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Ag/Ag@AgCl/ZnO hybrid nanostructures
are embedded in a hydrogel by a simple two-step technique.
The Ag/Ag@AgCl nanostructures are assembled in the
hydrogel via ultraviolet light chemical reduction followed by
incorporation of ZnO nanostructures by NaOH precip-
itation. The hydrogel accelerates wound healing and
exhibits high antibacterial efficiency against both Escherichia
coli and Staphylococcus aureus under visible light irradiation.
The Ag/Ag@AgCl nanostructures enhance the photo-
catalytic and antibacterial activity of ZnO due to the
enhancement of reactive oxygen species by visible light.
This hydrogel system kills 95.95% of E. coli and 98.49% of S.
aureus within 20 min upon exposure to simulated visible light, and rapid sterilization plays a crucial role in wound healing.
In addition, this system provides controllable, sustained release of silver and zinc ions over a period of 21 days arising from
the reversible swelling—shrinking transition of the hydrogel triggered by the changing pH value in the biological
environment. About 90% Zn”" release is observed in the acidic environment after 3 days, whereas only 10% Zn>* release
occurs in the neutral environment after 21 days. In vivo results show that release of Ag* and Zn>' stimulates the immune
function to produce a large number of white blood cells and neutrophils (2—4 times more than the control), thereby
producing the synergistic antibacterial effects and accelerated wound healing.

hydrogel, visible light irradiation, antibacterial activity, photodynamic therapy, wound healing
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erious tissue damage can result from infection caused by
microorganisms especially Staphylococcus aureus (8.
aureus)' ™ and rapid wound treatment has therefore
attracted much attention. A moist environment is required for
wound healing.* Since hydrogels are hydrophilic and environ-
ment-friendly polymers with biodegradability and excellent
biocompatibility as well as a three-dimensional polymeric
network, they are capable of swelling by 10 times in volume
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after absorbing a large amount of water. They can thus be
employed as carriers of antimicrobial agents and tissue
regenerative materials, that is, hydrogels can absorb ichor and
killing bacteria in wounds,”'? and there have been efforts to
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Figure 1. Microstructural and morphological characterization of the hydrogels (H1: control hydrogel; H2: Ag/Ag@AgCl hydrogel; H3, H4,
and HS: Ag/Ag@AgCl/ZnO hydrogels with initial AgNO; concentrations of 0.75, 1.25, and 2.5 mM, respectively; H6: ZnO hydrogel). (A)
XRD patterns of the hydrogels. (B) SEM image of the representative networks of hydrogel in H1. Scale bar, 10 gm. (C) SEM image of highly
dispersed Ag NPs in H2 derived from the chemical reduction of AgNO; by ultraviolet light. Scale bar, 1 ym. (D) SEM image of the typical
cube-like nanostructured Ag@AgCl. Scale bar, 1 pm. (E) The magnified SEM image of Ag@AgCl. Scale bar, 100 nm. SEM images of ZnO
nanospecies with different morphologies in H3 (F), H4 (G), HS (H), and H6 (I), respectively, derived from the precipitation of Zn(NO;), in

NaOH solution. Scale bars, 1 ym.

modify hydrogels with antibacterial agents such as inorganic
antimicrobial agents including Ag nanoparticles (NPs), ZnO
NPs, and graphene as well as organic antimicrobial agents like
ciprofloxacin, vancomycin, and chloramphenicol.”*~"" How-
ever, inorganic antimicrobial agents commonly exhibit some
cytotoxicity””*" and organic agents are sometimes unstable and
drug resistant because of widespread antibiotic abuse.”””**

Semiconductor nanostructures such as ZnO are widely used
in solar energy conversion, antimicrobial agents, and photo-
catalysis for degradation of environmental pollutants.”>~** The
energy created by charge separation and electron—hole pairs
during light exposure has many important applications.”” "
Reactive oxygen species (ROS) such as singlet oxygen, hydroxyl
radicals, and superoxide radicals have been reported as the main
reactive species in the photocatalytic activity of semiconductor
nanomaterials®>** and also have excellent antibacterial proper-
ties.””** Additionally, Zn** released from ZnO can promote
production of fibroblasts that are particularly important to
proliferation and differentiation into myofibroblasts in the
dermis and subcutaneous tissues surrounding wounds during
skin regeneration.35_39 However, pure ZnO nanomaterials
usually exhibit relatively low photoenergy conversion efficiency
due to the low charge separation efficiency and the rapid
recombination of charge carriers.”’
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Recently, a visible light-triggered, highly efficient, stable
photocatalyst active system composed of Ag@AgCl has been
proposed.””™** Silver halide which has been used extensively in
photographic films as photosensitive materials***> generates
electron—hole pairs after light absorption, and Ag atoms are
created by the combination of Ag" and photogenerated
electrons. Compared to pure ZnO, ZnO incorporated with
Ag NPs exhibits enhanced antimicrobial activity because an
appropriate amount of Ag can enhance the photocatalytic
activity related to the antimicrobial activity.”> However, visible
light-inspired and environmentally benign hybrid materials
which not only produce highly effective antibacterial activity
through ROS generation by enhanced photocatalytic properties
and accelerate wound healing have not been reported.

Moreover, carboxymethyl cellulose (CMC) is a natural
occurring polysaccharide, which is toxicologically innocuous
with good solubility and high chemical stability, thereby making
it a suitable biomaterial for the preparation of the hydrogel.**’
Herein, we describe a hydrogel composite incorporated with
CMC and Ag/Ag@AgCl/ZnO hybrid nanostructures that
exhibits excellent photocatalytic activity and broad antibacterial
efficiency against both Gram-positive and Gram-negative
bacteria under visible light irradiation. This reversible
swelling—shrinking transition is triggered by changing pH in
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Figure 2. Swelling behavior of the hydrogels (H1: control hydrogel; H2: Ag/Ag@AgCl hydrogel; H3, H4, and HS: Ag/Ag@AgCl/ZnO
hydrogels; H6: ZnO hydrogel). (A) Swelling curves of the hydrogels after inmersed in aqueous solutions with set pH values of 2, 3, 4, 5.6, 7,
8,9, and 10 at room temperature for 24 h. The experiment was performed in triplicate and independently (n = 3), and data are mean + SD.
(B) Changes of swelling ratios. (C) Corresponding changes of diameters of hydrogels with 1 min time intervals between the pH changes from

2 to 7.4.

the environment, and this hybrid system could boost the
immune system and accelerate wound healing.

RESULTS AND DISCUSSION

Synthesis and Characterization of the Ag/Ag@AgCl/
ZnO Nanocomposite Hydrogel. To obtain the Ag/Ag@
AgCl/ZnO nanocomposite hydrogel, the CMC hydrogel is
allowed to swell by water absorption to open the pores in the
gel, as shown in Figure S1. Figure 1A represents the H1, H2,
H3, H4, HS, and H6 X-ray diffraction (XRD) patterns. For H1,
a wide peak appears at around 23° attributed to the existence of
the polymer networks in the CMC hydrogel."® After Ag/Ag@
AgCl/ZnO doping, this peak weakens and even disappears due
to partial destruction of the polymer network by UV light and
the basic agent during the NP synthesis process, as shown in
Figure S2 (red arrows). With regard to the nanocomposite
hydrogels, the reduced Ag NPs are evidenced by the peaks at
20 = 38.1°, 44.2°, and 77.5° which can be indexed to the (1 1
1), (2 00) and (3 1 1) planes of metallic Ag, respectively
(JCPDS no. 04-0783)"° and the diffraction peaks (20) at 27.7°,
32.1°, 46.2°, 54.7°, 57.4°, and 67.4° correspond to the (1 1 1),
(200),(220),(311),(222), and (4 0 0) planes of the
typical cubic phase of AgCl, respectively (JCPDS no. 31-
1238).* The precipitated ZnO is indicted by the peaks at 26 =
31.8° 34.4°, 36.2°, and 56.6° indexed to the (1 00), (002), (1
0 1), and (1 1 0) planes of the ZnO zincite phase, respectively
(JCPDS no. 36-1451).”

As shown in Figure 1B, pure CMC hydrogel (H1) has a
macroporous sponge-like structure, and the diameter of most
pores is about 10 ym. After doping with Ag NPs and Ag@AgCl
particles, the Ag NPs are confirmed by the XRD patterns in
Figure 1A and uniformly distributed in the samples (H2, Figure
1C), as indicated by the Ag elemental area scan by energy
dispersive X-ray spectrometry (EDS) (Figure S3) and trans-
mission electron microscopy (TEM) performed on H2 (Figure
S4A). As shown in Figure S4A, 20—40 nm Ag NPs are
incorporated into the hydrogel uniformly, and selected area
electron diffraction (SAED) confirms the existence of metallic
Ag’ (inset in Figure S4A) and typical cube-like nanostructured
Ag@AgCl with a size of about 600 nm (Figure 1D). As shown
in Figure 1E, the magnified scanning electron microscopy
(SEM) image of the cube-like nanostructures shows that the Ag
NPs grow on the surface of the cube-like nanostructures, and it
is corroborated by the EDS spectra acquired from the cube-like
Ag@AgCl nanostructures (Figure SS). The cube-like nano-
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structures are composed of Ag and Cl with the former being the
majority implying the existence of metallic Ag’. Following ZnO
doping, one-dimensional ZnO nanostructures are produced. In
H3 and H4, ZnO has the typical nanorod morphology and
aggregates in the substrate of the former (Figure 1F) and is
distributed evenly in the latter (Figure 1G). When the content
of AgNO; is increased to 2.5 mM, no obvious ZnO nanorods
can be observed, and the high-magnification images show
irregular ZnO NPs with a uniform distribution in the substrate
(HS, Figure 1H). It is believed that the good lattice and
symmetry matching between the ZnO and Ag and direct
interface between the Zn layer and Ag initiate the formation of
the ZnO lattice, resulting in the growth of the ZnO
nanorods.””*’ To confirm the existence of metallic Ag” species
in the ZnO nanorods, TEM is performed (Figure S4B). Some
of the Ag NPs are attached to the ZnO nanorods in the
hydrogel, and SAED confirms the existence of metallic Ag°
(Figure S4B inset). After ZnO doping without Ag NPs as a
precursor, the one-dimensional nano ZnO phase is uniformly
distributed in the hydrogel substrate (H6, Figure 1I), and a
single ZnO NP is indicated in Figure S4C and can also be
determined by SAED (Figure S4C inset). The macroporous
sponge-like structures are further demonstrated in Figure S6.

Swelling Behavior. Swelling is one of the important
properties of hydrogels. In order to study the dependence on
pH, the swelling behavior is investigated at different pH values
from 2 to 10. As shown in Figure 2A, the swelling ratios of the
hydrogels increase as the pH is raised from 2 to 8 but decrease
when the pH is higher than 8. A detailed description of the
swelling behavior is provided shown in the Supporting
Information.

The reversible swelling—shrinking behavior of the hydrogels
is studied in solutions at intervals of 1 min as the pH is changed
from 2 to 7.4. As shown in Figure 2B, when the pH is 7.4, the
electrostatic repulsive force causes swelling, but shrinking
occurs within 1 min due to protonation of the carboxylate
groups when the pH is 2. Hence, the hydrogels are sensitive to
pH. They have a larger diameter in the neutral environment
than in the acidic environment, as shown in Figure 2C.

Silver and Zinc lon Release and Antibacterial Activity
in Vitro. Figure 3A,B shows the cumulative Ag* (H2, H3, H4,
and HS) released from the nanocomposite hydrogels in the
phosphate-buffered saline (PBS) at pH of 7.4 and 5.6,
respectively. An initial burst release is observed in the first 3
days, followed by a slower release from all the hydrogels. H2
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Figure 3. Silver and zinc ion release properties and evaluation of the antibacterial activity in vitro. (H1: control hydrogel; H2: Ag/Ag@AgCl
hydrogel; H3, H4, and H5: Ag/Ag@AgCl/ZnO hydrogels, and H4 for representative; H6: ZnO hydrogel). Cumulative silver ions release
profiles from the argentiferous hydrogels (H2, H3, H4, and HS) in pH 7.4 (A) and 5.6 (B) PBS at days 1, 3, 7, 14, and 21. The experiment was
performed in triplicate and independently (n = 3), and data are mean + SD. The contents of silver (C) of the corresponding hydrogels
nitrified by concentrated nitric acid (n = 3, mean + SD.). Cumulative zinc ions release profiles from the zinciferous hydrogels (H3, H4, HS,
and H6) in pH 7.4 (D) and 5.6 (E) PBS at days 1, 3, 7, 14, and 21 (n = 3, mean & SD) and the contents of zinc (F) of the corresponding
hydrogels nitrified by concentrated nitric acid (n = 3, mean + SD). TEM images of E. coli sections after treated with control hydrogel (G, H1),
Ag/Ag@AgCl hydrogel (H, H2), the representative Ag/Ag@AgCl/ZnO hydrogel (I, H4), and ZnO hydrogel (J, H6) for 24 h and prepared
with a microtome. Scale bars, 1 gm. The corresponding EDS analysis of square areas in TEM images of E. coli sections after treated with H1
(K), H2 (L), H4 (M), and H6 (N). TEM images of S. aureus sections after treated with H1 (O), H2 (P), H4 (Q), and Hé6 (R) for 24 h and
prepared with a microtome. Scale bars, 200 nm. The corresponding EDS analysis of square areas in TEM images of S. aureus sections after
treated with H2 (S), H4 (T), and Hé6 (U).

shows the largest release of Ag*, whereas H3 has the smallest H3; 1.25 mM for H4). The release from HS which contains the
value, consistent with the initial AGNOj; content in each group same initial AGNOj; content as H2 is less than that of H2 due to
as shown in Table S1 (2.5 mM for H2 and HS; 0.7S mM for partial release of Ag NPs and Ag® in advance when HS is
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Figure 4. Identification of ROS was detected by ESR spectroscopy and significant enhancement effect on antibacterial activities. (H1: control
hydrogel; H2: Ag/Ag@AgCl hydrogel; H3, H4, and HS: Ag/Ag@AgCl/ZnO hydrogels, and H4 for representative; H6: ZnO hydrogel). (A)
The ESR spectra of three lines with the intensities of 1:1:1 (left, singlet oxygen (0,') induced by Ag/Ag@AgCl, Ag/Ag@AgCl/ZnO, and ZnO
and trapped by TEMP) and four lines with the intensities of 1:2:2:1 (right, hydroxyl radical (¢OH) induced by Ag/Ag@AgCl, Ag/Ag@AgCl/
ZnO, and ZnO and trapped by DMPO) after irradiated solutions containing the spin traps with simulated sunlight for S min. Ability of the
hydrogels in killing E. coli (B) and S. aureus (C) under simulated sunlight for 20 min; the control was in the presence of H1 but in the absence
of simulated sunlight. The experiment was performed in triplicate and independently (n = 3), and data are mean + SD.

immersed in the Zn(NO,), and NaOH solutions. Generally,
release of Ag ions from Ag NPs is faster at lower pH (eqs 1 and
2).>* However, a slower release is observed at a lower pH
except in the first day in this case, as shown in Figure S9, and it
may be caused by AgCl. In the first day, there is more H" in the
solution at a lower pH, and Ag NPs dissolve faster producing
more Ag". Decomposition of AgCl shown in eq 3 creates a
steady stream of Ag and results in continuous and slow release
of Ag" over a long period of time. However, excessive H'
inhibits dissolution of Cl, generated by the decomposition of
AgCl in water due to the solubility equilibrium of CI, as
described in eq 4. In turn, similar to the butterfly effect, this
inhibits decomposition of AgCl as shown in the eq 3, thus
blocking the supply of Ag. Therefore, slower release is observed
with time at low pH. Because of decomposition of AgCl, the
content of Ag" at the end of release is larger than that of the
initial amount in the samples according to Figure 3A—C.

4Ag + O, = 2Ag.0 (1)
2Ag,0 + 4H" - 4Ag" + 2H,0 @)
2AgCl — 2Ag + Cl, (3)
Cl, + 2H,0 - HOCl + H* + CI” (4)

Figure 3D,E shows the cumulative Zn** (H3, H4, HS, and
H6) released from the nanocomposite hydrogels in PBS at pH
of 7.4 and 5.6, respectively. As shown in Figure 3D, the release
trend of Zn®* is similar to that of Ag". H3 and H4 show nearly
the same Zn** release behavior, and the same trend is observed
from HS and H6 because ZnO has the same nanorod structure
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in the former two and the same irregular NPs in the latter two.
The only difference is the slightly larger Zn>* concentration in
H4 than H3 and in H6 than HS because the distribution of
ZnO nanorods in H4 is more uniform than that in H3, thus
resulting in a larger surface area of ZnO and more dissolution in
the PBS. Hence, both the shape and distribution of ZnO in the
substrate influenced the release behavior of Zn* in the neutral
environment. The final Zn>* release quantities in the neutral
PBS (Figure 3D) are only about 10% of those loaded originally
into the corresponding samples at the pH of 5.6 (Figure 3E).
However, in the acidic environment, the only influence of the
release behavior of Zn>* is the amount of loaded ZnO because
ZnO is extremely unstable in the presence of H* and Zn®* as
shown in eq 5:°

ZnO + 2H' - Zn** + H,0 (5)

As shown in Figure 3E, all the samples show a rapid Zn**
release, and the final Zn** release quantities are close to loaded
amounts in the corresponding samples (Figure 3F). Moreover,
the dimensions of ZnO may have an effect on the release of
Zn®* and the corresponding biological functions.”"

The antibacterial activity of the hydrogels against two
different bacterial strains, E. coli and S. aureus, which are
responsible for most infections is investigated.” As shown in
Figure S10A, no inhibition zone is observed from H1 without
NPs, whereas clear inhibition zones are formed around the
nanocomposite hydrogels. The bacterial growth is determined
by the optical density (OD) at 600 nm, and the samples exhibit
obvious antibacterial effects in the presence of the nano species
(Figure S10B). Both Ag" released from the Ag NPs and Zn**
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released from the ZnO nanostructures are responsible for the
antibacterial behavior.””** H2 (highest release of Ag*) and H3
(highest release of Zn*") show the best antibacterial effects to E.
coli and S. aureus, respectively. To understand the antibacterial
activity of Ag* and Zn*", the cell wall and membrane damage as
well as the intracellular structural change in E. coli and S. aureus
are examined by TEM and EDS. As shown in Figure 3G,0,
both the S. aureus and E. coli cells have the normal morphology
with distinct cell walls and compact intracellular substrates in
the absence of NPs (H1). However, the nanostructure-
incorporated samples of both S. aureus and E. coli show
different degrees of distortion. As shown in Figure 3H—]J, the
cell walls of E. coli appear to be damaged and disorganized
(black arrows), and the intracellular densities decrease with a
large electron-light area around it (red rectangles in Figure
3H-J). EDS (Figure 3L—N) shows a sharp drop in the
contents of carbon and oxygen (main components of
intracellular substrates,””>® 35.3% as shown in Figure 3K
reduced to about 8% for carbon and 5.2% reduced to about 1%
for oxygen) in these areas, compared to the compact
intracellular substrate areas (black rectangles in Figure 3G),
revealing that some intracellular substrates are lost. Meanwhile,
the edge of the cell walls becomes obscure (green arrows in
Figure 3P—R). Some condensed components are observed (red
arrows in Figure 3P,Q) for S. aureus, and significant intracellular
substrate leakage is observed due to damage of the cell wall
(Ag/Ag@AgCl/ZnO group marked by the red rectangle in
Figure 3Q). In addition, Ag and Zn were detected internally
from the corresponding above bacteria (red rectangles in Figure
3P—R) by EDS (Figure 3S—U). It is suspected that the
intracellular substrates leak for E. coli and that of condensed for
S. aureus results from penetration of Ag' and Zn*' into the
bacteria.

The morphology and membrane integrity of the bacteria on
the hydrogels are examined by SEM. Figures S11 and S12 show
the morphology of E. coli and S. aureus attached to the surface,
respectively. Only a small amount of bacteria adheres to the
surface of the nanocomposite hydrogels compared to the
untreated hydrogel, indicating that the nanocomposite hydro-
gels inhibit bacteria adherence, which is crucial to the
prevention of biofilm formation. Typically, distorted and
wrinkled membranes of E. coli (red arrows in Figure S11)
and lesions and holes in S. aureus (red arrows in Figure S12)
are observed. The typical morphology of E. coli and S. aureus
with a smooth surface and rod shape and spherical shape,
respectively, is observed on H1 (Figures S11A and S12A), as
consistent with TEM.

Figure 4A shows the electron spin resonance (ESR) spectra
obtained from the irradiated solutions containing the spin traps.
2,2,6,6-Tetramethylpiperidine (TEMP) is used to detect singlet
oxygen (O,') induced by Ag/Ag@AgCl, Ag/Ag@AgCl/ZnO,
and ZnO. The control (without samples or with H1) was ESR
silent. After irradiation for S min, the typical ESR spectra with
three lines of relative intensities of 1:1:1 are observed.”” They
are characteristic of the adduct formed between TEMP and
singlet oxygen. For the same amount and recording time, the
ESR relative intensity generated from the Ag/Ag@AgCl/ZnO
nanocomposite hydrogel is significantly higher than that of the
pure ZnO nanocomposite hydrogel, indicating that deposition
of Ag/Ag@AgCl generates more singlet oxygen. H2 (Ag/Ag@
AgCl hydrogel with the largest initial AgNO; concentration)
exhibits the largest ESR signal, indicating that the Ag/Ag@
AgCl nanostructures play key roles in enhancing the photo-
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generation of singlet oxygen. In addition to singlet oxygen,
hydroxyl radical is another important ROS. S,5-Dimethyl-1-
pyrroline-N-oxide (DMPO) is selected to investigate the effects
of the Ag/Ag@AgCI nanostructures on generation of hydroxyl
radicals. Similarly, no ESR signal is observed from the control,
but an ESR spectrum showing four lines (1:2:2:1)° character-
istic of the reaction between DMPO and hydroxyl radical is
observed. After addition of the Ag/Ag@AgCl nanostructures,
the ESR signal increases significantly, and H2 (Ag/Ag@AgCl
hydrogel with the largest initial AgNO; concentration) also
shows the largest ESR signal, suggesting that the hydroxyl
radical is generated by Ag/Ag@AgCl and ZnO during light
irradiation and deposition of Ag/Ag@AgCl boosts photo-
generation of the hydroxyl radical.

The antibacterial activity increases significantly after the
hydrogels are co-cultured with bacterial strains, irradiated with
simulated sunlight for 20 min, and incubated at 37 °C in
darkness for 1 h. As shown in Figure S13, both E. coli and S.
aureus grow well in the absence of nano species and irradiation
(no light for H1), whereas a small decrease in bacterial survival
occurs after irradiating H1 with simulated sunlight (light for
H1). The bacteria without any hydrogel are also reduced by
6.68% after irradiation, as shown in Figure S14, and it may be
attributed to the small amount of ultraviolet light in the
simulated sunlight. The bacteria exposed to the nanocomposite
hydrogels without irradiation show decreased survival as shown
in Figure 4B,C perhaps due to release of antibacterial ions (Ag*
and Zn*") in the co-culturing process. After introducing ZnO,
the survival of both S. aureus and E. coli diminishes further after
exposure to simulated sunlight for 20 min, possibly due to ROS
generation during photoexcitation of ZnO. The antibacterial
activity on the Ag/Ag@AgCl and Ag/Ag@AgCl/ZnO hybrid
nanostructures after remaining in darkness for 1 h or irradiation
with simulated sunlight for 20 min is enhanced (Figure S15),
although the Ag/Ag@AgCl hybrid nanostructures show smaller
antibacterial ratios of 91.44% and 71.53% against E. coli and S.
aureus without light, respectively (Figure S10B). In comparison,
H2 (Ag/Ag@AgCl hybrid nanostructures) kills bacteria more
effectively and quickly (95.95% for E. coli and 98.49% for S.
aureus) within 20 min (1 h in darkness), demonstrating the
excellent photocatalytic properties. The dominant mechanism
appears to be the enhanced generation of ROS as suggested by
the ESR results.

In Vivo Assessment of Wound Healing. The cytocom-
patibility results in vitro are shown in Figure S18. The
nanocomposite hydrogels exhibit some cytotoxicity compared
to the untreated hydrogel. The cell viability of H6 with ZnO
only is reduced to about 20% after 1 day due to the small
amount of zinc release, as shown in Figure 3D. The cytotoxicity
of zinc depends on the concentration because excessive zinc
can introduce cytotoxicity.”” As a result of release of Zn?*, the
cell viability of H6 decreases after 3 and 7 days. It is also
observed that the Ag NPs exhibit cytotoxicity at only small
concentrations, which cause the cell viability of H2, H3, H4,
and HS with Ag to decrease more than that of H6 after 1 day.
However, the Ag/Ag@AgCl/ZnO nanocomposite hydrogels of
H3, H4, and HS, especially H4, show lower cytotoxicity than
H2 due to the presence of ZnO which reduces the cytotoxicity.

The therapeutic efficacy pertaining to wound healing for the
different hydrogels is evaluated using animal models. Four
wounds are made and divided into four groups: control group
(H1, group I), Ag/Ag@AgCl group (H2, group II), Ag/Ag@
AgCl/ZnO group (H4, group III), and pure ZnO group (H6,
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Figure S. In vivo assessments of the hydrogels for wound healing. (H1: control hydrogel; H2: Ag/Ag@AgCl hydrogel; H4: the representative
Ag/Ag@AgCl/ZnO hydrogel; H6: ZnO hydrogel). (A) In vivo study on the effects of treatment of S. aureus-induced wound infections by
hydrogels and the corresponding wound photographs of the rats at days 0, 2, 4, 8, and 14. (B) The immunology of histological images of the
skin tissue samples on rats’ wounds after treating with hydrogels for 2, 4, 8, and 14 days and staining with H&E. Scale bar, 100 gm. In vivo
routine analysis of blood of the numbers of white blood cells (C) and neutrophils (D) in the whole blood extracted from the rats after treating
with hydrogels for 2, 4, 8, and 14 days. The experiment was performed in triplicate and independently (n = 3), and data are mean + SD.

group IV). The traumas are photographed on days 2, 4, 8, and
14. As shown in Figure 5A, all the groups show severe bacterial
infection with ichor after a 2-day treatment. It is consistent with
that many viable colony units of S. aureus are formed from the
exudate of the wounds after the 2-day treatment, as shown in
Figure S19. Groups II, III, and IV show a smaller trauma size
than the control group after the 8-day treatment, especially the
Ag/Ag@AgCl/ZnO group. As shown in Figure S19, the Ag/
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Ag@AgCl/ZnO group shows better antibacterial effects than
the other groups after the 4-day treatment, and few viable
colony units are formed after the 8-day treatment. After the 14-
day treatment, the wounds of the control and Ag/Ag@AgCl
groups do not heal well but those of the groups with ZnO, that
is, both Ag/Ag@AgCl/ZnO and pure ZnO groups, show

significant healing,
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Figure 6. H&E staining of the heart, liver, spleen, lung, and kidney tissue slices after 14-day treatment for the different groups. Scale bar, 100

pm.

Hematoxylin and eosin (H&E) staining of the midportion of
the repaired tissues is performed on days 2, 4, 8, and 14.
Bacterial infection in vivo tends to stimulate the immune system
to produce a large number of white blood cells (WBCs),
especially neutrophils, for the antibacterial activity.”®”*° As
shown in Figure 5B, many neutrophils (red arrows) appear
from all the groups after the 2-day treatment, indicating a
serious infection by S. aureus. Meanwhile, a large amount of
dead cell debris (black arrows) and loose connective tissues
with disorder in the collagen fibers (red rectangles) are
observed from the control, Ag/Ag@AgCl groups, and groups
with ZnO (Figure SB). After the 4-day treatment, obvious
dermal fibroblasts (green arrows) and newborn blood vessels
(blue arrows) filled with a large number of red blood cells (cyan
arrows) are observed first from the Ag/Ag@AgCl/ZnO group
stemming from Zn** released from ZnO involved in the
function of fibroblasts and production of more fibroblasts.*>*°
It is important that fibroblasts proliferate and differentiate into
myofibroblasts in the dermis and subcutaneous tissues
surrounding the wound during skin regeneration.37—39 After
the 8-day treatment, dermal fibroblasts (green arrows) and
newborn blood vessels (blue arrows) are observed. Many
neutrophils (red arrows) appear from groups I and II, and a
large amount of connective tissue (black rectangles) is observed
from the Ag/Ag@AgCl/ZnO group after the 8-day treatment.
After the 14-day treatment, the wounds with ZnO (H4 and
H6), especially the group of Ag/Ag@AgCl/ZnO (H4), heal but
infected necrotic foci (cyan rectangles) appear from groups I
and II, suggesting that the wounds have not yet healed. These
results suggest that the in vitro cytotoxicity of Ag/Ag@AgCl/
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ZnO may not be used in the safety evaluation of the materials
since it does not directly translate into wound healing in vivo.
Considering the different released amounts of Ag* and Zn**
from the different Ag/Ag@AgCl/ZnO nanocomposite hydro-
gels, the therapeutic efficacy with regard to wound healing of
the H3 and HS groups is studied, and the standard 3M wound
dressing (conventional wound therapy, Minnesota Mining and
Manufacturing Medical Equipment (Shanghai) Co., Ltd.) is
implemented for comparison. As shown in Figure S20, the H3
group shows the best treatment effect than that of H4, but the
3M wound dressing is slightly worse because there is still a
small amount of macrophages (green arrow in Figure 520) in
H3. Edema and loose structures (red arrow in Figure $20) are
observed from HS, and there is still focal coagulation necrosis
(black arrow in Figure S20) in the case of the 3M wound
dressing. The results suggest that the hydrogel embedded with
the Ag/Ag@AgCl/ZnO nanostructures enhances skin regener-
ation. H4 shows the best therapeutic efficacy compared to the
two groups of H3 and HS with a similar structure as H4 on
account of the better biocompatibility of H4 (Figure S18).
Not only the number of WBCs but also the number of
neutrophils in the whole blood of the rats collected from all the
treatment groups show obviously higher levels than the control
group after the 4-day treatment. The same is true after the 8-
and 14-day treatment, as shown in Figure SC,D. It is believed
that Ag* and Zn*" promote the immune functions and produce
a large number of WBCs and neutrophils leading to the
synergistic antibacterial activity. Furthermore, the histological
analysis of the major organs (heart, liver, spleen, lung, and
kidney) of mice does not indicate any abnormal effects or
damage after the treatment (on day 14) as shown in Figures 6
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and S22, indicating that the hydrogel constitutes a safe
therapeutic system for wound healing.

CONCLUSION

An effective photodynamic therapy based on visible light
irradiation of a hydrogel embedded with Ag/Ag@AgCl/ZnO
hybrid nanostructures accelerates wound healing and mitigates
bacterial infection. By taking advantage of the photogeneration
of ROS, the system shows significantly enhanced photocatalytic
activity, broad antibacterial activity against E. coli (Gram-
negative) and S. aureus (Gram-positive), as well as accelerated
wound healing. The hydrogel system which shows controllable
and sustained release of Ag" and Zn®** originating from the
reversible swelling—shrinking transition triggered by changing
pH has great potential in tissue repair and antibacterial
applications.

EXPERIMENTAL SECTION

Silver and Zinc lon Release. The amounts of Ag" and Zn**
released from the nanocomposite hydrogels were determined in the
phosphate-buffered saline (PBS) with pH of 7.4 and 5.6. The dried
samples (¢S mm X 2 mm) were immersed in S0 mL of PBS at 37 °C.
At certain time intervals (1, 3, 7, 14, and 21 days), 1 mL of the solution
was replaced with fresh PBS and withdrawn, and the amounts of
released Ag* and Zn** were determined by inductively coupled plasma
atomic emission spectrometry (ICP-AES, Optima 8000). The loading
capacities of Ag and Zn were investigated by dissolving the samples in
boiling concentrated nitric acid. The dried samples (¢S mm X 2 mm)
were immersed in 5 mL of concentrated nitric acid and heated to 300
°C. After the concentrated nitric acid was evaporated, 50 mL of
deionized water was injected into the solution, and 3 mL of the
solution was withdrawn to determine the concentrations of Ag* and
Zn** by ICP-AES.

Electron Spin Resonance Spectroscopy. ROS, especially the
hydroxyl radical (¢OH) and singlet oxygen (O,'), are known to cause
cellular damage including damage to cell membranes, cellular proteins,
and even DNA.’® The ROS measurements were carried out by
electron spin resonance (ESR, JES-FA200) at room temperature.
2,2,6,6-Tetramethylpiperidine (TEMP) was used as a spin trap to
detect singlet oxygen (O,") during exposure of hydrogels to simulated
sunlight, and $,5-dimethyl-1-pyrroline-N-oxide (DMPO, 0.1 mol/L)
was used to trap hydroxyl radicals (¢OH) during irradiation. The spin
traps were ESR silent but formed stable radicals with an ESR signal
after donating electrons. The micro frequency was 8.93 GHz and
power was 3 mW.

The dried samples (¢S mm X 2 mm) were immersed in 200 yL of
spin traps and irradiated by a 300 W xenon lamp (PLS-SXE300,
Beijing Changming Technology Co,. LT, China) for S min. For
comparison, the control group without samples or with HI was also
analyzed. The right amount of irradiated solution was put in a quartz
capillary tube and sealed, and the sealed capillary tube was inserted
into the ESR cavity to acquire the spectra.

In Vitro Antibacterial Activity Assay. The hydrogels were
subjected to two bacteria strains of E. coli (Gram-negative, ATCC
25922) and S. aureus (Gram-positive, ATCC 29213) at a
concentration of ca. 1.0 X 107 CFU/mL. The antibacterial activity
of Ag* and Zn®* was studied using the agar diffusion test and optical
density (OD) at 600 nm (Supporting Information). Nine mL of the
melt solid media was inoculated with 1 mL of the bacterial stock
suspension of E. coli and S. aureus, respectively, and evenly poured
onto Petri dishes to solidify rapidly. The swelled hydrogels were placed
on the agar plates and incubated at 37 °C in darkness for 12 h for E.
coli and 24 h for S. aureus. The inhibition zone for bacterial growth was
examined visually to monitor the antibacterial effect of the released
Ag" and Zn**. To measure the OD at 600 nm, 300 uL of the bacterial
suspension was added to each well with the samples and incubated at
37 °C in darkness for 12 h for E. coli and 24 h for S. aureus,
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respectively, with the H1 samples being the control. The bactericidal
ratio was determined by eq 6.

control group OD — experimental group OD

antibacterial ratio =
control group OD

(6)

The antibacterial activity of the hydrogels was further studied by the
spread plating method, SEM (JSM6510LV), and TEM (Tecnai G20).
The dried gels (¢S mm X 2 mm) were placed on 96-well plates with
the H1 samples as the control. 300 uL of the bacterial stock
suspension was added to each well with samples. The 96-well plates
containing the bacteria and hydrogels were irradiated by a 300 W
xenon lamp for 20 min and incubated at 37 °C without light for 1 h
under constant shaking. The bacteria in each well were diluted 200
times with the Luria—Bertani (LB) broth, and 10 uL of each dilution
was collected, spread onto LB agar plates, and incubated at 37 °C for
24 h to form viable colony units. The bacteria survival ratio was
calculated by eq 7:

X 100%

CFU (cell + gel + rad) X 100%
CFUj (cell)

survival ratio =

)

where CFU (cell + gel + rad) was the area of the colony forming units
measured in the presence of the dried gels and CFU, (cell) was the
area of colony forming units measured in the presence of H1 but
without simulated sunlight.

For SEM and TEM observation, the samples were processed by the
same way as the 96-well plate test. The only difference was the
incubation time of 8 h for samples for SEM observation and 24 h for
TEM observation. After bacterial adhesion, the hydrogels were washed
three times with PBS to remove nonadherent bacteria. The adherent
bacteria on the hydrogels were fixed with 2.5% glutaraldehyde (25%
glutaraldehyde:distilled water:PBS = 1:4:5) for 2 h, dehydrated by
alcohol with different concentrations of 30, 50, 70, 90, and 100%
orderly for 15 min, and freeze-dried overnight prior to SEM
(JSM6S10LV) observation. The bacterial suspensions after co-
culturing with hydrogels for 24 h were withdrawn and centrifuged at
6000 rpm for S min. The condensed cells were fixed with 2.5%
glutaraldehyde for 2 h and postfixed with 1% aqueous OsO, at room
temperature for 2 h. Afterward, the samples were washed three times
with PBS and dehydrated separately in an ascending ethanol series (30,
50, 70, 80, 90, and 100%) for 15 min before they were processed in the
embedding medium (acetone: Epon 812 (SPI 90529-77-4) = 1:1) and
pure Epon 812 orderly for 12 h. The samples were then embedded at
60 °C for 48 h. The sections (60—80 nm thick) were prepared with a
microtome (Leica UC7) equipped with a diamond knife (Tecnai G2
20 TWIN) and stained with uranylacetate. Finally, the thin sections
containing the cells were placed on copper grids for TEM (Tecnai
G20) observation.

Cell Culture and MTT Assay. The experimental procedures for
cell culture of mouse calvarial cells (MC3T3-E1) are described briefly
in the following. The cells were cultured in the a-MEM (HyClone)
medium containing 10% fetal bovine serum (FBS) and 1% penicillin-
streptomycin solution (HyClone) at 37 °C in an incubator at 5% CO,
and 95% humidity. The complete medium was replaced every 3 days,
and confluent flasks were subcultured using trypsin.

In the MTT assay, the cells were seeded on the dried gels on 96-
well plates with 300 yL of the medium. The medium was refreshed
every 3 days with the HI group as the control. After 1, 3, and 7 days,
the culture medium was removed from each well, and 300 uL of the
MTT solution (5 mg/mL in PBS) was added to each well and cultured
at 37 °C for 4 h. Afterward, the MTT solution was replaced with 300
UL of dimethyl sulfoxide (DMSO), followed by shaking for 15 min.
200 pL of the supernatant from each well was transferred to a 96-well
plate, and the absorbance was measured at 490 or 570 nm on a
microplate reader (SpectraMax i3, Molecular Devices).

In Vivo Animal Experiments. The in vivo animal experiments
were approved by Wuhan Servicebio Technology Co., Ltd. China, and
the male Wistar rats (180—200 g body weight) were obtained from
Wuhan Centers for Disease Prevention & Control. The rats were
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individually raised in cages at a standardized temperature for 2 days
and evenly divided into four groups (each group containing five rats):
control group (H1, group I), Ag/Ag@AgCl group (H2, group II), Ag/
Ag@AgCl/ZnO group (H4 for representative, group III), and pure
ZnO group (H6, group IV). The rats were anaesthetized by 10%
chloral hydrate (30 mg/kg), and two partial thickness wounds were
made on the right and left sides of the backbone with a surgical scalpel
covering a rectangular surface (length of about 7 mm). The dried
samples of four groups were soaked with 300 uL of S. aureus (1.0 X
107 CFU/mL) for 1 h, and the wounds of the four groups were tightly
covered with soaked hydrogels (H1, H2, H4, and H6) using
nonopaque sterile medical tapes. The rats were individually raised in
cages at a standardized temperature on a 12:12 L/D cycle (lights on at
8 am.), and the wounds with hydrogels were irradiated by a 300 W
xenon lamp for 10 min at 8 am. every 2 days. The hydrogels were
changed every 2 days, and the process continued for 14 days with the
soak solution being 0.9% NaCl instead of the S. aureus suspension.
After 2, 4, 8, and 14 days, the wound areas were observed and
photographed. The skin tissue samples were excised and fixed with
10% formalin to prepare the pathological slides. After staining with
H&E, the histological images were acquired on an optical microscope
(NIKON Eclipse Ci). Meanwhile, 20 uL of the exudate from the
wound was collected on day 2, 4, and 8 and then diluted 100 times
with the LB broth. Twenty uL of each dilution was collected and
spread on the LB agar plate and incubated at 37 °C for 24 h to form
viable colony units. Finally, 1 mL of whole blood was collected from
the rat for routine analysis on a veterinary automatic blood cell
analyzer (Mindray BC-2800 Vet). The major organs including the
heart, liver, spleen, lung, and kidney were harvested and stained with
H&E after the 14-day treatment.

Statistical Analysis. All data were evaluated as mean + standard
deviation based on at least three tests and contrasted via Kruskal—
Wallis one-way analysis of variance (ANOVA).
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1. Experimental section

1.1 Preparation of the CMC hydrogel

To prepare the CMC hydrogels in a 250 mL three-neck round bottom flask, 3 g of
CMC were dissolved in 100 mL of 3% W/V NaOH under continuous stirring for 30
min to obtain a homogenous viscous mixture. 6 mL of epichlorohydrin (ECH) were
added drop-wise with a funnel and stirred for 2 h until a homogenous mixture was
obtained. The mixture was poured onto a glass petri dish with a diameter of 15 cm
and heated to 80 °C for 2 h to achieve better prepolymerization. The prepolymer was
collected and washed several times with distilled water to remove residual NaOH and
ECH and dried in an oven at 50 °C for 24 h until a white solid dried gel was obtained.
1.2 Fabrication of the Ag/Ag@AgCl/ZnO embedded hydrogels

The obtained dried gel was cut with a mold to obtain slices with a regular shape and
uniform size of @18 mmx1mm (0.12 g). The samples were immersed in 100 mL of
distilled water for 12 h for water-absorption swelling to open the pores in the gel. The
swollen gel samples were immersed in 100 mL of silver nitrate (AgNO;) with
different concentrations (0.00, 2.50 mM, 0.75 mM, 1.25 mM, and 2.50 mM) to
incorporate Ag” and part of Ag" combined with CI” in the hydrogels to form silver
chloride (AgCl). In order to load Zn*", the swollen hydrogel plate was put in 100 mL
of zinc nitrate (Zn(NOs),;) with a concentration of 5 mM for 12 h. The hydrogel
samples were divided into six groups, group 1, group 2, group 3, group 4, group 5,
and group 6 with 3 samples in each group. The samples were rinsed with distilled
water thoroughly to remove Ag  and Zn*" attached to the surface. After cleaning,
group 1 was freeze-dried overnight to obtain the dry gel. Group 6 was placed in 100
mL of 0.01 M NaOH for 4 h to obtain ZnO produced by combination of the hydroxide

ion and loaded Zn*" and this group was rinsed with distilled water to remove residual
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NaOH and freeze-dried overnight to obtain the dry ZnO nanocomposite hydrogels.
The other 4 groups (2, 3, 4, and 5) were illuminated with UV light (A = 365 nm) for 2
h to obtain Ag NPs from reduction of the loaded Ag" and AgCl. Group 2 was
freeze-dried overnight to obtain the dry Ag/Ag@AgCl nanocomposite hydrogels.
Groups 3, 4, and 5 were placed in 100 mL of 5 mM of Zn(NOj3), for 12 h and the
subsequent processes were the same as that for group 6 followed by freeze-drying
overnight to obtain the dry Ag/Ag@AgCl/ZnO nanocomposite hydrogels. The
products were labeled as H1, H2, H3, H4, H5, and H6 as shown in Table S1.

1.3 Characterization of the nanocomposite hydrogels

To determine the phase structure, the dried gels with different concentrations of initial
AgNO; were analyzed by X-ray diffraction (XRD, D8A2S5, Bruker, Germany) in the
continuous mode with 20 scanned from 20° to 80°, step size of 0.02°, and incident
angle of 3°. The morphology and composition of the dried gels were determined by a
scanning electron microscopy (SEM, JSM7100F and JSM6510LV) equipped with an
energy-dispersive X-ray spectrometer (EDS). The microstructure of the dried gels was
investigated by transmission electron microscope (TEM, Tecnai G20) and
selected-area electron diffraction (SAED).

1.4 Swelling behavior

To facilitate the swelling tests and biological assay, the samples (H1, H2, H3, H4, HS,

and H6) were cut into circular pieces with dimensions of @¢5mmx2mm (0.7 mg).

The samples were immersed in 10 mL of aqueous solutions with a series of pH at
room temperature for 24 h to reach the swelling equilibrium. The swelling ratio of the

hydrogels was calculated by Eq. (1).

_ % 0
Swelling ratio = (W- Wo) 7100% (1)
Wo ’
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where W, was the initial weight of the dried gels and W was the weight of the
samples after swelling for 24 h. To prepare the different pH media, the HCI (1.0 M)
and NaOH (1.0 M) solutions were diluted with distilled water to reach the
pre-designated pH of 2, 3, 4, 5.6, 7, 8, 9, or 10.

2. Results and discussion

2.1 Swelling behavior

The swelling ratios of all hydrogels increase as the pH goes up from 2 to 8 but
decreases when the pH is over 8. This is caused by the carboxylate groups on the
polymer chains being protonated at a low pH to eliminate the anion-anion repulsive
forces. Water molecules are taken out to decrease the swelling ratio. When the pH
reaches 8, the carboxylate groups are ionized resulting in electrostatic repulsion
between the carboxylate groups and the maximum swelling capacity. However, in the
more basic solutions (pH = 9 and 10), the ionic strength of the medium increases and
as a result, the carboxylate groups are shielded by the counter ions from the solution
thus preventing electrostatic repulsion and decreasing the swelling ratio.

The swelling ratio of H6 is less than that of H2 at low pH (< 6) due to ZnO NPs in H6.
When the ZnO NPs are dissolved in the acidic solutions, they produce a large number
of zinc ions and part of Zn*" with two positive charges is bound to two carboxylate
groups on the adjacent two chains as shown in Figure S7a. This produces compressing
force between the two chains to decrease the swelling ratio. The force is eliminated
when the pH is over 7 because the ZnO NPs remaining in the solutions produce a
larger swelling ratio for H6 than H2. As shown in Figure S7b, the CMC hydrogel
swells after water absorption but shrinks in the presence of Zn>*. The corresponding
optical images in Figure S7c provide further evidence about this phenomenon. The

diameter of the hydrogel increases from 5 mm to 17 mm after water absorption but
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decreases to 13 mm in the presence of Zn”>". The Zn>" response makes it possible for
the CMC hydrogel to be a special carrier in drug delivery systems. Furthermore, the
corresponding optical images in Figure S8 illustrate the rapid reversible
swelling-shrinking behavior of the hydrogels, indicating that they are promising in
drug delivery systems, tissue engineering, sensing systems, smart coating materials,

and so on."”
2.2 Effects of light intensity and wavelength on the antibacterial activity

H2 is selected to study the effects of light intensity and wavelength on the
antibacterial activity due to its excellent photocatalytic property. As shown in Figure
S16A, as the visible light intensity is increased, the number of colony units decreases
and the antibacterial ratio of H2 increases gradually (Figure S16B). Moreover, H2
delivers excellent antibacterial performance after irradiation with a 200 W xenon lamp
with wavelengths over 300 nm or over 410 nm (controlled by the optical filter) as
shown in Figure S17. The antibacterial effect of H2 diminishes when the wavelength
is larger than 510 nm, especially over 600 nm and over 800 nm, indicating that light
with the wavelength range of 300-510 nm is crucial to the antimicrobial and

photocatalytic activity of the Ag/Ag@AgCl hybrid nanostructures (H2).
2.3 SEM images of the hydrogel after wound therapy

The SEM images of the Ag/Ag@AgCl/ZnO nanocomposite hydrogels after wound
healing in the animal models are depicted in Figure S21. The Ag@AgCl
nanostructures (Figure S21A) are still intact while both Ag and ZnO are reduced
sharply and even disappear due to the acidic environment arising from inflammation
during the wound healing process. Both the Ag NPs and ZnO can dissolve in the

acidic environment and it is consistent with the ion release behavior presented in
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Figure 3.

3. Supplementary Table and Figures

Step 1 Step 2 Step 3 Step 4 Step 5
H1 H,012h _ _ _ _
AgNO,
H2 H,012h UV2h < e
25mM12h
AgNO Zn(NOy), -6H,0 NaOH
H3 H,012h S UV2h Bk 60
0.75 mM 12 h SmM12h 0.01M4h
AgNO Zn(NO3), -6H,0 NaOH
H4 H,0 12h A UV2h (RO 6H;
125mM 12 h smM12h 0.01M4h
AgNO Zn(NO3),; -6H,0 NaOH
HS H,012h B Uv2h (RO, 61
25mM12h SmM12h 0.01M4h
Zn(NO;), 6H,0 |  NaOH
6 H,012h n(NG,), -6H, o .
SmM12h 0.01M4h

Table S1. Fabrication process for the different nanocomposite hydrogels.

Figure S1. Typical SEM images of the networks in the CMC hydrogel of (A) not

swollen and (B) Swollen after water absorption (Scale bars = 10 um).
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Figure S2. SEM images of the damaged networks in the CMC hydrogel (Scale bar =

10 pm).
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Figure S3. SEM images of (A) Ag nanoparticles in hydrogel and (B) Corresponding

elemental area scan by EDS (Scale bar = 1 um).
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Figure S4. TEM image of (A) Ag nanoparticles, (B) Ag nanoparticles incorporated
into the ZnO nanorods (Scale bars = 50 nm.), and (C) ZnO nanoparticles in the

hydrogels. The insets are the corresponding SAED results (Scale bar = 100 nm).
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Figure S5. EDS analysis of Ag@AgCl nanostructures (Scale bar = 100 nm).
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Figure S6. Typical SEM images of the networks in the hydrogels of (A) H1, (B) H2,

(C) H3, (D) H4, (E) H5 and (F) H6 (Scale bars = 10 um).
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Figure S7. (A) Combination of Zn** with the networks of hydrogel, (B) Zn*"
g

responsive swelling, and (C) Corresponding optical images.

Figure S8. Optical images corresponding to the cyclic pH-stimulated transitions of

hydrogels between pH changes from 2 to 7.4 with 1-min intervals.
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Figure S9. Cumulative silver ion release profiles acquired from the nanocomposite
hydrogels: (A) H2, (B) H3, (C) H4 and (D) HS in pH 7.4 and 5.6 PBS. The
experiment was performed in triplicate and independently (n = 3) with data being

mean + SD.
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Figure S10. (A) Formed inhibition zones of swollen hydrogels of H1, H2, H3, H4,
HS5, and H6 against E. coli and S. aureus after incubation at 37°C in darkness for 12 h
for E. coli and 24 h for S. aureus; (B) Antibacterial effects of the ions released from
the different samples in darkness for 12 h for E. coli and 24 h for S. aureus. The
experiment was performed in triplicate and independently (n = 3) with data being

mean + SD.
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Figure S11. SEM images of E. coli treated with (A) H1, (B) H2, (C) H3, (D) H4, (E)

H5 and (F) H6 (Scale bars = 1 um).

S-16



Figure S12. SEM images of S. aureus treated with (A) H1, (B) H2, (C) H3, (D) H4,

(E) HS and (F) H6 (Scale bars = 1 pum).
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Figure S13. Formed viable colony units of E. coli (left) and S. aureus (right) after
treatment with hydrogels under visible light or without light for 20 min, incubated at
37 °C in darkness for 1 hour, diluted 200 times, spread on LB agar plates, and

incubated at 37 °C for 24 h.
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Figure S14. (A) Survival ratios of S. aureus before and after light illumination; (B)
Corresponding formed viable colony units. The experiment was performed in

triplicate and independently (n = 3) with data being mean + SD.
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Figure S15. (A) Survival ratios of S. aureus after exposure to H2 and simulated
sunlight for only 20 min and for 20 min (with 1 h in darkness); (B) Corresponding
formed viable colony units. The experiment was performed in triplicate and

independently (n = 3) with data being mean + SD.
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Figure S16. (A) Formed viable colony units of S. aureus after exposure to H2 and
simulated sunlight with different power for 20 min (with 1 h in darkness); (B)
Corresponding survival ratios. The experiment was performed in triplicate and

independently (n = 3) with data being mean + SD.
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Figure S17. (A) Formed viable colony units of S. aureus after exposure to H2 and
different wavelengths for 20 min (with 1 h in darkness); (B) Corresponding survival
ratios. The experiment was performed in triplicate and independently (n = 3) with data

being mean + SD.
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Figure S18. Cell viability treated with the hydrogels at days 1, 3 and 7. The
experiment was performed in triplicate and independently (n = 3) with data being

mean + SD.
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Figure S19. Viable colony units of S. aureus formed from the exudate of the wounds

at days 2, 4 and 8.

Figure S20. Wound photographs taken from the rats after 14-day treatment by 3M
wound dressing, H3, and H5 and the corresponding immunology of histological

images of the skin tissue samples on the wounds (Scale bar = 100 um).
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Figure S21. SEM images of (A) Ag/Ag@AgCl nanostructures, (B) H3, (C) H4, and

(D) H5 after wound healing in the animal models (Scale bar = 1 um).
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Figure S22. H&E staining of the heart, liver, spleen, lung, and kidney tissue slices
after the 14-day treatment for different treatment groups (3M wound dressing, H3,

and HS) [Scale bar = 100 um)].
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