous noncovalent interactions with anionic Ag/GO nanoparticles, encompassing hydrogen bonding, n—n stacking,
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Figure 2 Characterization of Ag/GO nanoparticles. (A) Schematic illustration of the improved PCE of GO nanoparticles loaded with Ag NPs. (B) SEM images, (C) TEM
images, and (E) XRD patterns of GO and Ag/GO NPs. (The red arrow refers to Ag/GO NPs and black arrow refers to GO NPs). (D) zeta potentials of Ag, GO, and Ag/GO
NPs, (F) SEM elemental mapping images of Ag, C, and O of Ag/GO NPs. (G) UV-vis—NIR absorption spectra, (H) photothermal effects, and (I) the cooling time is plotted
against the negative natural logarithm of the driving force temperature during the cooling of GO and Ag/GO nanoparticles.
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and electrostatic forces. These reversible non-covalent bonds confer a specific self-healing capability upon the synthe-
sized hydrogel, thereby enhancing the practicality of Ag/GO-GelMA hydrogels for photothermal applications.
Furthermore, the incorporation of GO nanoparticles into the GeIMA matrix resulted in a transition of the hydrogel’s
color from transparent to brown, as observed in Figure 3A and Figure S2A. Similarly, the introduction of Ag/GO
nanoparticles caused the hydrogel to exhibit a black coloration.
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Figure 3 Characterization of prepared hydrogels. (A) Digital images and SEM images of prepared hydrogels (The black arrow refers to GO NPs and red arrow refers to Ag/GO
NPs, and scale bar =200 pm, 50 um, 5 um, respectively). (B) FTIR spectra of GelMA, GG, and 2AGG hydrogels. (C) Raman spectra of GelMA, GG, and 2AGG hydrogels. (D)
TGA results of GelMA, GG, and 2AGG hydrogels. (E) Swelling ratios of GelMA, and 2AGG hydrogels. (F) Ag" release profile of Ag/GO-GelMA hydrogel (n = 3). (G) Dynamic
rheological observations of the crosslinking processes of 2AGG hydrogels. H-K) Rheological performance: (H) strain sweep, (I) dynamic step—strain, (J) frequency sweep, and
(K) viscosity measurements of GeIMA and 2AGG hydrogels, respectively.
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The structural characteristics of Ag/GO-GelMA (2AGG) hydrogels were initially examined using SEM. As depicted
in Figure 3A and Figure S2A, the three-dimensional porous structure of the hydrogels was clearly visible. It is worth
noting that the surface of the pristine GelMA hydrogel was very smooth. Upon incorporation of Ag/GO, the hybrid
hydrogel predominantly exhibited a rough surface, and higher magnification confirmed the uniform distribution of Ag/
GO nanoparticles within the hydrogel. In addition, there was no significant difference in the mean pore size of the three
hydrogels (Figure S3). Then, the chemical structure of the resulting hydrogels was determined using Fourier transform
infrared (FTIR) spectroscopy (Figure 3B). The pure GeIMA hydrogel and the hybrid GeIMA hydrogel all exhibited
absorption peaks corresponding to O-H, C=0, and C=C twisting vibrations at approximately 3280, 1630, 1538, and
1033 cm™'.** Notably, upon the introduction of GO nanoparticles, a redshift was observed in the hybrid GG hydrogel,
with the characteristic peak of GO appearing at 1188 cm ',** while the twisting vibration peak shifted from 1033 cm ™' to
1047 cm'. Moreover, following the introduction of Ag/GO nanoparticles, the hybrid 2AGG hydrogel exhibited
a redshift phenomenon, with the respective peaks shifting from 1033 c¢cm ' and 1538 cm ' to 1045 cm ™' and
1548 cm ', This alteration can be attributed to the partial disruption of hydrogen bonds within the GelMA hydrogel
network, caused by the emergence of novel interactions, such as electrostatic forces, between the hydrogel and Ag/GO.
Consequently, this observation indirectly validates the effective integration of Ag/GO nanoparticles into the GelMA
matrix. Furthermore, the Raman spectra analysis reveals the presence of distinct D and G peaks at approximately
1338cm " and 1597cm ', respectively,’ subsequent to the incorporation of GO and Ag/GO nanoparticles. These peaks
are recognized as characteristic signatures of carbon atoms. This observation serves as evidence for the successful
synthesis of the Ag/GO-GelMA hydrogel, as depicted in Figure 3C and Figure S2B. Following that, an investigation was
conducted on the thermal stability of the hydrogel, as depicted in Figure 3D and Figure S2C. It was observed that the
residual weight of the 2AGG hydrogel at a temperature of 600 °C was marginally greater than that of the pure GeIMA
hydrogel and the GG hydrogel. This observation suggests that the presence of Ag/GO NPs enhances the thermal stability
of the hybrid hydrogel. Afterward, an investigation was conducted to determine the dynamic swelling ratio of the
hydrogels through immersion in PBS until reaching swelling equilibrium (Figure 3E). The obtained equilibrium swelling
ratios for GeIMA and 2AGG were 9.0 and 9.1, respectively, demonstrating no significant disparity. This suggests that the
incorporation of Ag/GO nanoparticles did not diminish the swelling characteristics inherent to GeIMA. In addition, the
quantification of Ag ions release by the Ag/GO NPs and Ag/GO-GelMA hydrogel was conducted and depicted in
Figure 3F and Figure S4. At the 12th hour, Ag/GO NPs released 1.41 ug mL™" of Ag ions, which reached about 70% of
the total concentration of Ag ions in solution, while Ag/GO-GelMA hydrogel released only 0.05 ug mL™" of Ag ions,
indicating that Ag/GO-GelMA hydrogel could significantly slow down the release of Ag ions. The findings revealed that
the GeIMA matrix exhibited a gradual release characteristic towards Ag ions, thereby mitigating their oxidation and
extending their antibacterial efficacy.

Hydrogels utilized as wound dressings necessitate tailored mechanical characteristics to cater to diverse wound types,
such as irregular and deep wounds. Notably, hydrogel dressings exhibit inherent self-healing capabilities that effectively
address the pressure exerted at wound sites due to bodily movements, thereby enhancing their safety and extending their
longevity. At the same time, GeIMA hydrogel possesses distinctive mechanical attributes of its own. In this study,
a comprehensive examination was conducted of the mechanical characteristics of synthesized hydrogels.?' The variations
in shear storage moduli (G') and shear loss moduli (G") were meticulously monitored over time. G’ was utilized to assess
the solid attributes, whereas G” was employed to evaluate the fluid attributes of the hydrogels.*® First, the rheological test
evaluating GeIMA/2AGG hydrogel’s photosensitive behavior (indicated by gray labeling during the photo-crosslinking
process starting at 30s) demonstrated that GeIMA and 2AGG hydrogel could rapidly crosslink within a relatively short
and safe exposure time (90—120s) in Figure 3G. However, the gradients of the G’ curves in the anterior regions also serve
as indicators of the crosslinking velocities of hydrogels. A steeper gradient implies a larger alteration per unit of time,
thereby signifying a more rapid crosslinking rate.>> Figure 3G reveals that the gradient of the G’ curve in the anterior
region of 2AGG is marginally lower than that of GelMA, potentially attributable to the incorporation of Ag/GO
nanoparticles, which induces a transition of the hydrogel from a transparent state to a black state, consequently
diminishing the light transmission capacity of the hydrogel. Then, the strain sweep assay revealed that the hydrogel
point of GelMA and Ag/GO-GelMA (2AGG) was approximately 300% (Figure 3H). Subsequently, a dynamic step-strain
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rheological experiment was conducted to quantitatively evaluate the self-healing ability of the engineered hydrogels
(Figure 3I). An initial rheological recovery test was conducted to assess the Ag/GO-GelMA hydrogel by quantifying the
storage modulus (G’) and the loss modulus (G"). A small strain of 1% was selected, while a large strain of 600%
(Exceeding twice the tipping point) was maintained. Based on the findings presented in Figure 31, it was observed that
the G’ value was inferior to G” under the influence of a high strain (600%), indicating the occurrence of hydrogel
collapse. Upon the applied dynamic strain reaching 1%, the G' value exhibited a significant increase, surpassing G”,
thereby signifying the restoration of the hydrogel state in the sample. It is noteworthy that this phase transition can be
repeated even after three alternately cycles, demonstrating the certain self-healing capability of the Ag/GO-GelMA
hydrogel.>® Afterward, according to the findings presented in Figure 3J, the dynamic frequency sweep analysis revealed
that the storage modulus (G") consistently exceeded the loss modulus (G") as the frequencies increased from 0.1 to 10
Hz. This observation suggests that the 2AGG hydrogel primarily exhibited elastic behavior. Further, the rheological
viscosity test demonstrated that there was no significant disparity in viscosity between the 2AGG hydrogel and pure
GelMA hydrogel (Figure 3K). Moreover, as depicted in Figure S2D, the 2AGG hydrogel exhibited the same shear
thinning behavior as GelMA, wherein the viscosity decreased with an increase in shear rate.’” Furthermore, compressive
strain-stress curves are employed to assess the mechanical strength of the hydrogels, with the corresponding slopes of
these curves being calculated to determine the elastic modulus (Figure S5). The results indicate that the compressive
stress of the three hydrogels increases slightly within the 0-50% compressive strain range. However, at 50-60%
compressive strain, the hydrogels collapse as the compressive stress escalates (Figure S5A). Concurrently, Figure S5B
demonstrates that there is no significant difference in the elastic modulus among the three hydrogels. These findings
collectively suggest that the incorporation of Ag/GO nanoparticles did not substantially modify the intrinsic mechanical
characteristics of GeIMA hydrogels.

Photothermal Performance of Ag/GO-GelMA Hydrogels In Vitro

As previously mentioned, the integration of Ag/GO nanoparticles into GeIMA hydrogel was undertaken to mitigate the
decline in photothermal efficacy resulting from nanomaterial aggregation. To substantiate this supposition, the photo-
thermal conversion efficiency (n) of Ag/GO and Ag/GO-GelMA at a wavelength of 808 nm was initially evaluated. At an
equivalent concentration of Ag/GO nanoparticles, the efficiency (n) of Ag/GO and Ag/GO-GelMA was determined to be
46.2% and 47.6% respectively (Figure S6). These values were notably higher than those reported for other systems,
supporting our hypothesis that promoting the dispersion of Ag/GO NPs and preventing aggregation contributes to the
enhancement of the photothermal performance in the hybrid hydrogels. Consequently, the Ag/GO-GelMA hydrogel was
chosen as the model sample for subsequent photothermal ability assessments.

The photothermal capability of the GG hydrogel and Ag/GO-GelMA (1AGG, 2AGG, and 5SAGG) hydrogel were
initially examined at various power levels (Figure 4A and Figure S7A and B). Specifically, the temperature of the 2AGG
hydrogel increased from 24.5 to 51.5 °C within 3 minutes and reached 58.4 °C within 5 minutes when exposed to an 808
nm NIR laser (0.5 W c¢m ?). With increasing laser power, the temperature of the 2AGG hydrogel rose to 79.5 °C (1.0
W cm %) and 88.2 °C (1.5 W c¢m ?) after 5 minutes of 808 nm NIR irradiation. As same as GG hydrogel, the 2AGG
hydrogel demonstrated remarkable photothermal stability even after undergoing four cycles of on-off NIR laser irradia-
tion, as evidenced by the absence of any significant decrease in the maximum heating temperature (Figure S7C and D). In
comparison, the pure GO-modified hydrogel (GG) exhibited a comparatively weaker capacity for photothermal heating
(Figure 4A). Specifically, when subjected to 1.0 W ¢cm > 808 nm irradiation for a duration of 3 minutes, the central
temperature of the 2AGG gel reached 66.6 °C, whereas the GG hydrogel only reached a temperature of 52.4 °C. The
findings of this study indicate that the Ag/GO-GelMA hydrogel that was designed exhibited remarkable photothermal
capabilities, suggesting its potential as a photothermal platform for antibacterial therapy. However, since the effective
temperature of photothermal therapy is above 42 °C,*® and the temperature threshold of human skin scald is about 60
°C,* we chose 2AGG hydrogel to irradiate at 808nm NIR of 0.5 W cm 2 for 3 minutes (51.5 °C) for the following
antibacterial experiment.
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Figure 4 Photothermal and antibacterial performance in vitro. Photothermal properties of Ag/GO-GelMA (2AGG) hydrogel: (A) infrared thermal images and photothermal
temperature rise curves under 808 nm NIR irradiation with different laser power densities (0.5, 1.0, and 1.5 W cmfz) of GG and 2AGG; Antibacterial ability of hydrogels:

(B) colonization, (C) confocal fluorescence, (D), (E) antibacterial rates and (F), (G) relative fluorescence ratios of S. aureus and E. coli after treatments with PBS, GelMA,
GG, 2AGG, GG + NIR, and 2AGG + NIR (n = 3).
Notes: * Indicates significant difference (* P < 0.05, ** P < 0.01, *** P < 0.001) and NS means not significant.

Photothermal Antibacterial Property of Ag/GO-GelMA Hydrogels In Vitro

The remarkable photothermal conversion efficiency exhibited by the Ag/GO-GelMA hydrogel in its original state serves
as a catalyst for our investigation into its potential antibacterial properties. In this study, we examine the in vitro
antibacterial efficacy of the Ag/GO-GelMA hydrogel against two prevalent bacterial strains, namely the Gram-negative
E. coli and the Gram-positive S. aureus (Figure 4B and C), which are commonly associated with a multitude of infectious
diseases. According to the data shown in Figure 4B-E, the presence of Ag-containing nanoparticles in the Ag/GO-
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GelMA system demonstrated a significant antibacterial effect, attributed to the sustained release of Ag ions.'> This was
evidenced by the enhanced bactericidal ability of the 2AGG hydrogel compared to the GG hydrogel, which contained
GO without Ag modification. The 2AGG hydrogel exhibited the ability to eliminate 99.2% of S. aureus and 99.6% of
E. coli. Furthermore, after NIR irradiation, the temperature of the bacterial suspension containing 2AGG exhibited
a substantial increase, rising from 37 to 59.6 °C (Figure S8). Notably, upon NIR irradiation, the 2AGG hydrogel, in
conjunction with an 808 nm NIR laser (0.5 W ¢cm 2, 3 min), effectively inactivated almost all S. aureus (99.9%) and
E. coli (99.9%). Conversely, the bacterial solution containing GG experienced a minimal temperature rise, reaching only
44.3 °C under the same duration and power of NIR irradiation. Additionally, the GG hydrogel displayed a bactericidal
efficacy of 98.5% against S. aureus and 83.3% against E. coli, as depicted in Figure 4D and E. In some previous studies,
when they used PHTAs for PTT, they often required higher laser power and longer laser irradiation time. For example,
Chen et al employed PTT to enhance the healing of diabetic wounds, necessitating a laser power of 1.5 W ¢cm 2 and an
irradiation duration of 5 minutes.'” Similarly, Yan et al applied PTT to facilitate the healing of infectious wounds,
requiring a laser power of 2.0 W c¢cm 2 and an irradiation time of 5 minutes.'® Furthermore, Qi et al developed a stable
multifunctional agarose/polydopamine/e-PL hydrogel (ADPH) wound Dressing, which necessitates up to 10 minutes of
near-infrared laser irradiation for PTT of the infectious wound.?' Compared with them, the Ag/GO-GelMA hydrogel only
needs lower near-infrared (NIR) laser power and shorter irradiation durations to achieve a superior antibacterial effect.
These findings indicate that the Ag/GO-GelMA platform, combining Ag/GO nanoparticles for Ag ions release and
photothermal sterilization, exhibited a considerably enhanced photothermal conversion efficiency and potent antibacterial
activity.

In order to investigate the antibacterial properties of the Ag/GO-GelMA (2AGG) hydrogel, a live/dead staining assay
using SYTO9/PI was conducted. SYTOO staining resulted in green fluorescence for live bacteria, while dead bacteria were
identified through PI labeling and emitted red fluorescence. Figure 4C illustrates that S. aureus and E. coli treated with PBS
exhibited significant green fluorescence, with only a small number of bacteria displaying red fluorescence.* In contrast, the
GelMA hydrogel and GG hydrogel treatment groups exhibited more red fluorescence than the PBS group. Furthermore, the
intensity of the red color increased gradually in the Ag/GO doped GelIMA hydrogel, and the 2AGG + NIR treatment group
demonstrated the most pronounced red fluorescence, indicating a synergetic eradication effect on S. aureus and E. coli.
Moreover, the red fluorescence observed in the GO-loaded hydrogel (GG) was considerably lower compared to the GeIMA
hydrogel loaded with Ag/GO nanoparticles upon illumination (2AGG). This phenomenon can be attributed to the
comparatively weaker photothermal properties (43.3 °C, Figure S8) and lower photothermal conversion efficiency of
GG hydrogel in comparison to 2AGG, which ultimately hindered its ability to effectively eliminate bacteria. It is
noteworthy that both the plate counting assay and fluorescence-based assessment yielded consistent antibacterial trends
(Figure 4D-G), thereby providing additional evidence to support the promising prospects of Ag/GO-GelMA hydrogel in
facilitating efficient antibacterial therapy through the synergistic interaction between the hydrogel and photothermal
therapy. The findings of this study provide confirmation that the antibacterial platform (2AGG + NIR) exhibited
a significant bactericidal effect through PTT with high PCE and sustained release of Ag".

Biocompatibility and Migration Evaluation In Vitro
The biocompatibility of a hydrogel is of utmost importance for its in vivo antibacterial application.*' Prior to conducting
in vivo experiments, the cytocompatibility of the hydrogels produced in their current state was investigated using the
live/dead cell staining technique. Figure SA demonstrates that similar to the control group, no discernible red fluores-
cence was detected when HaCAT cells were co-incubated with the hydrogels. Additionally, the hydrogel treatments did
not have any impact on cell growth and proliferation, as indicated in Figure 5B. Then, the cytotoxicity of the hydrogels
towards HaCAT cells was evaluated using the CCK-8 assay. In comparison to the control group, the hydrogels exhibited
no notable cytotoxic effects on HaCAT cells after 1, 3, and 5 days of coculture, as depicted in Figure 5C. These findings
suggest that the hydrogels are non-toxic. Consequently, the GelMA-based hydrogels, which possess ascendant biocom-
patibility, are well-suited for in vivo anti-infective therapy.

Subsequently, we conducted an assessment of the impact of hydrogel on cell migration, given that cell migration
serves as the initial and indispensable stage in tissue regeneration.*? Specifically, GelMA-based hydrogels (GelMA, GG,
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Figure 5 In vitro biocompatibility and migration evaluation. Biocompatibility of prepared hydrogels: (A) Fluorescent images and (B) Relative calcein-AM fluorescence ratio
of calcein-AM and Pl double-stained HaCATs cells after treating with different samples for | day, 3 days, and 5 days (n = 3). NS means not significant. (C) CCK-8 analysis of
HaCATs after treatments with the negative control (PBS) and hydrogel samples (GelMA, GG, and 2AGG) for | day, 3 days, and 5 days (n = 3). Migration evaluation of Ag/
GO-GelMA hydrogel: (D) HaCATs cells migration images after being treated with prepared hydrogels. (E) The corresponding wound area changes after being treated with
PBS, GelMA, GG, and 2AGG. Scale bar = 200 um. (n = 3).

Notes: * Indicates significant difference (* P < 0.05, *** P < 0.001) and NS means not significant.

and 2AGG) were administered to HaCAT cells for the purpose of conducting a wound scratch examination. The results
depicted in Figure 5D and E demonstrated that, following a co-incubation period of 24, 36, and 48 hours, the cells treated
with 2AGG hydrogel exhibited a significantly accelerated migration rate compared to the control group. After 36 hours,
the proportion of remaining wounds in the 2AGG hydrogel group and the control group were approximately 54.2% and
73.6%, respectively. After 48 hours, the wound in the 2AGG hydrogel group exhibited significant healing (28%),
whereas the wound region in the control group remained at a high level of 57.4%. This observation implies that the
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presence of Ag NPs facilitates cell migration. Kurain et al previously documented that GeIMA hydrogel encapsulating
Ag NPs effectively enhances cell migration without inducing noticeable toxicity.*> Similarly, Cao et al conducted
a separate study, which further confirmed that appropriate concentrations of Ag NPs greatly stimulate cell migration.**
However, in the group treated with GG hydrogel, the remaining wound area still reached 72.7% after 48 hours of
incubation, potentially attributable to the cytotoxicity exhibited by the aggregated GO NPs.*> With the incorporation of
Ag NPs into the GO NPs, the aggregation of GO NPs was significantly alleviated, therefore reducing the cytotoxicity and
significantly decreasing the wound area to 28% in the 2AGG group.'® These results demonstrate that the 2AGG hydrogel

exhibits excellent biocompatibility and significantly enhances cell migration, thereby promoting wound healing.

Infected Wound Healing Evaluation and Antibacterial Assay In Vivo

The antibacterial efficacy of the 2AGG hydrogel was evaluated in vivo using a rat model infected with S. aureus
(Figure 6A). The photothermal performance of the hydrogel was initially assessed using an infrared camera after
application onto the rat’s back skin wounds. Figure 6B and C demonstrates that, following 3 minutes of 808 nm NIR
irradiation at a power density of 0.5 W cm 2, the temperature of the wound region increased to 57.8 °C for the 2AGG
hydrogel. In contrast, the temperature of the hydrogels lacking Ag/GO nanoparticles, GeIMA and GG, only reached 31.1
°C and 49.3 °C, respectively, under the same conditions. Following various treatments, the presence of bacteria at the
wound sites was assessed using the agar plate method to assess the bactericidal efficacy on day 3 (Figure 6D and E).
Evidently, a substantial quantity of bacteria was observed on the agar plates of the control group, with a gradual decrease
in bacterial count observed upon the application of hydrogel and NIR treatments. Notably, the 2AGG + NIR group
exhibited a significant reduction in bacterial growth on the agar plate, consistent with the in vitro findings. These results
offered intuitive proof that the 2AGG hydrogel with improved photothermal conversion efficiency by Ag/GO NPs could
serve as a robust platform for antibacterial treatment both in vitro and in vivo.

Moreover, the wound healing progression in rats subjected to various treatments (PBS, GelMA, GG, 2AGG, GG +
NIR, and 2AGG + NIR) was visually assessed through photographic documentation (Figure 6F—H). The corresponding
schematic depictions of wound contraction and the subsequent calculation of wound contraction were provided in
Figure 6F and H, respectively. In all groups that were tested, the size of the wound exhibited a gradual decrease over
time. Specifically, on day 12, the wound that was treated with 2AGG + NIR displayed the smallest open wound area
(5.7%), accompanied by the development of smooth epidermal and dermal tissues. In contrast, the GG + NIR, 2AGG,
GG, GelMA, and PBS groups exhibited open wound areas of 16.9%, 15.9%, 19.1%, 18.7%, and 23.2%, respectively,
along with noticeable uneven scar tissues. The findings of this study indicate that the group treated with 2AGG + NIR
exhibited superior efficacy in wound healing compared to the other groups. This can be attributed to the combined effect
of NIR-assisted photothermal ablation of bacteria (mainly due to the Ag/GO-mediated photothermal antibacterial
property, especially after the decoration of Ag NPs on GO NPs to improve the photothermal conversion efficiency)
and the inherent antibacterial properties of the hydrogel, which synergistically enhanced the antibacterial activity of the
developed platform. Consequently, this platform effectively eradicates pathogens and expedites the wound-healing
process.

To validate the aforementioned therapeutic outcomes, the assessment of wound healing was conducted through the
examination of histological alterations in skin tissues. Following the treatments, rats were sacrificed at predetermined
intervals, and skin tissues from the PBS, GelMA, GG, 2AGG, GG + NIR, and 2AGG + NIR groups were collected.
These skin tissues were stained with hematoxylin and eosin (H&E) (Figure 7A, B and Figure S9), Masson (Figure 7C
and D), IL-6 (Figure 7E), and CD31 (Figure 7F). The results of the H&E staining demonstrated that on day 12, the scar
width of the group treated with 2AGG + NIR (0.66 mm) was significantly smaller compared to the groups treated with
PBS (3.75 mm), GeIMA (2.47 mm), GG (2.94 mm), 2AGG (1.96 mm), and GG + NIR (2.16 mm) (Figure 7A and B).
Simultaneously, H&E images of higher magnification revealed that the control group exhibited a severe inflammatory
response on days 7 and 12.*° In contrast, the 2AGG + NIR group did not exhibit noticeable inflammation(Figure 7B,
Figure S9A and B). Furthermore, the 2AGG + NIR group displayed the presence of regenerated dermis tissue containing
appendages such as hair follicles. In addition, a substantial generation of micro-vessels and capillaries was observed,
indicating a significantly higher level of angiogenesis compared to the other groups (Figure 7B, Figure S9A and C).
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Figure 6 In vivo assessment of the NIR light-induced antibacterial properties of Ag/GO-GelMA hydrogel. (A) Schematic illustration of the timeline of S. aureus-infected
wound model development and photographs or tissue collection. (B) Infrared thermal images and (C) corresponding temperature advancement at the wound sites of rats in
the PBS and hydrogels groups at determined times under 808 nm NIR irradiation (0.5 W em 2). (D) Photographs and (E) quantitative analysis of bacterial colonies on agar
plates from wound sites on day 3 (n = 3). (F) wound area (n = 3), (G) Photographs of infected wounds, and (H) schematic images of wound contraction treated with
different samples from day 0 to 12 (n = 3).

Notes: * Indicates significant difference (* P < 0.05, ** P < 0.01) and NS means not significant.

Moreover, the 2AGG + NIR group exhibited a conspicuous presence of continuous, regular, and closely intertwined
collagen fibers, whereas the collagen fibers in the remaining groups displayed a lesser degree of organization and looser
arrangement (Figure 7C and D). Afterward, the results obtained from immunofluorescence staining using DAPI and 1L-6
demonstrated a significant decrease in the expression of the inflammation marker IL-6 in the wound area of the 2AGG +
NIR group compared to the other five groups (Figure 7E).*” Additionally, the NIR-assisted 2AGG hydrogel exhibited the
highest expression of CD31 compared to the other groups that were tested (Figure 7F).*® The wound width (Figure 7G),
collagen deposition amounts (Figure 7H), IL-6 (Figure 71) and CD31 (Figure 7J) were quantitatively analyzed respec-
tively, and the results were consistent with the observed phenomena in the Figure 7A-F. These findings align with the
results obtained from H&E staining on day 7, indicating that the combination of 2AGG and NIR possesses remarkable
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Figure 7 Changes in histological characteristics after skin tissue has been healed with various formulas. (A), (B) H&E staining, (C), (D) Masson’s staining, (E) IL-6 staining,
and (F) CD 31 staining of the skin tissues from the wound boundaries on day 12. G-J) Quantitative analysis of stained images attained from different groups: scar width,
college deposition, IL-6, and CD 31, respectively (n = 3).

Notes: * Indicates significant difference (* P < 0.05, ** P < 0.01, and *** P < 0.001).

anti-inflammatory properties and promotes angiogenesis effectively. Significantly, in comparison to the GG hydrogel,
incorporating pure GO nanoparticles into GeIMA hydrogel without Ag deposition, the 2AGG hydrogel containing Ag-
modified GO nanoparticles demonstrated a greater photothermal heating capacity (>50 °C) utilizing NIR, thereby
effectively eradicating bacteria and expediting the transition from the inflammatory to the reparative phase of the
wound: antibacterial action by PTT with high PCE and Ag" sustained release during the inflammatory phase of wound
healing, and promoting angiogenesis and collagen deposition during the proliferative phase. These findings substantiate
the potential of the Ag/GO-GelMA hydrogel as a promising platform for in vivo antibacterial therapy and wound healing.

Wound Healing Mechanisms of the Ag/GO-GelMA Hydrogels

To investigate the underlying effects of the Ag/GO-GelMA hydrogel, we conducted RNA sequencing analysis on wound
tissues obtained from infected rats on day 12 following hydrogel treatment. A total of 32,624 genes were found to be co-
expressed in tissues from experimental groups. Among these, approximately 20,817 genes exhibited differential expression
between the control (PBS) group and the 2AGG + NIR groups, while approximately 285 genes showed differential expression
with a [logo,FC| >1 and p-value <0.05. In Figure 8A, we utilized GeneCard and OMIM-Gene-Map-Retrieval to retrieve 1612

International Journal of Nanomedicine 2024:19 hetps: 8915

Dove:


https://www.dovepress.com
https://www.dovepress.com

Sun et al

Dove

Genes involved in infectious wounds healing

Differentially expressed genes

=

-log;o (p-value)

log, (FC)
2AGG+NIR vs Control p-value

p-value up

¢ =1 =7

R Group

. o

Group
15 W 2AGGHNIR
1 ECnnlml
FAP 05
GNAS 0
MIRI33B  -05

MME 4
ccL2?

-15
IKBKE

COLQ

Z[onuo)
€lonu0)!

AIN+DOVT
CAIN+DOVT
TAIN+DOHVT

E

p-value down

I hsa04657:1L-17 signaling pathway

hsa05165:Human papillomavirus infection _

hsa04614:Renin-angiotensin system

hsa05146:Amoebiasis

~logjo(-log10(pvalue))
! 200

I hsa04060:Cytokine-cytokine receptor interaction |

175

hsa04913:Ovarian steroidogenesis

hsa05030:Cocaine addiction

150

125

[ -
[G0:0043542-endothetial cel migrasion |

'GO:0006953~acute-phase response {

GO:0050796~regulation of insulin secretion {
GO:0014823~response to activity {
GO:0070527~platelet aggregation

GO:0006959~humoral immune response §
| —p— | )
GO:000961 1-response to wounding {
GO:0071333~cellular response to glucose simulus {
GO:0030163-protein catabolic process {
GO:0098586-cellular response to virus

[Co0 s mimicra ot e espome et vy st e

it of |

oxA »
GO:0042593~glucose homeostasis

q pes factor activity
GO:0008285-negative regulation of cell proliferation {

GO:0010628-positive regulation of gene expression {
GO:0008284~positive regulation of cell proliferation

|<;0:u1m|ss«u adhesion

I hsa04151:PI3K-Akt signaling pathway |

~logo(-log10(pvalue))
25

20 I

15

count
.20
® 25
@ 20
@
@ o

150

GO:0005604-basement membrane-
GO:0034774-secretory granule lumen:
GO:0008021~synaptic vesicle:
GO:0030034-cell junction:
GO:0005788-endoplasmic reticulum lumen:
GO:0005925-focal adhesion
GO:0005615~extracellular space- [ ]
GO:0005576-extracellular region:
GO:0048471 ~perinuciear region of cytoplasm-
GO:0070062-extracellular exosome-

GO:0005737-cytoplasm:

—hgai-bgi ke

13 i

B0

g

hsa05031:Amphetamine addiction {

1 2 3 4
Counts

-logl-log pvaloe)

GO:0004175~endopeptidase activity
GO:0008236~serine~type peptidase activity
GO:0042277-peptide binding:
GO:0005201~extracellular matrix structural constituent
GO:0002020~protease binding

GO:0005515~protein binding

o W

®s

" o

Molecular function

Cellular component

Figure 8 Therapeutic mechanisms of Ag/GO-GelMA (2AGG) hydrogel in wound healing. (A) Venn diagram of the transcriptomic profiles between differentially expressed
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genes associated with the healing process of infectious wounds. These genes were intersected with differentially expressed

genes with [log,FC| >1 and p-value <0.05 (DEGs) between the two groups to obtain 16 intersection genes. Figure 8B and 8C

display the volcano plot and heatmaps of the intersection genes. The intersection genes were further examined through

protein-protein interaction (PPI) network analysis. The color intensity and size of each node in the PPI network indicate the

strength of their association with other protein molecules, ranging from green to red. Figure 8D demonstrates that the PPI

analysis identified key signaling molecules involved in inflammation regulation and cell migration promotion, including IL-6,
FNI, IKBKE, TNC, and S100A9.*~>? Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis of
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the 16 intersection genes (Figure 8E) showed that those genes were significantly enriched in IL-17 signaling pathway,
indicating that the combined treatment of 2AGG + NIR may facilitate the healing of infectious wounds by down-regulating
IL-6 and S100A9 and up-regulating IKBKE to inhibit the activation of IL-17 signaling pathway downstream of MAPK
signaling pathway.>*~>* Furthermore, it is noteworthy that certain genes exhibited enrichment in additional signaling pathways,
namely the PI3K-Akt signaling pathway and Cytokine-cytokine receptor interaction. This observation serves as a reminder
that the combination of 2AGG + NIR may potentially reduce inflammatory response, and promote angiogenesis, cell
migration, and proliferation through the PI3K-Akt signaling pathway and Cytokine-cytokine receptor interaction.>> >
Subsequently, a Gene Ontology (GO) enrichment analysis was conducted (Figure 8F-I). The analysis revealed several
significantly enriched biological processes, including regulation of inflammatory response, leukocyte migration involved in
inflammatory response, antibacterial humoral immune response mediated by antibacterial peptide, endothelial cell migration,
and cell adhesion. The findings depicted in Figure 5D, E, and Figure 7E, I demonstrate that following treatment with 2AGG +
NIR, there was an increase in cell migration rate and a decrease in the positive rate of IL-6 immunofluorescence staining,
which aligns with the transcriptome data.

The findings from RNA sequencing analysis revealed that the application of 2AGG hydrogel combined with NIR to
wounds exhibited dual benefits of promoting tissue repair and regeneration, while concurrently downregulating the
expression of inflammation-associated genes, particularly IL-6. Additionally, the discovery of associated genes and
pathways accountable for the expedited wound healing mechanism holds the potential for their utilization as a significant
framework in the formulation and advancement of innovative therapeutic approaches.

Hemolysis and Biocompatibility Evaluation In Vivo

The hydrogel at the wound interface performs various functions such as hemostasis, exudate adsorption, acting as a barrier
to microorganisms, facilitating gaseous exchange, and providing a scaffold for cells, which can potentially contribute to the
promotion of wound healing.59 To evaluate the hemostatic performance in vivo, the rat tail amputation model (Figure 9A
and B) was employed. Following a 15-second tail-cutting procedure, GelMA-based hydrogels (GelMA, GG, and 2AGG),
a positive control group (gauze), and a negative control group (phosphate buffered saline, PBS) were applied to the wound.
The blood loss observed in the negative control groups (PBS group) was notably higher compared to the other groups, with
a recorded value of 125.0 + 27.5 mg of blood. In contrast, the GelMA-based groups exhibited a significant reduction in
blood loss, with no significant difference observed when compared to the positive control group (gauze). This substantial
decrease in blood loss indicates that the GelMA-based hydrogels (GelIMA, GG, and 2AGG) we synthesized possess
effective capabilities in achieving hemorrhage control, thereby facilitating the process of wound healing.

The in vivo biocompatibility of the 2AGG hydrogel was assessed, followed by the collection of blood samples and
main organs from rats in each group on day 12 post-treatment for subsequent analysis (Figure 9). A hemolysis assay was
conducted to evaluate the hemocompatibility of the 2AGG hydrogel. The positive control group, treated with Triton
X-100, exhibited a vivid red supernatant, indicating the occurrence of hemolysis. Conversely, the GeIMA, GG, and
2AGG groups displayed a transparent supernatant similar to that of the negative control group (PBS), as depicted in
Figure 9C and D. Furthermore, the quantitative assay depicted in Figure 9C revealed that the hemolysis ratios of the three
experimental groups were all below the internationally accepted threshold of 5% for hydrogels (4.4%, 4.5%, and 4.5%,
respectively).®® This observation suggests that the 2AGG hydrogel exhibits satisfactory hemocompatibility. Furthermore,
we conducted an investigation into the cytotoxicity of the 2AGG hydrogel using hematoxylin and eosin (H&E) staining
on sections of vital organs, namely the heart, liver, spleen, lung, and kidney, as previously described. The analysis did not
identify any evident damage or histological abnormalities in any of the experimental groups (Figure 9E). In addition, as
shown in Figure 9F-O, blood analysis (RBC, WBC, ALT, AST, LDH, PLT, HGB, BUN, CRE, HCT) of rats at the end of
treatment showed that there were no obvious abnormalities in various blood indexes of rats treated with PBS, GeIMA,
GG, 2AGG, GG + NIR, 2AGG + NIR, indicating that the prepared hydrogel had good biocompatibility. Despite some
researchers’ worry about the potential toxicity of GO NPs, the composite hydrogel employed in this research demon-
strated favorable biocompatibility, devoid of any obvious toxic manifestations associated with GO, which may be due to:
(1) the low concentration of GO NPs, which is much lower than the 25 mg mL ' demonstrated by Wu et al® (2) Ag NPs
in GO surface modification and the addition of GeIMA hydrogel with superior biocompatibility, which can prevent its
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Figure 9 In vivo hemolysis and biocompatibility evaluation. (A) Representative images and (B) blood loss of PBS, GelMA, GG, 2AGG, and gauze in the rat-tail amputation
model (n = 3). (C) hemolysis ratios of PBS, GelMA, GG, 2AGG, and Triton (n = 3) and (D) Photographs from the hemolysis test. (E) H&E staining of main organs (heart,
liver, spleen, lung, and kidney) collected from rats in the different groups (Scale bar = 50 um). F-O) Blood analysis of the rat at the end of treatment: (F) red blood cells
(RBC), (G) white blood cells (WBC), (H) alanine transferase (ALT), (l) alanine transferase (ALT), (J) lactate dehydrogenase (LDH), (K) blood platelet (PLT), (L) hemoglobin
(HGB), (M) blood urea nitrogen (BUN), (N) creatinine (CRE), (O) hematocrit (HCT).

Notes: * Indicates significant difference (** P < 0.01, and *** P < 0.001) and NS means not significant.

aggregation and greatly reduce its toxicity. (3) GO plays a role locally and does not enter the blood, but can be excreted
from the body through lysosomes and immune cell phagocytosis.®'** These findings consistently confirm the remarkable
biological safety of PTT facilitated by Ag/GO-loaded GeIMA hydrogel, thereby highlighting the promising prospects of
this methodology in clinical applications.

Material and Methods

Materials
Gelatin Methacryloyl (GelMA, GM-60) and Lithium Phenyl (2,4,6-trimethyl benzoyl) phosphinate (LAP) were pur-
chased from EFL (Suzhou, China). Briefly, it was acquired through a process involving the alkali treatment of porcine
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skin to obtain gelatin. Subsequently, the gelatin was subjected to a reaction with methacrylic anhydride (MAA) at a feed
ratio of 0.035:1 (mL of MAA to g of gelatin), resulting in a 60% MAA substitution degree. This reaction took place at
a temperature of 50 °C and a pH range of 8.5-9 for a duration of 180 minutes. The grafting of unsaturated bonds onto
gelatin was achieved by converting the anhydride to an amino and hydroxyl group through a straightforward one-step
reaction. Graphene oxide (GO) was acquired from XFNANO Material Tech Co., Ltd. Silver nitrate was procured from
Alfa Aesar (Shanghai, China). Ammonium hydroxide (30 w v' % in water), Anhydrous Glucose, and anhydrous ethanol
were obtained from Aladdin (Shanghai, China). The LIVE/DEAD™ BacLight™ Bacterial Viability Kit, which includes
propidium iodide (PI) and SYTO9, was purchased from Thermo Fisher Scientific (L7012, Waltham, USA). The
following reagents were procured from Beyotime Biotechnology (Shanghai, China): Human keratinocytes cells
(HaCAT), Dulbecco’s modified Eagle medium (DMEM), fetal bovine serum (FBS), Calcein-AM/PI Cell Viability Kit,
penicillin-streptomycin (P/S), trypsin, Cell Counting Kit-8 (CCK-8), Triton X-100, and phosphate-buffered saline (PBS,
pH = 7.4). These reagents were utilized in their original form without undergoing any additional purification or
modification.

Fabrication of GO and Ag/GO Nanoparticles

In this study, GO nanoparticles were synthesized using a modified version of our previously reported method.'> To
elaborate, 60 mg of GO powder was dissolved in 20 mL of deionized water with the assistance of ultrasonication,
followed by gentle stirring for a duration of 6 hours. The resulting GO nanoparticles were collected through high-speed
centrifugation at 12,000 rpm for 10 minutes and subsequently washed three times with deionized water and anhydrous
ethanol. Finally, the synthesized GO nanoparticles were freeze-dried and stored in a refrigerator at a temperature of 4°C
for future utilization. Subsequently, Ag/GO nanoparticles were synthesized via a reduction-deposition procedure.
Initially, 500 mg of AgNO; was dissolved in deionized water. Subsequently, ammonia solution was gradually introduced
to the aforementioned solution until the brown precipitate dissolved and the solution regained clarity. Following this, GO
nanoparticles (50 mL, 1 mg mL™") were incorporated into the solution, and the silver ions were reduced using a glucose
solution (50 mL, 20 mg mL"). The resulting mixture was gently stirred at a temperature of 95 °C to deposit the glucose-
reduced Ag nanoparticles on the GO nanoparticles surface, which was then centrifuged at 12,000rpm and washed with
deionized water three times to further remove the excess glucose and finally produced Ag-decorated GO (Ag/GO)
nanoparticles. Similarly, the prepared Ag/GO nanoparticles were freeze-dried and stored in a refrigerator (4°C) for long-
term use.

Fabrication of Hydrogels

In a detailed manner, a solution was prepared by dissolving 200 mg of Gelatin methacryloyl (GeIMA, GM-60) in 4 mL of
PBS containing 0.25 w v_'% LAP. Subsequently, varying amounts of Ag/GO nanoparticles (1 mg mL™', 2 mg mL™', and
5 mg mL™") and GO nanoparticles (3 mg mL™") were added to the aforementioned solution. The resulting mixture was
vigorously stirred for 2 minutes, so that they were fully impregnated, dissolved in a 60—70°C water bath in the dark for
20-30 minutes, oscillated several times during the period, immediately sterilized with 0.22 pm sterile needle filter (to
prevent low-temperature gelation), and then crosslinked with UV light for 150 seconds to form. In this study, hydrogels
incorporating Ag/GO-GelMA were fabricated and designated as pure GelMA, GG, 1AGG, 2AGG, and 5AGG, respec-
tively. To prevent solidification, all procedures were conducted in the absence of light.

Structural Characterization

The morphology of various samples was examined using a scanning electron microscope (SEM, SU-8010, Hitachi,
Japan) and a transmission electron microscope (TEM, JEM-1230, JEOL, Japan). X-ray diffraction (XRD) patterns of
graphene oxide (GO) and silver/graphene oxide (Ag/GO) nanoparticles were obtained at an operating voltage of 40 kV
and a current of 40 mA, using Cu Kal (A = 0.15418 nm) radiation, in the range of 5° to 80°, utilizing a Bruker AXS D8
Advance diffractometer (Germany). The zeta potentials of the nanoparticles were determined using a ZEN3600 particle
size analyzer (Malvern, UK). The UV—vis—NIR absorption spectra were acquired using a Cary5000 spectrophotometer
(Agilent, USA). The chemical composition of the samples was analyzed utilizing a Tensor II Fourier transform infrared

International Journal of Nanomedicine 2024:19 hetps: 8919
Dove:


https://www.dovepress.com
https://www.dovepress.com

Sun et al Dove

(FTIR) spectrometer (Bruker, Germany). Raman spectra were obtained using a Raman spectroscopy instrument
(HORIBA Jobin Yvon LabRAM HR). Thermogravimetric analysis (TGA) was conducted employing a thermal gravi-
metric analyzer (TGA8000, PerkinElmer, USA) with a heating ramp of 10 °C/min from 30 °C to 600 °C under a nitrogen
flow. The rheological properties of hydrogels were assessed using a rheometer (DHR-2, TA, USA), and five different
rheological tests were conducted: (1) the crosslinking processes of hydrogels were examined by subjecting them to 405
nm UV at a temperature of 25 °C; (2) dynamic strain sweep measurements were conducted to identify the linear
viscoelastic regions of the hydrogels; (3) the self-healing behavior of the hydrogels was investigated by determining the
storage modulus (G") and loss modulus (G") under alternating oscillation strains of 1% and 600%; (4) Dynamic
frequency sweep experiments were conducted over a range of 0.1-10 Hz while maintaining a fixed strain of 1% at
a temperature of 25 °C; (5) The rheological characteristics of hydrogels at various concentrations were examined through
shear rate sweep measurements using an MCR102 instrument (Anton Paar, Austria) with a consistent shear rate of 10

rads™!

at a temperature of 25 °C.>**>% The compression strain-stress and elastic modulus were evaluated utilizing
a mechanical testing apparatus (Instron 5967, USA) operating at a loading rate of 1 mm min—1 until 60% compression of

the hydrogel samples was attained.

Physiochemical Characterization

In order to assess the swelling behavior, the freeze-dried hydrogel specimens were initially weighed and then subjected to
incubation in PBS at a temperature of 37 °C until reaching a state of equilibrium. Throughout the swelling process, the
hydrogels were periodically extracted at predetermined time intervals, any remaining liquid on the surface of the
hydrogels was eliminated using wet filter papers, and the resulting wet weights of the hydrogels (W,,) were measured
using an electronic balance (BSA224S-CW, Sartorius, Germany).?! The swelling ratio was defined as follows:

Swelling ratio = (W,, — Wy) /Wy “)

The mass of the swollen hydrogel specimen is denoted as Wy, while the mass of the initial specimen is represented as Wy.

In order to assess the water retention capacity, freeze-dried hydrogel samples were immersed in PBS until they
reached a state of swelling equilibrium (W). Following this, the hydrogel specimens at swelling equilibrium were placed
in a 37 °C oven, and their masses were measured, with W, representing the mass of the swollen hydrogel specimen, and
Wd representing the mass of the initial specimen. Afterward, the aforementioned swollen equilibrium specimens were
relocated to an oven set at a temperature of 37 °C, and their masses (W;) were measured at various time intervals. The
water retention of hydrogels can be computed using the subsequent equation:?'

W,
Water retention(%) = Wt x 100% %)
0

The mass of the hydrogel specimen at a specific time point is denoted as W, while W, represents the initial mass of
the hydrogel.

In Vitro Ag Release

Initially, the 2AGG hydrogel was measured in terms of weight and subsequently submerged in a 40 mL solution of PBS.
At predetermined intervals, 4 mL of the PBS solution was extracted and supplemented with an equal volume of fresh
PBS buffer. Following this, the Optima 8000 inductively coupled plasma optical emission spectrometry (PerkinElmer,
USA) was employed to determine the quantity of silver that had been released. The time points selected for assessing the
release of Ag ions were 12, 24, 36, 48, 60, 72, 96, and 120 hours.

The aqueous solution of Ag/GO NPs at a consistent concentration was allowed to stand at room temperature for
intervals of 12, 24, 36, 48, 60, 72, 96, and 120 hours, respectively. Subsequently, the supernatant was collected through
centrifugation. This procedure was repeated three times to ensure the complete removal of nanoparticles from the
supernatant. The mass concentration of the silver element in the supernatant was then measured using the same analytical

method to evaluate the efficiency of Ag ions release.
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In Vitro Photothermal Performance

The photothermal performance of the prepared samples, namely nanoparticles and hydrogels, was assessed by subjecting
them to irradiation from an 808 nm NIR laser. To conduct the evaluation, all samples were placed in 1.5 mL Eppendorf
tubes and exposed to the laser at various power settings (0.5, 1.0, and 1.5 W ¢cm ?) for a predetermined duration. The
temperatures of the samples were recorded using an E4 FLIR infrared thermometer (USA) during the irradiation process.
Additionally, the photothermal stability of the samples was investigated through four cycles of heating and cooling.

In Vitro Antibacterial Evaluation

The in vitro investigation of the antibacterial activity of GelMA-based hydrogels against Staphylococcus aureus (S. aureus,
ATCC 29213) and Escherichia coli (£. coli, ATCC 25922) was conducted using the spread plate method. Hydrogel pieces
with a diameter of 8 mm were initially soaked in PBS until absorption equilibrium was reached. Subsequently, they
underwent sterilization with a UV lamp for 30 minutes and were then immersed in a bacteria suspension (1 mL, 1.0x10®
CFU mL™"). Following co-incubation at 37 °C for 4 hours, these samples were subjected to NIR irradiation (808 nm, 0.5
W cm?) for 3 minutes, with some samples being treated without irradiation. Afterward, a volume of 100 uL of the bacterial
solution was extracted from each group and subjected to dilution. Subsequently, 100 pL of the diluted bacterial suspension
was evenly distributed onto the newly prepared Luria Bertani broth agar plates. Following overnight incubation, the
bacterial colonies on the agar plates were documented and quantified using a J3 colony counter (Tenlin, China). The control
group consisted of the bacterial suspension treated with PBS, with or without NIR irradiation. The bacterial survival rates
were calculated according to the following equation:®*

N,
Bacterial Survival rate (%) = ]Vt x 100% (6)
0

where N, represents the bacterial number of GeIMA, GG, AGG, GG+NIR, and 2AGG+NIR plates, and N, represents
the bacterial number of PBS plates.

Furthermore, the antibacterial properties of hydrogels were investigated through a bacterial live/dead staining assay.
In this assay, the bacteria cells were subjected to various treatments and subsequently co-stained with PI and SYTO9 for
a duration of 20 minutes in a light-restricted environment. Following staining, the cells were washed three times with
PBS. As per the guidelines provided by the manufacturer, SYTO9 effectively labeled all bacteria, resulting in a green
fluorescence, while dead bacteria were stained with PI, exhibiting a red fluorescence. Finally, fluorescence images were
captured using confocal laser scanning microscopy (CLSM) with the Al imaging system manufactured by Nikon in
Japan and quantitatively analyzed with Image J. The relative fluorescence ratios were calculated according to the
following equation:

F
Relative Fluorescence Ratio(%) = Fl x 100% @)

t

where F; represents the red fluorescence (PI) area of PBS, GelMA, GG, 2AGG, and GG+NIR groups, and F,
represents the red fluorescence (PI) area of the 2AGG+NIR group.

All statistical data were analyzed by one-way ANOVA using GraphPad Prism 6.0 statistical software and displayed as
bar graphs.

In Vitro Biocompatibility and Cellular Migration Tests

CCK-8 assays were employed to assess the cytotoxicity of the designed hydrogels, namely GelMA, GG, and 2AGG.
Prior to conducting the cytotoxicity experiments, the designed hydrogels underwent sterilization using UV light.
Subsequently, they were introduced into a DMEM medium containing 10% FBS and 1% P/S for 1, 3, and 5 days to
obtain the leaching liquid. Concurrently, HaCAT cells were seeded into a 96-well plate at a density of 1x10* cells per
well. Following an overnight incubation, the previous cell culture medium was discarded, and the hydrogel extract liquid
(100 pL) was added. The HaCAT cells were then cultured for 4 hours. Subsequently, the hydrogel extract liquid was
substituted with an equimolar fresh cell culture medium supplemented with 10% CCK-8 for an additional 4 hours of
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incubation. Ultimately, the absorbance of the solution at a wavelength of 450 nm was measured using a microplate reader
(1530, Thermo Fisher, Finland). The HaCAT cells incubated without hydrogel were utilized as a blank control. Cell
viability was determined as follows:

A
Cell viability(%) = i x 100% ®)

where Ag and A, represent the absorbance values of the hydrogel sample and the control sample at 450 nm,
respectively.®

Next, the cell viability of the prepared hydrogels (GelMA, GG, and 2AGG) was assessed using a Calcein-AM/PI Cell
Viability Kit, following the manufacturer’s instructions. HaCAT cells were cultured and seeded as previously described.
After treatment with the different groups, the cells in each group were co-stained with Calcein-AM and PI dyes for
a duration of 20 minutes. Subsequently, the stained cells were imaged using confocal laser scanning microscopy (CLSM).
Following treatment with various groups, the cells in each group were subjected to co-staining with Calcein-AM and PI
dyes for a duration of 20 minutes. Subsequently, the stained cells were imaged using confocal laser scanning microscopy
(CLSM). The cells that exhibited compromised plasma membranes, indicative of cell death, emitted red fluorescence,
while the viable cells that demonstrated esterase activity emitted green fluorescence.

Furthermore, to assess the migratory potential of the hydrogels that were prepared, an in vitro cell scratch assay was
conducted. Likewise, the GeIMA, GG, and 2AGG hydrogels were subjected to sterilization using UV light and
subsequently introduced into a DMEM medium supplemented with 2% FBS for a duration of 3 days to obtain the
leaching liquid. Subsequently, HaCAT cells were initially seeded into a 6-well culture plate maintained at a temperature
of 37 °C with a CO2 concentration of 5%. The previous cell culture medium in each well was discarded following an
overnight incubation period. Subsequently, a 4 mL hydrogel extract liquid was introduced, and a monolayer of cells (with
a minimum of 5 parallel lines in each well) was mechanically disrupted using a 200 pL pipet tip. At predetermined time
intervals (0, 24, 36, and 48 h), the cells were visually documented using an inverted microscope (IX71, Olympus,
Japan).*

In Vitro Blood Compatibility

For the analysis of hemolysis, a volume of 1 mL of blood was collected from healthy SD rats using an anticoagulation
tube (Konsfi, China). Subsequently, the collected samples were transferred into 2 mL Eppendorf tubes and subjected to
centrifugation at 1500 rpm for 15 minutes at a temperature of 4 °C. Following this, the samples were washed three times
with 0.9% normal saline solution, and the red blood cells (RBC) were then resuspended in 2 mL of normal saline.
Subsequently, 0.8 mL of Triton X-100, PBS, GeIMA, GG, and 2AGG were individually added to the prepared RBC
suspension. Following a 2-hour incubation period at a temperature of 37 °C, the mixtures underwent centrifugation at
a rate of 1500 rpm for a duration of 15 minutes. Subsequently, the supernatant was subjected to spectrophotometric
analysis (PE, Enspire, USA) at a wavelength of 540 nm in order to ascertain the concentration of hemoglobin.®

In Vivo Photothermal Performance

Male Sprague-Dawley rats were procured from Vital River Laboratory Animal Technology Co., Ltd (Beijing, China).
The rats were randomly and equally allocated into six groups, each consisting of three rats: PBS, GeIMA, GG, 2AGG,
GG + NIR, and 2AGG + NIR. A circular hole measuring 8§ mm in diameter was created on the dorsal region of each rat,
which was subsequently covered with hydrogels. The wound sites covered with GG and 2AGG hydrogels were subjected
to an 808 nm NIR laser irradiation at an intensity of 0.5 W c¢m > for a duration of 3 minutes. Thermal images of mouse
bodies were captured using a thermal imaging camera.

In Vivo Hemostatic Evaluation
The rats were allocated into five groups (consisting of three rats per group) using random assignment: control, gauze,
GelMA, GG, and 2AGG. To initiate the experiment, a surgical scissor was used to remove fifty percent of the length of
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the rat tail. Following a 15-second period of bleeding, the wound was promptly covered with the designated samples, and
the treated rat was positioned on a pre-weighed dry filter paper. The untreated wound served as the control group.

In Vivo Wound Healing Evaluation

To establish a model of bacteria-infected rat wounds, four circular wounds with a diameter of 8 mm were created on the
dorsum of each rat. Following this, 10 uL of S. aureus (1.0 x 10’ CFU/mL) was immediately applied to the circular
wounds and evenly spread across the wound surface. Subsequently, the wounds in each rat were treated with various
samples: 200 pL of PBS, GeIMA hydrogel, GG hydrogel, 2AGG hydrogel, GG hydrogel + NIR (0.5 W cm 2, 3 min), and
2AGG hydrogel + NIR (0.5 W cm 2, 3 min). A medical tape was used to secure the hydrogels onto the wounds.
Photographs of the wounds were acquired using a digital camera at specific time intervals (days 0, 3, 7, and 12).
Additionally, to assess the antibacterial efficacy of the treatment, wound secretions were collected on day 3 and cultured
on LB agar plates for colony-forming unit (CFU) analysis. On days 7 and 12, the wounds were anesthetized, harvested,
fixed in 4% formaldehyde, and subsequently embedded in paraffin. The wound sample sections (5 pm slices) were
subjected to staining with Haematoxylin-Eosin (H&E) (Solarbio, G1121, China), Masson staining (Solarbio, G1345,
China), Picro Sirius Red, and immunohistochemical (IL-6 and CD31) techniques. The H&E stained sections and Masson
staining sections were scanned and analyzed using NIS Viewer image acquisition software, while the immunohisto-
chemical stained sections were scanned and analyzed using Case Viewer image acquisition software.

RNA sequencing, identification of differentially expressed genes, cluster analysis, and

functional enrichment analysis

RNA-seq analysis was conducted on rat wound samples obtained from the control and 2AGG+NIR groups at day 12
post-surgery. Each group consisted of a minimum of three samples. TRIzol® Reagent (Invitrogen) was employed to
extract total RNA from the tissue samples, following the manufacturer’s instructions. DNase I (TAKARA, Japan) was
utilized to eliminate genomic DNA. The mRNA expression profiling was performed using the Illumina HiSeqxten/
NovaSeq 6000 sequencer. After the final transcriptome was generated, String-Tie and ballgown were used to estimate the
expression levels of all transcripts and genes by calculating FPKM [FPKM = total fragments / mapped reads (millions) *
exon length(KB)], and the FPKM expression of each sample is log, (FPKM+1). Differentially expressed transcripts and
genes with a |log,FC| >1 and p-value <0.05, were selected using the DESeq2. Subsequently, a Venn diagram analysis was
conducted to compare the differentially expressed genes with the genes identified in the current study on the healing of
infectious wounds, utilizing the GeneCards (https://www.genecards.org/) and OMIM-Gene-Map-Retrieval (https:/www.

omim.org/). Volcano plots were generated using GraphPad Prism 6 to identify genes that exhibited differential expres-
sion. The selection of significant differentially expressed genes was based on the Volcano plot analysis. Heatmaps
depicting the expression patterns of the selected significant differentially expressed genes were generated using the online

bioinformatics tool available at Bioinformatics (http://www.bioinformatics.com.cn/). The construction of the protein-

protein interaction (PPI) network for the selected significant differentially expressed genes was accomplished using data
from the STRING database and visualized through Cytoscape software version 3.9.1. Furthermore, KEGG pathway
enrichment analysis and GO enrichment analysis were conducted using the DAVID Functional Annotation
Bioinformatics Microarray Analysis platform (https://david.ncifcrf.gov/).

In Vivo Biosafety Test
Following the completion of in vivo antibacterial and wound healing experiments, blood samples were obtained from rats
for subsequent blood biochemistry analysis and blood routine examinations. Concurrently, the major organs (heart, liver,
spleen, kidney, and lung) of the rats were extracted and subjected to histological evaluation through staining with
hematoxylin and eosin (H&E).
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Statistical Analysis

All experiments were repeated a minimum of three times unless otherwise specified. The statistical analysis was carried
out utilizing Origin 2021b and GraphPad Prism 6, followed by a Student’s test and one-way analysis of variance
(ANOVA). A significance level of *P < 0.05 was deemed statistically significant, while **P < 0.01 and ***P < 0.001
were considered highly significant.

Conclusion

To summarize, a novel antibacterial platform (Ag/GO-GelMA) was systematically devised and effectively assembled.
Initially, Ag/GO nano-PHTAs were synthesized through the growth of Ag nanocrystals on the GO nanoparticles’ surface.
Subsequently, these nano-PHTAs were uniformly enclosed within a GeIMA hydrogel matrix using a straightforward one-
pot bending technique. Mechanistically, this study successfully achieved a biologically friendly, simplistic, broad-spectrum,
and highly efficient antibacterial platform by exploiting the higher photothermal conversion efficiency of Ag/GO NPs and
the inherent bacterial capture/killing ability of the GeIMA hydrogel. The antibacterial platform demonstrated remarkable
efficacy in killing E. coli (99.9%) and S. aureus (99.9%) in vitro, as well as superior bactericidal activity in vivo. These
findings offer novel insights into the enhancement of the antibacterial performance of GO nano-photothermal agents
through material modification and application. In addition, we also demonstrated the effectiveness of the Ag/GO-GeIMA
hydrogel in uniting NIR from a molecular perspective through transcriptomics. This showed that it can regulate inflamma-
tion and promote cell migration, ultimately achieving wound repair and tissue regeneration. In conclusion, our study
showed that the Ag/GO-GelMA hydrogel is a very promising and robust antibacterial platform, which provides a simple
GO modification strategy capable of extensively improving its PCE and accelerating the healing of infectious wounds,
which has made significant progress in the utilization of GO nano-PHTAs.
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