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A hydrogel-functionalized silver nanocluster for
bacterial-infected wound healing¥
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The ever-growing challenges of traditional antibiotic therapy and chronic wound healing have created a
hot topic for the development and application of new antimicrobial agents. Silver nanoclusters (Ag NCs)
with ultrasmall sizes (<2 nm) and antibacterial effects are promising candidates for next-generation anti-
biotics, particularly against multi-drug resistant strains. However, the biosafety in the clinical application of
Ag NCs remains suboptimal despite some existing studies of Ag NCs for biomedical applications.
Considering this, an ultrasmall Ag NC with excellent water solubility was synthesized by a two-phase
ligand-exchange method, which exhibits broad-spectrum antibacterial performance. The minimum
inhibitory concentrations of Ag NCs against MRSA, S. aureus, P. aeruginosa and E. coli were evaluated as
50, 80, 5and 5 pg mL™, respectively. Furthermore, a carbomer hydrogel was prepared to be incorporated
into the Ag NCs for achieving excellent biocompatibility and biosafety. In vitro experiments demonstrate
that the Ag NC-gel exhibits good antibacterial properties with lower cytotoxicity. Finally, in vivo experi-
ments suggest that this ultrasmall Ag NC functionalized with the hydrogel can serve as an effective and
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safe antimicrobial agent to aid in wound healing.

Introduction

Currently, bacterial infection poses a severe global challenge,
presenting a pervasive threat to human health." The excessive
use of antibiotics has led to the emergence of drug-resistant
superbugs and the absence of effective measures could cause
an annual mortality rate of 10 million people by 2050.%
However, the development of conventional antibiotics is both
time-consuming and expensive. Moreover, the rapid evolution
of bacterial resistance can significantly undermine their
efficacy, ultimately rendering them ineffective.’* The develop-
ment of novel antibiotics, therefore, represents a promising
strategy to ameliorate this grave situation.

In recent years, Ag-based nanomaterials have been widely
utilized for the treatment of bio-burns, burns, wounds, and
other bacterial infections owing to their non-resistance, low
toxicity, and broad-spectrum antibacterial properties.>”’
Among them, it has been proved that ultrasmall silver nano-
clusters (NCs, <2 nm) exhibit excellent antibacterial activity,
and their antibacterial performance can be effectively regu-
lated by controlling the types of surface ligands and the com-
position of metal cores.®*° The antibacterial activity of Ag NCs
can be ascribed to four primary mechanisms: (1) the gene-
ration of reactive oxygen species (ROS) via redox reactions,"* ™
(2) the adhesion of Ag NCs to the bacterial cell membrane
induces destabilization,"*™*° (3) repression of DNA replication
and transcription is observed upon the introduction of Ag NCs

This journal is © The Royal Society of Chemistry 2024
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into DNA bases,'” and (4) Ag” ions are released from Ag NCs
due to the higher surface to volume ratio.'®° It is worth
noting that Ag" ions can efficiently disrupt the bacterial cell
membranes, and the high concentration of Ag® ions will
induce some side effects on normal mammalian cells such as
oxidative stress.”’”>* Therefore, a platform for controlling the
release of Ag NCs should be established, which can not only
extend the antibacterial duration, but also reduce the concen-
tration of Ag" ions.

In the field of nanomedicine, carbomer hydrogels are com-
monly used as ideal support materials for loading drugs or
antibacterial agents to achieve long-lasting bacteriostasis due
to their controllable release characteristics.?*® In addition,
carbomer hydrogels exhibit enhanced moisture retention pro-
perties, thereby facilitating the maintenance of a moist wound
surface (which is conducive to healing).** Some studies have
also substantiated the safety profile of carbomers as drug
carriers.>>?! Therefore, the utilization of carbomer hydrogels
to incorporate Ag NCs may mitigate the potential cytotoxicity
resulting from Ag" ions.

In this study, an ultrasmall monodisperse Ag NC
(<2 nm)*3* was efficiently synthesized using a two-phase
ligand-exchange method, which was characterized by polyacryl-
amide gel electrophoresis (PAGE), UV-vis spectroscopy, trans-
mission electron microscopy (TEM) and X-ray photoelectron
spectroscopy (XPS). The in vitro antibacterial experiments
reveal that this Ag NC possesses exceptional antibacterial
activity against both Gram-positive and Gram-negative bac-
teria. Additionally, a carbomer hydrogel was prepared to be
incorporated into the Ag NCs (Ag NC-gel), which not only sig-
nificantly enhanced their biocompatibility but also provided a
stable scaffold for their immobilization. Finally, the effect of
Ag NC-gel on infected wound healing was investigated by eval-
uating the wound closure ratio, collagen deposition and the
expression of angiogenesis-related cytokines (CD31). These
findings suggest that this Ag NC-gel holds promising potential
for application in the treatment of skin damage.

Results and discussion
Characterization of the Ag NCs and Ag NC-gel

The crude product, which shows a broad peak at 480 nm dis-
solved in water in the UV-vis absorption spectrum (Fig. S17),
was prepared by a two-phase ligand-exchange method at room
temperature, in which the varying bond strength between Ag-S
and Ag-P was taken into consideration (see the ESIf for
details). First, the crude product was analysed by PAGE, in
which a prominent brown band is observed with three thin
bands (Fig. S2t). The prominent brown band was cut off and
extracted with deionized water, and then washed several times
with MeOH to obtain the monodisperse Ag NC. The aqueous
solution of the as-prepared Ag NC displays two shoulder peaks
at 350 and 485 nm (Fig. 1a), which is obviously different from
the typical surface plasmon band (460 nm) of large-sized Ag
nanoparticles, indicating its molecular state.*®
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Fig. 1 Characterization of the as-prepared Ag NCs: (a) UV-vis absorp-
tion spectrum; (b) TEM image (inset: statistical size distribution); (c) DLS
histogram; and (d) XPS spectrum.

Moreover, the TEM image shows that the as-prepared Ag
NC possessed an excellent dispersion and uniform size with a
diameter of 1.6 nm (Fig. 1b). The hydrodynamic size of this Ag
NC was determined by dynamic light scattering (DLS), which
is ~2.74 nm (Fig. 1c).

To further analyze the valence state of Ag atoms in the Ag
NC, the XPS was performed. As displayed in Fig. 1d, the
binding energies of Ag 3dj, Ag 3ds, was determined to be
374.47 and 368.48 eV, respectively. The peaks of Ag 3d;,, and
Ag 3ds,, can be further resolved into two sets of individual
peaks (red line: 374.61 and 374.32 eV, blue line: 368.63 and
368.34 eV), which demonstrates the existence of both Ag°® and
Ag" in this Ag NC,**%” suggesting the core-shell structure of
the as-prepared Ag NC. In addition, the zeta potential value
obtained for the Ag NC was found to be nearly —16.8 *
2.7 mV (Fig. S31), which represents the stability of the as-pre-
pared Ag NC." Unfortunately, the acquisition of the electro-
spray ionization mass spectrum (ESI-MS) for this Ag NC was
unsuccessful.

The carbomer hydrogel was prepared based on the pre-
viously reported photochemical method,*® and the Ag NC-gel
was obtained by directly dispersing the Ag NCs into the hydro-
gel through a self-organizing blend. As shown in Fig. S4a,}
upon doping Ag NCs into the hydrogel, the Ag NC-gel displays
translucent brown color and shows a similar UV-vis absorption
spectrum to that of pure Ag NCs. The rheological properties of
the gel and Ag NC-gel were then assessed (Fig. S4bt). The Ag
NC-gel displayed higher modulus than the blank hydrogel,
demonstrating the formation of a stronger hydrogel. This
phenomenon can be ascribed to the additional H-bonding
induced by the carboxylic or amino groups from the surface
protecting ligands in the Ag NCs, which will control the
release rate of Ag NCs. Moreover, if the Ag NC-gel (100 pg
mL™") was soaked in deionized water for 4 h, only some light
brown solution can be obtained after centrifugation (Fig. S57),
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which also exhibits the same optical properties as pure Ag NCs
and does not produce any white precipitate upon adding 2 mg
of NaCl. These results indicate the good stability and slow-
release of Ag NCs in the Ag NC-gel. The micro structure of the
Ag NC-gel was assessed using scanning electron microscopy
(SEM), which shows a smooth, loose, and porous structure
surface (Fig. S6at). Furthermore, the uniform distribution of
Ag NCs in the hydrogels was also testified by elemental
mapping (Fig. S6bt).

Evaluation of antibacterial activity in vitro

The antibacterial effect of the free Ag NCs was evaluated using
Gram-positive bacteria (MRSA and S. aureus) and Gram-nega-
tive bacteria (P. aeruginosa and E. coli) models. Generally, a
series of comparative tests were conducted to determine the
most appropriate conditions of antibacterial ability. The Ag
NCs were co-cultured with the four strains in a 96-well plate at
different concentrations. After overnight incubation, the con-
centration of Ag NCs, which keep the bacterial liquid transpar-
ent, was considered as the minimum inhibitory concentration
(MIC). According to this method, the MIC values of Ag NCs
against MRSA, S. aureus, P. aeruginosa, and E. coli were deter-
mined as 50 ug mL™", 80 ug mL™, 5 pg mL™*, and 5 pg mL™?,
respectively (Fig. S77).

To further elucidate the optimal antibacterial concentration
of Ag NCs, the agar plate counting method was employed.
Starting from the MIC concentration, 100 pL of bacterial sus-
pension was aspirated from the 96-well plate using a pipette,
and then evenly spread on an agar plate using a spreader. The
minimum bactericidal concentration (MBC) of Ag NCs against
MRSA, S. aureus, P. aeruginosa, and E. coli were determined to
be 100 pg mL™, 120 pg mL™, 20 pg mL™, and 20 pg mL™,
respectively (Fig. S8f), in which no bacterial colonies were
observed. These results show that this Ag NC exhibits superior
bactericidal efficacy against Gram-negative bacteria in com-
parison with Gram-positive bacteria, which is similar to other
studies.***° This phenomenon may be attributed to the fact
that the peptidoglycan layer in the cell walls of Gram-positive
bacteria is 30 nm thick, whereas it is only 2-3 nm thick in
Gram-negative bacteria.*’ The thicker peptidoglycan layer may
serve as a protective barrier to impede the penetration of Ag
NCs into the cytoplasm and thereby ensuring the compara-
tively lower sensitivity of Gram-positive bacteria in comparison
with their Gram-negative counterparts.*>

In addition, the antibacterial efficiency of Ag NCs was quan-
tified by the colony forming units (CFU). With increasing con-
centrations of Ag NCs, there was a significant reduction in the
bacterial count (Fig. 2a and b). For E. coli, the bacterial survival
rates were 84.27%, and 23.42% when the concentration of Ag
NCs was at 1/4 MBC and 1/2 MBC, respectively. In the case of
MRSA, the bacterial survival rate decreased from 60.71% to
14.39% with the concentration ranging from 1/4 MBC to 1/2
MBC. Similarly, the survival rate of P. aeruginosa and S. aureus
at concentrations of 0, 1/4 MBC, 1/2 MBC, and the MBC were
studied, in which the antibacterial efficiency is positively corre-
lated with the concentration of Ag NCs (Fig. S97).
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Furthermore, the bacterial growth curve was measured to
explore the effect of Ag NCs on bacterial growth kinetics. The
optical density (OD) at 600 nm was measured as the number
density value of bacterial cells. The growth trend showed a sig-
moidal increase at the concentration of 1/4 MBC for both
E. coli and MRSA, in which the maximum values are lower
than those in the absence of Ag NCs. These findings suggest
that the Ag NCs can inhibit the bacterial growth and reproduc-
tion. As the concentration reaching the bacterial MBC, no bac-
terial growth was observed (Fig. 2c). This phenomenon was
also observed in experiments involving co-incubation of
S. aureus and P. aeruginosa (Fig. S107).

Subsequently, the fluorescence staining method was
employed to further validate the antibacterial effect of Ag NCs
using MRSA and E. coli as models. The inverted fluorescence
microscopy images in Fig. 2d-f demonstrate that co-incubation
of bacteria with varying concentrations of Ag NCs leads to a
significant increase in red fluorescence intensity originating
from the damaged bacteria. At the MBC of Ag NCs, an elevated
level of red fluorescence is observed without any concurrent
green fluorescence, indicating complete bacterial inactivation.
These findings highlight the exceptional antibacterial pro-
perties of the as-prepared Ag NCs.

Cell toxicity and antibacterial activity of Ag NC-gel

Hydrogels are currently considered as ideal candidate
materials for wound dressing due to their high water per-
meability, controlled drug release, and biocompatible
properties.*>** Thus, the cellular MTT assay was performed to
evaluate the survival rate of cells incubated with the Ag NCs
and Ag NC-gel for 24 hours, respectively. As can be seen from
Fig. S11,} the toxicity of Ag NCs was observed to increase with
increasing concentration, leading to a decrease in cell viability
to 56.93% at a concentration of 150 pg mL™'. However, the
MTT results of Ag NC-gel illustrate that even at the same con-
centration of 150 pg mL ™", the cell viability remained high at
96.94%. This discrepancy can be attributed to its slow release
of Ag NCs.

To evaluate the antibacterial efficacy of Ag NC-gel, the agar
diffusion method was employed to measure the size of the
inhibition zone. Herein, E. coli densities of 10" and 10> were
selected for bacteriostasis experiments, while the concen-
trations of Ag NCs in the hydrogel were 0, 60, 80, and 100 pg
mL™", respectively. For MRSA, the bacterial density was
increased to 10° and 107 and the concentration of Ag NCs
ranged from 0 to 150 pg mL™" (Fig. 3a). As shown in Fig. 3b,
the pure hydrogel group exhibited no inhibition zone against
the tested bacteria. In contrast, the composite materials
showed a gradual increase in the size of the inhibition zone
with higher concentrations of Ag NCs. At the maximum con-
centrations of Ag NCs, the diameter of inhibition zone was
found to be 8.9 and 12.6 mm against E. coli (10° CFU) and
MRAS (107 CFU), respectively. These results suggest that the Ag
NC-gel could gradually release the Ag NCs to effectively kill
bacteria while maintaining good biocompatibility, indicating

This journal is © The Royal Society of Chemistry 2024
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In vitro antibacterial activity of the Ag NCs. (a) Photographs of bacteria colonized by E. coli and MRSA with different treatments, where E. coli

were exposed to Ag NCs at 0, 5 (1/4 MBC), 10 (1/2 MBC), and 20 ug mL™* and MRSA were exposed to Ag NCs at 0, 25 (1/4 MBC), 50 (1/2 MBC),
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(d—f) Fluorescence staining images of E. coli and MRSA bacteria using SYTO9/PI after different treatments and the corresponding relative
fluorescence. Scale bar is 50 pm. Statistical analysis was performed using the two-tailed Student’s t-test (****p < 0.0001, ***p < 0.001, **p < 0.01,

and *p < 0.05).

1*107(@FU) "% 1*105(CEY)

™. 80 pg/mL -

o

T , E. coli s T MRSA

§_1 | 1*107(CFU) B 1*10 (GEY) E  m 1*10%CFU) B 1*107 CFU)
g *k *k 2 15 i
N8 * R

H (! c

2 S 10 TﬁT *k

£ 4 I

5, 5

3 5

g o H

s 0 60 80100 0 60 80100 & 0 50100150 0 50 100150
(=] [=]

Concentration (ug/mL) Concentration (pg/mL)

Fig. 3 Evaluation of the antibacterial activity of Ag NC-gel. (a)
Photographs of antibacterial activity against E. coli and MRSA. (b)
Statistics of the inhibitory zone diameter (****p < 0.0001, ***p < 0.001,
**p < 0.01, and *p < 0.05).
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its potential for future applications in bacterial-infected
wound healing.

In vivo wound healing efficiency of Ag NC-gel

To evaluate the in vivo effects of the Ag NC-gel on wound
healing, an mouse bacterial wound infection model was estab-
lished (Fig. 4a). After creating the wounds (10 mm) in the
mice, the pre-prepared MRSA suspension was dropped onto
the wound surface, and a 4-hour infection period was allowed.
Subsequently, the Ag NC-gel (150 pg mL ") was sprayed on the
MRSA-infected wound. The in vivo wound healing efficiency of
PBS (as the control group), the gel and the Ag NC-gel was
explored by creating wounds in the mice. As shown in Fig. 4b,
the photographs of wound healing in each group were
obtained on days of 0, 2, 4, 6 and 8, and the corresponding
wound areas were also counted. These results illustrate that
the Ag NC-gel group exhibits significantly higher efficiency in
wound healing compared to the other groups. As can be seen
from the histogram of the wound closure rate (Fig. 4c), the
average wound closure rate on day 4 of Ag NC-gel was deter-
mined to be 55.46%, which is better than those of PBS
(21.73%) and the gel (17.96%). On the 8th day, the wounds of
the Ag NC-gel group were almost completely healed with an
average wound closure rate of 94.44%; however, the wound
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closure rates of PBS and the gel merely reach to 51.62 and
55.31%, respectively.

To assess the bactericidal effects with the various treat-
ments, the wound tissues of each group on day 8 were col-
lected and an ager-plate counting assay was performed to
assess the MRSA count. As shown in Fig. 4d, no obvious MRSA
colonies were observed only in the Ag NC-gel group, which is
consistent with the results of wound closure of the Ag NC-gel
group. Additionally, the body weights of the mice in each
group on days 0, 2, 4, 6 and 8 were also recorded (Fig. 4e), and
no notable weight changes in each group were observed. This
suggests that the Ag NC-gel has no remarkable toxic effect on
the mice. To further evaluate the efficacy of Ag NC-gel in facili-
tating wound healing, histological analysis was performed on
mouse wound tissue using H&E staining on the 8th day. It was
observed that the control group exhibited a significant infiltra-
tion of neutrophils, and there was thickening of the epidermal
layers, indicating the persistent presence of inflammatory
factors caused by bacterial infection (Fig. 4f). The wound
treated with the Ag NC-gel displayed an increased number of
new hair follicles. Similarly, based on Masson’s staining
results, it could be noted that collagen regeneration in the Ag
NC-gel group was higher compared to the other two groups. It
worth noting that appropriate deposition and remodelling of
collagen are advantageous for enhancing tissue tensile
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strength, expediting wound tissue reconstruction and promot-
ing healing. Typically, neovascularization facilitates oxygen
and nutrient transport to the wound site, supporting fibroblast
proliferation, collagen synthesis, and epithelialization.
Moreover, CD31 is an important indicator of neovasculariza-
tion. As depicted in Fig. 4f, there are significantly more angio-
genesis observed in the Ag NC-gel group compared to the
control and the gel groups. Moreover, the wound healing
efficiency of Ag NC-gel (100 pg mL™") on the E. coli-infected
wound was also investigated (Fig. S127), which also illustrates
that this Ag NC-gel possesses significantly higher efficiency in
E. coli-infected wound healing.

In vivo biological safety investigation

Herein, the in vivo toxicity was ultimately assessed to clarify
the safety profile of Ag NC-gel, in which blood biochemical
parameters were evaluated on 8th day for each group of mice.
As shown in Fig. 5a, the serum levels of liver function indi-
cators (AST/GOT, GPT, Y-GT and AKP) and kidney function
(CRE and BUN) in the Ag NC-gel group were monitored, which
exhibit no obvious change compared to those in the control
and gel groups. This phenomenon demonstrates that the Ag
NC-gel has no systemic toxicity. In addition, H&E staining ana-
lysis was performed on the major organs (heart, liver, spleen,
lungs, and kidneys) of the mice in each group on the 8th day.
As displayed in Fig. 5b, the staining results validate that, fol-
lowing treatment with the Ag NC-gel, the tissue structures
remained intact without significant indications of inflamma-
tory damage or organ injury. Finally, the residual silver
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function indicators: creatinine (CRE) and blood urea nitrogen (BUN);
blood parameters of mice with different treatments for 8 days. (b) H&E
staining images of the major organs (heart, liver, spleen, lung, and
kidney) from the mice after 8 days of treatment with the control, gel,
and Ag NC-gel, respectively. Scale bar is 100 pm.
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element in the major internal organs (heart, liver, spleen,
lungs, and kidneys) were detected by ICP-MS (Fig. S131), in
which very trace amounts of silver element were observed
(<0.1 pg). In generally, all these results strongly demonstrate
the efficacy and safety of Ag NC-gel as a platform for treating
bacterial infection and promoting wound healing.

Conclusions

In summary, a water-soluble Ag NC with ultrasmall size was
prepared via a two-phase ligand-exchange method, which exhi-
bits significant antibacterial ability against both Gram-positive
and Gram-negative bacteria. Moreover, a carbomer hydrogel
was developed to functionalize the Ag NC, effectively preser-
ving its excellent antibacterial efficacy while significantly
enhancing its cytotoxicity, thus yielding an ideal wound dres-
sing. In vivo experiments on infected wound healing demon-
strate that this Ag NC-gel could remarkably accelerate the rate
of wound closure through its exceptional bactericidal activity
and anti-inflammatory performance. More importantly, this
Ag NC-gel also exhibits excellent biosafety, rendering it highly
promising as an antimicrobial agent for facilitating the
healing of infected wounds.
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