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Background: Much attention has been paid to sustained drug release and anti-infection in wound management. Hydrogels, which are
biocompatible materials, are promising tools for controlled drug release and infective protection during wound healing. However,
hydrogels also demonstrate limitations in the highly efficient treatment of wounds because of the diffusion rate. In this work, we
explored pH-sensitive hydrogels that enable ultra-long-acting drug release and sustained antibacterial properties.

Methods: We constructed a hybrid gelatin methacrylate (GelMA) system with sustainable antibacterial properties combining
hyaluronic acid (HA)-coated mesoporous silica nanoparticles (MSN), which loaded host-guest complexes of chlorhexidine (CHX)
with B-cyclodextrins (f-CD) (CHX<CCD-MSN@HA@GeIMA). The release mechanism of CHX was explored using UV-vis spectra
after intermittent diffusion of CHX. The hybrid hydrogels were characterized, and the drug content in terms of the release profile,
bacterial inhibition, and in vivo experiments were investigated.

Results: Except for dual protection from both hydrogels, MSN in the HA improved the drug loading efficiency to promote the local
drug concentration. It showed that complicated CHX-loaded MSN releases CHX more gradually and over a longer duration than
CHX-loaded MSNs. This demonstrated a 12-day CHX release time and antibacterial activity, primarily attributable to the capacity of
B-CD to form an inclusion complex with CHX. Meanwhile, in vivo experiments revealed that the hydrogels safely promote skin
wound healing and enhance therapeutic efficacy.

Conclusion: We constructed pH-sensitive CHXCCD-MSN@HA@GeIMA hydrogels that enable ultra-long-acting drug release and
sustained antibacterial properties. The combination of B-CD and MSN would be better suited to release a reduced rate of active
molecules over time (slow delivery), making them great candidates for wound dressing anti-infection materials.
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Introduction

Traumatic infections, caused by bacterial pathogens, are common causes of patient morbidity and a major global
healthcare challenge, leading to wound infection and even life-threatening illnesses.' Infected wounds, as one of the
most significant fatality issues, delay the healing cycles and even cause deterioration, resulting in serious tissue damage
as microorganisms compete with the host immune system and invade viable tissue, especially Staphylococcus aureus.*®
Currently, a few types of biocompatible hydrogels, such as hyaluronic acid (HA) and gelatin methacryloyl (GelMA),
have been applied as wound dressings which can effectively isolate further wound infection.”* The wound healing of
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surface infection normally lasts long. Simple physical defense can only alleviate further wound infection but not heal.’'
Therefore, some antibacterial drugs are loaded into hydrogels to improve healing. However, the morphological structure
of hydrogels limits the capacity of drug loading, and no strong interactions can be formed between drug molecules and
internal structures.'' ™ Increasing the loading capacity of hydrogels is key to achieving long-term wound healing.
Nanoparticles and nanofibers have high porosity and high specific surface area, which allowed drug to permeate and
facilitates the growth of cell tissues; it is similar to the scale and morphology of extracellular matrix (ECM), which is
facilitate antibacterial and proliferation. It can meet the special environment of the Infected wounds.'*'> In the past two
decades, much attention has been paid to mesoporous silica nanoparticles (MSN) resulting from the high surface area and
tunable pores, demonstrating significant advantages in drug delivery systems.'®'” Previous studies based on surface
modification of MSN can increase the ion-dipole interactions between drugs and MSN surfaces, further achieving both
the high capacity of drug loading and slow release.”> >* After that, stimulus-response structures, such as nanovalves and
polymers, are installed and coated on the surface of MSN. These promote a series of activations that can operate to
process the targeted and controlled release.”*?’

We currently combine GelMA and drug-loaded MSN to prepare a new type of wound dressing, which achieves
physical isolation and chemical treatment (Scheme 1). Chlorhexidine (CHX), a typical antibacterial drug, is selected to be
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Scheme | Schematic illustration of the preparation of CHXCCD-MSN@HA@GelMA for the bacteria-infected wound healing.
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loaded into the pores of MSN.?® Moreover, MSN is coated with HA, which can be activated by different pH values to
control the CHX release accurately.?>** In addition, host-guest inclusions, rather than only drug molecules, can provide
extra control of CHX to prolong the release period further.’'? In the host-guest system, p-cyclodextrins (B-CD) have
been chosen as host molecules because of their biocompatibility, which possesses hydrophilic outers and hydrophobic
cavities.>>** The cavities can form host-guest inclusions with CHX molecules (CHXCSCD) through dipole-dipole and
hydrophobic interactions.>> 7 After the inclusions are released from MSN, CHX will slowly dissociate from the host-
guest complex to achieve the long-lasting antibacterial activity. To successfully load the inclusions, swollen MSN is
synthesized using a co-template for enlarging the pore sizes of MSN to about 5 nm, which can quickly load the inclusions
to obtain CHXCCD loaded MSN (CHX<CD-MSN). After coating with HA, CHX<CCD-MSN@HA is mixed with
GelMA (CHX<CD-MSN@HA@GelMA) to form wound dressings by radical polymerization.

Compared with previous research, the wound dressing in the design blocks prevents wound infection from the outside
and integrates chemotherapy. Furthermore, this design uses host-guest inclusions to replace drug molecules for the first
time, which significantly prolongs the release period of the drug, thus promoting a stable and long-lasting repair effect on
wound healing. Additionally, the HA coating on the surface of MSN enhances the binding force between CHX<CD-
MSN@HA and GelMA, which also brings another property of controlled release.

Materials and Methods

Materials

All the reagents were used as received unless noted otherwise. Hexadecyltrimethylammonium bromide (CTAB, 98%)
and Irgacure 2959 were purchased from Sigma-Aldrich. Chlorhexidine, Tetraethyloxysilane (TEOS), and gelatin
methacryloyl (GelMA) were obtained from Aladdin Reagent Co. Ltd. Sodium hydroxide (NaOH), acetone and methanol
(MeOH) were obtained from Sinopharm Chemical Reagent Limited Corporation and used as received. Trypsin-EDTA
(0.25%), fetal bovine serum (FBS), Dulbecco’s modified Eagle medium (DMEM), Hank’s Balanced Salt Solution, LIVE/
DEAD™ Viability/Cytotoxicity Kit, LIVE/DEAD™ BacLight™ Bacterial Viability Kit, and CCK-8 kit were purchased
from Life Technologies. Trypticase soy broth (TSB), B-cyclodextrin (B-CD), and chlorhexidine were purchased from
Solarbio. Hyaluronic acid (HA, MW = 30-50 kDa) was purchased from Bloomage Biotechnology Corporation Limited.
All glassware and Teflon-coated magnetic stirring bars were carefully cleaned with aqua regia, followed by profuse
washing with pure DI water using a Millipore system.

Preparation of CHXCCD and CHXcCD-MSN@HA

Generally, a solution of CHX (2.5 mg) dissolved in acetone (10 mL) was mixed into a B-CD aqueous solution (10 mg/
10 mL) and stirred for 24 h. The inclusion complex, CHX<CD, was placed in an aqueous solution when the organic
solvent was evaporated. However, the free CHX molecules were precipitated and removed by filtration. The inclusion
complex of CHX<CD was collected after the removal of the aqueous solution.

Bare MSN was synthesized using a modified approach from the previous literature.>® CTAB (1 g) was dissolved in
480 mL of H,O and 3.5 mL of NaOH aqueous solution (2 mol/L). To activate the template, 7 mL of mesitylene was
added to the solution and vigorously agitated for 2 h at 80°C. Sequentially, dropwise additions of TEOS (5 mL) were
added to the solution, which was then rapidly agitated for another 2 h at 80°C to form a white precipitate. The precipitate
was collected using hot filtration, then washed with excess MeOH and dried under vacuum overnight at room
temperature. A suspension of the as-synthesized material (1 g) in MeOH (100 mL) was agitated for 6 h at 50°C in the
presence of concentrated HCI to remove the template (37%, 0.75 mL). Filtration was used to capture the bare MSN,
which was then dried under vacuum at room temperature overnight.

Bare MSN (20 mg) was soaked in an aqueous solution of CHX<CD (0.5 mmol/L in PBS, 10 mL, pH = 7.4) for 5 h at
room temperature to obtain CHXCCD-MSN. Then, HA (15 mg) in PBS (1 mL, pH = 7.4) was added to the loading
solution, and the mixture was then stirred for 15 min. The solution was centrifuged for 1 min at 8000 rpm, and the
precipitate was redispersed into a new batch of PBS (11 mL) containing HA (15 mg). CHXCCD-MSN@HA was
obtained by repeating the previous steps three times, then lyophilized after three washes in PBS (10 mL, pH = 7.4).
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Preparation of CHXcCD-MSN@HA@GelMA Hydrogels
Irgacure 2959 aqueous solution (0.05%, w/v) was prepared by dissolving 50 mg of Irgacure 2959 in DI water (10 mL).

The GelMA (10 g) was then dissolved in the prepared Irgacure 2959 aqueous solution (5 mL) and stirred for 10 min at
60°C to obtain a 20% GelMA aqueous solution (w/v). To form CHXCCD-MSN@HA@GeIMA, a few amounts (1, 0.5,
0.25, 0.125, 0.0625, 0.03125 mg/mL) of CHXcCD-MSN@HA were centrifuged and distributed in GeIMA solution
(20%, w/v). Under UV light (LED light: 385-515 nm), this mixture was applied to a PMMA mold to obtain disc-shaped
CHX<CD-MSN@HA@GeIMA.

Characterization

All the samples were vacuum freeze-dried before material characterization. The surface chemical structures were evaluated
using Fourier Transform Infrared (FTIR, Tensor II, BRUKER, Germany) spectroscopy. The sampling range was adjusted at
500-4000 cm'. The elemental composition of the surface structure was determined using an X-ray photoelectron
spectroscopy (XPS, Thermo Fisher Scientific, U.K.), which used a monochromatic source of Al Ko radiation as the
x-ray source. Thermal gravimetric analysis (TGA) was collected on a TGA thermal analyzer (TGA8000, PerkinElmer,
USA). The samples were heated at a rate of 10°C/min from 100—900°C under a nitrogen atmosphere. NMR spectra were
obtained by a Bruker Avance™ 400 spectrometer with a Bruker Ultra-Shield 9.4 T (proton Larmor frequency of 400.33
MHz), and a BBI probe was used to record the experiments (1H, X). The morphology of nanoparticles was studied using
scanning electron microscopy (SEM) and transmission electron microscopy (TEM). SEM images were taken with Hitachi
(SU8010) equipment. Samples were put on silica wafers and sprayed with platinum for 60s. Next, TEM images were
collected using FEI Talos 200s equipment with a 200 kV operating voltage. X-ray diffraction (XRD) was used to determine
the mesostructured ordering. Cu radiation was used to record XRD data on a Rigaku D/Max-2550 V diffractometer.
Micromeritics Tristar 3000 analyzer was used to conduct nitrogen adsorption-desorption isotherm tests at 77 K under
a continuous adsorption condition. Brunauer-Emmett-Teller (BET) and Barrette-Joynere-Halenda (BJH) were collected to
investigate the specific surface area and pore size distribution curve, respectively. The mechanical characteristics were
confirmed using a stress-controlled rheometer (DHR-2, TA, USA). All the samples were made with a height of 1 mm and
a diameter of 40 mm. In a shear strain of 0.5%, the energy storage and loss modulus distribution of the samples were
measured at a frequency range from 0.1 to 10 Hz. To determine the loading efficiency of CHX<CD, CHX<CD (10 mg)
was degraded with hydrochloric acid, and the quantity of chlorhexidine in the solution was then measured by HPLC.
Hydrogels were submerged in PBS until equilibrium swelling was reached. Each hydrogel was blotted gently with
KimWipes to remove the surface liquid, and its original mass was measured. Each disc-shaped hydrogel was destroyed
at 37°C in a 2 mL PBS (pH = 7.4) solution containing Proteinase K enzyme (0.1 mg/mL). Every day, the enzyme solution
was refreshed. At certain intervals, the surface liquid of each hydrogel was wiped away, and the remaining mass was
measured.

In vitro Drug Release Profiles

CHXcCD-MSN (10 mg) or CHX-MSN (10 mg) suspension in H,O (2 mL, pH 7.4) were dialyzed against 20 mL of
H,0 in a dialysis bag (MWCO=1 KDa). At predetermined intervals, 1.0 mL of release solution was withdrawn and
replaced with an equivalent amount of fresh medium. The quantity of CHX released was measured using a UV-vis
spectroscopy curve. Then, CHXCCD-MSN@HA (10 mg) and CHX-MSN@HA (10 mg) suspension in H,O (2 mL,
pH 7.4) were also dialyzed against 20 mL of various buffer media (pH 7.5 and pH 5.5) in the dialysis bag. The
amount of emitted CHX was measured using UV-vis spectroscopy at intervals of 1, 2, 4, 6, 12, 24, 48, 72, 96, 144,
192, 240, 288, and 360 h. Hydrogel samples (§ mm diameter x 3 mm thick) were submerged in various buffer
mediums (pH 7.5 and 5.5) to assess the triggered release behavior of CHX from the CHX<CD-MSN@HA @GelMA
hydrogels. The amount of emitted CHX was measured using UV-vis spectroscopy at intervals of 1, 2, 4, 6, 12, 24, 48,
72, 96, 144, 192, 240, 288, and 360 h. The procedure for measuring the quantity of CHX released was reported in
previous research,’” and the amount of CHX released was estimated using the calibration curve and measuring the
absorbance at 254 nm.
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In vitro Cytotoxicity Studies

In vitro cytotoxicity of CHXCCD-MSN@HA@GeIMA hydrogels against L1929 cells (American Type Culture
Collection, ATCC, Rockville, MD, United States) was determined by the CCK-8 and LIVE/DEAD assay. Briefly,
L929 cells were cultured in DMEM with different concentrations of CHXCCD-MSN@HA embedded in GelMA
hydrogels at 37°C for 24 h. After that, 10 uL of CCK-8 solution was added and incubated in the dark. After 2 h of
culture, 200 pL of supernatant was transferred to a 96-well plate, and the OD of the culture plate solution at 450 nm was
determined using a spectrophotometer (1530, Thermo Fisher, Finland). Then, 1929 cells were incubated with
MSN@GelMA, CHX-MSN@HA@GelIMA, and CHXCCD-MSN@HA@GeIMA for 3, 5, 7, and 9 days under the
optimal concentrations indicated above. The CCK-8 solution (10 pL) was added and measured using
a spectrophotometer at 450 nm. On days 5, 7, and 9, the LIVE/DEAD™ Viability/Cytotoxicity Kit was also utilized
to determine cell viability following the specified therapy. 1929 cells were assessed using a ZEISS Axio Vert. Al
fluorescent microscope imaging system and stained with the LIVE/DEAD™ Viability/Cytotoxicity Kit.

In vitro Antibacterial Effects

In vitro antibacterial effects of CHXCCD-MSN@HA@GeIMA hydrogels were assessed against S. aureus and E. coli, respec-
tively. At first, either 100 uL of S. aureus or E. coli (10° CFU/mL) was incubated with different concentrations of CHXCCD-MSN
@HA embedded in GeMA hydrogels at 37°C for 24 h. Then, 100 pL of bacterial suspension was incubated with MSN@GelMA
hydrogels, CHX-MSN@HA@GeIMA hydrogels, and CHXCCD-MSN@HA@GeIMA hydrogels for 1, 3, 5, 7, and 9 days in
TSB medium. S. aureus and E. coli culture without any materials served as control. The growth of S. aureus and E. coli was then
validated using a SpectraMax M2 microplate reader to measure the optical density (OD) at a wavelength of 600 nm (ODggonm)
(Molecular Devices, USA). The bacteria were washed twice with PBS (1 mL, pH 7.4) after removing the supernatants before
staining with the LIVE/DEAD™ BacLight™ Bacterial Viability Kit. Using the ZEISS Axio Vert. A1 fluorescent microscope
imaging equipment, the bacterial viability was observed. S. aureus and E. coli were collected in centrifuge tubes and rinsed three
times with PBS solution after treatment with prepared materials. The bacterial precipitates were then extracted using centrifuga-
tion, fixed with 2.5% glutaraldehyde, and dehydrated with ethanol at various concentrations. Finally, the bacteria were preserved
in ethanol (99.5%) and examined by SEM. Agar plate diffusion tests were also employed to evaluate the antibacterial activity. On
each agar plate, 100 pL of bacterial suspension was added to agar plates, and hydrogels were placed onto these agar plates and
incubated for 24 h at 37°C. In addition, at 5, 7, and 9 days, bacterial suspensions were serially diluted in PBS (1 mL, 0.01 M, pH
7.4) and plated on blood agar plates to quantify live bacterial cells by counting CFU (CFU/mL).

In vivo Antibacterial Properties

The Laboratory Animal Ethics Committee of Wenzhou Medical University & Laboratory Animal Centre of the Wenzhou
Medical University allowed in vivo animal research. All animal experiments are conducted in strict accordance with the
guidelines for Ethical Review of Experimental Animal Welfare of the People’s Republic of China (GB/T35892-2018). After
a conventional anesthetic approach, a full-thickness round skin incisional wound (5 mm) was produced in male BALB/c mice
(Beijing Vital River Laboratory Animal Technology Co, Ltd) to establish an infected wound model for in vivo research. Then,
the wounds were infected for 1 hour with 20 L of 10® CFU/mL S. aureus to form the infected wound. The mice were separated
into four treatment groups, with the wounds being coated with PBS (50 uL, pH 7.4), MSN@GelMA, CHX-MSN
@HA@GeIMA and CHX<CCD-MSN@HA@GeIMA (n=5). After one day, rats were sacrificed, and the bacteria amounts
in wounds were determined using an agar plate counting method. All the treated mice were kept in separate cages during the
trial and constantly observed. The wound areas were assessed on treatment at 1, 5, 10, and 15 days, and the wound closure rate
was estimated using Image-Pro Plus. Wound samples were collected after 15 days and preserved in a 4% formaldehyde
solution before being embedded in paraffin. For histological investigation, tissue slices were placed on slides. Using normal
techniques, hematoxylin and eosin (H&E) staining (and a Nikon microscope) were used to visualize the pathological
alterations of the wounds and the vital organs. In this study, a hemolysis assessment was carried out to evaluate the blood
compatibility of the hydrogel. Typically, PBS was the negative control group, while DW was the positive control group. After
coculturing with the PBS group, CHXCCD-MSN@HA@GeIMA hydrogels groups, and DW group for 6 h, all supernatants
were collected, and their OD values at 545 nm were recorded.
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Statistical Analysis
The results were expressed as mean =+ standard deviation (SD) from at least three independent experiments. One-way
analysis of variance with Tukey’s test (Origin 8.0) was used for statistical analysis. *p < 0.05 was statistically significant.

Results and Discussion
Characterization of the Inclusion: CHX<cCD

In the preparation of CHXCCD, no new chemical bonds were formed in the inclusion. Therefore, the FTIR spectrum of
CHXcCD presents the vibrations of the bonds from both CHX and B-CD. The aromatic rings of CHX are represented by the
wide and solitary N-H vibration at ~3400 cm ! and the C=C stretching bands at 1602, 1537, and 1480 cm . At 3500
3300 cm ', the OH groups of the -CD ring overlap with the NH band of CHX. The C-O-C stretch vibration of the glucose unit
of B-CD causes the band at 1032 cm™ . After complicated development, the p-CD bands at 3500-3300 cm ™' and 1032 cm !
are sharpened. Physical combinations of free CHX and free B-CD have been reported in the literature to have wide IR bands
around 3500-3300 cm ™' and about 1100 cm ™', which are sharpened following complexation resulting from the breakdown of
hydrogen bonding upon inclusion.** The C=C bands of CHX at 1602 cm ' change to higher wavenumbers because of
complexation, whereas the band at 1537 cm™ " shifts to lower wavenumbers. In contrast to the B-CD bands becoming sharper,
the typical CHX bands get larger (Figure S1 and Figure 1 A). In this study, CHXCCD showed 23.07% CHX loading efficiency.
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As a result, by comparing the proton chemical shifts obtained for the guest-host combination with those identified for the
separate species, 'H NMR can offer direct information on the complex structure. Two pairs of linked doublets in the aromatic
area (between 7 and 7.3 ppm), three multiplets for the biguanide portion (at 3.0, 1.3, and 1.1 ppm), and a multiplet for the
digluconate ion (between 3.5 and 4 ppm) are seen in the CHX spectrum (Figure 1B and C). The signal of B-CD protons is also
visible, with H1 at 4.91 ppm, internal protons H3 and HS5, and exterior protons H6, H4, and H2 at 3.40 and 3.85 ppm.
Nevertheless, a shift of the CHX aromatic protons is observed on the spectra. The aromatic region of CHXCCD was shifted
from 7.0 to 5.0 ppm. The signal of the B-CD protons also altered, especially in the 3.7 to 3.9 ppm range, which corresponds to
the internal protons (H3 and HS5). Conversely, the signals of the external protons (H2 and H4) did not change or only
marginally changed. These findings align with Denadai et al, who demonstrated the host—guest-type assembly between CHX
and B-CD in detail.*! X-ray photoelectron spectroscopy (XPS) also proved that the CHXCCD had been successfully prepared
(Figures S2—-S4). Figure 1D shows the results of XPS analysis of N5 and Cl,, of B-CD, CHX, and CHX<CD. First, the -
CD did not detect the spectra of N, and Cl,;, as expected (Figure 1D and G), and the CHX (Figure 1E and H) and CHX<CD
(Figure 1F and I) showed the N, and Cl,, spectra at 394410 eV and 192-210 eV. In addition, compared with CHX, the
relative intensity of the C=N of the CHX<CD at 398 eV is reduced, which proves that the content of C=N bonds in the system
is reduced, which means that the hydroxyl group in f-CD is more than CHX. The amino group of the complex is successfully
covalently linked through hydroxylamination to generate CHXCCD. In addition, the Cl,, spectra of B-CD, CHX, and
CHXCCD were analyzed to clarify the changes in chlorine groups. In the Cl,, spectrum (Figure 1H and I), there are two
typical characteristic peaks at 197.45 and 199 eV corresponding to the chlorine group in the chloride, and two typical
characteristic peaks at 200.5 and 202.5 eV correspond to the chloride. The chlorine group and the Cl,, spectra of CHX and
CHXCCD are very similar. Therefore, it can be concluded that the valence state and chemical environment of Cl have not
undergone any changes after recombination, so we can think that the CHX is compounding with the B-CD. During the process,
except for hydroxylation, no other side reactions occurred. CHX maintained the structural integrity in the CHX<CD.
Incorporating a guest molecule into the hydrophobic cavity of a cyclodextrin molecule changes the environment of the
inserted guest moiety’s protons and the host cavity’s protons. The TG curves of the B-CD and CHX<CD (Figure S5) showed
similar trends with a significant weight loss stage, and the CHX showed two major weight loss stages. The TGA and DTG
curves of CHX revealed two thermic processes at 214°C and 475°C, respectively. The weight loss at 294°C (weight loss of
22%) and 475°C (weight loss of 58%) was attributed to pyrolytic breakdown followed by burning the biopolymer.

Characterization of CHX<CD-MSN@HA

The morphology of several MSN samples was studied using TEM and SEM. The generated MSN, CHX<CD-MSN CHX<CD-
MSN@HA, were usually spherical and had a well-defined porous structure (Figure 2A—C and Figure S6). Blank MSN had an
average diameter of 110 nm. Various procedures were used to examine the generated products to disclose the effective
modification of HA molecules onto MSN step-by-step. The low-angle XRD pattern was also used to analyze the homogenous
mesoporous structure of the as-obtained MSN. The as-synthesized MSN had low-angle diffraction peaks, with reflections as
Bragg peaks (Figure S7). After modification with HA, the intensity of the diffraction peaks of CHXCCD-MSN@HA decreases
sharply. Figure 2D-F shows the XPS analysis of the N1s spectrum of MSN, CHXCCD-MSN, and CHXCCD-MSN@HA. First,
MSN delivered NSi; and NSiO, characteristic peaks at 399.5 and 403 eV, respectively (Figure 2D). Still, after MSN was loaded
with CHX<CD, the N1S characteristic peaks of MSN had disappeared, while the CN (399.5 eV) and C=N (403 eV) characteristic
peaks were detected in the CHXCCD-MSN (Figure 2E), which proves that the CHXCCD was successfully loaded into the
mesoporous silica. Additionally, after the surface of CHX<CCD-MSN is modified with HA, the binding energy of the C-N and
C=N bond remains the same as unmodified. So, the HA is not only well adjusted and coated with CHX<CD-MSN, and does not
destroy the uniformity and integrity (Figure 2F). The BET measurement of MSN indicated that the as-synthesized MSN had
a typical type-IV isotherm curve (Figure 2G), indicating that MSN had a mesoporous structure. More importantly, the surface
areas of MSN, CHX<cCD-MSN, and CHXCCD-MSN@HA were decreased with the incorporation of CHX<CD and modifica-
tion of HA. Pore size and volumes decreased slightly upon CHXCCD incorporation and HA modification in MSN (Figure S8).
The surface chemistry of MSN was monitored using FTIR spectra during the alteration process (Figure 2H and Figure S9). The
spectra’s most essential elements are enlarged, and the distinctive absorption band at 1580 cm ™" in the FT-IR spectra of CHXCCD-
MSN@HA can be attributed to the deformation mode of the N-H" group originating from the protonation of the biguanide moiety
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Figure 2 The characterization of CHXcCD-MSN@HA, CHX<CD-MSN, and MSN. TEM image of MSN (A), CHXcCD-MSN (B), CHXcCD-MSN@HA (C). Scale bar =
50 nm. The NIs spectrum of MSN (D), CHXcCD-MSN (E), and CHXcCD-MSN@HA (F). (G) BET nitrogen adsorption/desorption isotherms of CHXCCD-MSN@HA,
CHXcCD-MSN, and MSN. (H) FTIR spectra of CHXcCD-MSN@HA, CHX<CD-MSN, and MSN. (I) TGA curves of CHXcCD-MSN@HA, CHX<CD-MSN, and MSN.

of chlorhexidine. In the infrared spectra of chlorhexidine base, this absorption band is undetectable. Furthermore, the absorption
bands at 1540/1490 cm " in the spectra of CHXCCD-MSN@HA were ascribed to the C-C skeletal vibrations of aromatic rings.
The stretching and deformation vibrations of the Si-O-Si framework caused large absorption bands in all mesoporous materials at
1080/805 cm ™' and 460 cm . This may be attributed to the stretching and deformation vibrations of the Si-O-Si framework,
respectively. Figure 21 shows the thermal gravimetric analysis (TGA) curves, which demonstrate a gradual weight drop after each
alteration, suggesting that CHX<CCD and HA were conjugated to MSN. The TGA also showed a 30.2% CHX<CD loading
efficiency, and the molecular dimensions of the B-CD cavity (width 0.60—0.65 nm and height 0.78 nm) are thought to make it the
best host for the inclusion of complex formation among the three native CDs.** In this study, the pore size of MSN was about 5 nm,
which can effectively load the CHX<CD.

Characterization of CHX<cCD-MSN@HA@GelMA and in vitro Release Behavior

Hydrogels are significantly easier to manufacture and administer as semi-solid nanomaterials than most solid nanomaterials,
and they have strong biocompatibility and adhesion, allowing them to adhere to infected wounds quickly. Figure 3A shows
that CHX<CCD-MSN@HA@GeIMA hydrogels have a pore size distribution ranging from 45-67 nm on the surface.
Compared with the pure GelMA, the rtheometer of CHXCCD-MSN@HA@GelIMA hydrogels reduces to 35% after adding
CHX<cCD-MSN@HA (Figure 3B). The elastic modulus and adhesive strength of GeIMA may be adjusted by varying the
prepolymer and photoinitiator concentrations. The 10% w/v GelMA prepolymers have outstanding adhesion capabilities,
allowing the hydrogel to efficiently cling to the substrate’s surface and allowing for long-term survival. For in vivo
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Figure 3 The characterization of CHXCCD-MSN@HA@GelMA hydrogels and the release curves of CHX in vitro. (A) SEM image of the internal structure. Scale bar = 50
um. (B) Rheological behavior of CHXcCD-MSN@HA@GelMA hydrogels. (C) Biodegradation rate of the remaining hydrogels at designated time points for CHX<CD-
MSN@HA@GelMA hydrogels. (D) Cumulative amounts of CHX were released from CHX<cCD-MSN and CHX-MSN. (E) Cumulative amounts of CHX were released from
CHXcCD-MSN@HA and CHX-MSN@HA at different pH conditions (pH 7.5 and 5.5). (F) Cumulative amounts of CHX were released from CHXcCD-MSN
@HA@GelMA hydrogels and CHX-MSN@HA@GelMA hydrogels at different pH conditions (pH 7.5 and 5.5). The data is presented as Mean/SD with n = 3 independent
samples. Data are expressed as mean * SD.

applications of biomaterials, tunable biodegradation is also of utmost importance. When implanted, biomaterials should
deteriorate in vivo at the same rate as newly-formed tissues. This degradation study utilized Proteinase K, a broad-spectrum
protease whose potent proteolytic activity on native proteins may be observed in moderate neutral conditions. It required four
days for GeIMA and CHXCCD-MSN@HA@GelMA to be degraded up to 82.95 + 4.24% and 94.37 + 3.53%, respectively,
CHX<cCD-MSN@HA@GeIMA was degraded entirely within 6 days (Figure 3C).

Figure 3D shows that CHX<CD release from the MSN (CHX<CD-MSN) was compared with CHX-MSN, where
CHXCCD was directly loaded in MSN. The goal was to determine what function CHX segments and -CD units had in
modulating CHXCCD release characteristics. During the 70 h, CHX-MSN released CHX quicker than CHXCCD-MSN,
showing better release behavior, and the release behavior of CHX may be affected by the high inclusion complex. The capping
molecule HA agents were modified on the surface of MSN to prevent premature leakage of loaded drug molecules from the
nanocarriers and realize pH-control release by the acid labile hydrazine bonds (Figure 3E and F). Therefore, the in vitro drug
release experiments were performed by observing the release behavior of CHXCCD-MSN@HA@GeIMA hydrogels at
different pH conditions to simulate human physiological and inflammatory environments (pH 7.5 and 5.5). Figure 3E shows
that the CHX release curves differed significantly depending on the environment. Within 24 h at pH 7.5, the accumulative
release of CHX was only around 7.53%. Nonetheless, after 24 h at pH 5.5, the accumulative release quantity of CHX reached
19.87%. Because pH-sensitive Schiff base bonds were able to maintain stability at pH 7.5 but easily hydrolyzed in an acidic
environment, the minimal drug release ratio at pH 7.5 showed that the tunnels of MSN were still firmly capped by HA, and the
more acidic situation made it easier to be hydrolyzed. CHXCCD-MSN@HA@GelMA hydrogels were shown to be capable of
pH-responsive drug release during in vitro drug release tests.

Moreover, in vitro release of CHX from the CHXCCD-MSN@HA@GelMA hydrogels was evaluated under experi-
mental conditions. During the first 6 h, the CHX-MSN@HA@GelMA hydrogels released CHX quickly and uncontrol-
lably (Figure 3F). This phenomenon is called the burst effect, when the polymeric matrix fails to hold drug molecules
within its MSN. The CHX<CCD-MSN@HA@GelMA hydrogels, conversely, showed the reverse behavior. Even after 240
h in the release medium, the matrix could not release more than 59.2% of the encapsulated drug. The high stability of the
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CHXcCD inclusion complex and the MSN may provide a hurdle to drug diffusion and release in this scenario. The
favorable release profiles that differentiate this system are based on the improved hydrophilic nature of B-CD units and

their ability to form stable complexes with CHX.

In vitro Cytotoxicity Studies

The biomaterials used in clinical applications must be both antibacterial and biocompatible. The CCK-8 test was used to
determine the cytotoxicity of the current hydrogels, and coculture with L929 cells was used to determine biocompat-
ibility. Figure 4A shows that hydrogels containing varying concentrations of embedded CHXCCD-MSN@HA were
cocultured for 24 h with 1929 cells and compared with the control group, which all inhibited the cells marginally. The
CHX<cCD-MSN@HA@GelMA hydrogels at a concentration of 1 mg/mL were the most visible; however, their
inhibition rate was just 4%. Additionally, the cell survival of CHXCCD-MSN@HA@GeIMA hydrogels was determined
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Figure 4 The cell viability and biocompatibility of CHXCCD-MSN@HA@GelMA hydrogels. (A) Cell viability of L929 fibroblast cells after treatment with different
concentrations of CHXCCD-MSN@HA@GelMA hydrogels at 24 h (B) Cell viability of L929 fibroblast cells after treatment at 3, 5, 7, and 9 days. (C) Live/dead fluorescence
images of L929 fibroblast cells after treatment with CHXCCD-MSN@HA@GelMA hydrogels on days 5, 7, and 9. Scale bar = 100 pm. n = 3 independent samples. Data are
expressed as mean * SD. A significant difference was detected by the multiple t-test comparisons test.
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after 3, 5, 7, and 9 days of culture and the blank group. After 9 days of culture, the cell viability of the CHX<CD-MSN
@HA@GeIMA hydrogels decreased slightly below 97%, while the cell viability of the CHX-MSN@HA@GelMA
hydrogels decreased below 95% (Figure 4B). The findings indicated that the toxicity of CHX-MSN@HA@GeIMA
hydrogels was somewhat more significant than that of CHXCCD-MSN@HA@GelMA hydrogels because CHX was
released from the hydrogel more rapidly than it was from CHXCCD-MSN@HA@GeIMA hydrogels. Further biocom-
patibility testing was performed utilizing a Live/Dead staining technique. Figure 4C shows that the control group
comprises around 99% viable cells labeled green and approximately 1% dead cells stained red. The CHX<CD-MSN
@HA@GeIMA hydrogels contain roughly 98% live cells and only 2% dead cells, demonstrating biocompatibility.
GelMA is a visually appealing photocurable substance made from gelatin chemically modified with methacrylic
anhydride (MAA) and preserves its inherent biological features, such as enzymatic degradation and cell adhesion
enhancement. Additionally, the findings revealed that the gradual release kinetics of CHX as a wound dressing helped
to lower the danger of cells, which was compatible with the wound management approach.

In vitro Antibacterial Effects

Since the entire wound healing process is typically accompanied by a significant risk of infection, which delays the healing
process, current dressings are intended to have an anti-infective function. The antibacterial activities of MSN@GelMA
hydrogels, CHX-MSN@HA@GelIMA hydrogels, and CHXCCD-MSN@HA@GelMA hydrogels were first evaluated qua-
litatively, with a blank group serving as a control. The CHXCCD-MSN@HA@GeIMA hydrogels inhibited the growth of
S. aureus and E. coli in a dose-dependent manner (Figures S10 and S11). Moreover, the hydrogels without loading CHX<CD-
MSN@HA were not antibacterial against S. aureus and E. coli, respectively. Figure S12 and S13 showed images of the
CHX<cCD-MSN@HA@GeIMA hydrogels against S. aureus and E. coli, respectively. MSN@GelMA hydrogels did not
generate an inhibition zone, but CHX-MSN@HA@GelMA and CHX<CCD-MSN@HA@GelMA hydrogels formed promi-
nent inhibition zones against S. aureus and E. coli for 24 h. Therefore, 0.25 mg/mL CHXCCD-MSN@HA@GelIMA
hydrogels were selected for the treatment concentration of subsequent experiments. Figure SA and E show that all mesoporous
silica systems containing the CHX or CHXCCD inclusion compounds showed satisfactory inhibition against S. aureus and
E. coli, as well as the antimicrobial agents. Although the CHX content in CHX-MSN@HA@GelIMA hydrogels was similar to
the CHXCCD-MSN@HA@GeIMA hydrogels, CHXCCD-MSN@HA@GelMA hydrogels exhibited a more lasting anti-
bacterial property. To compare the two drug loading methods, bacterial suspensions were cultivated extensively with CHX-
MSN@HA@GelIMA hydrogels and CHXCCD-MSN@HA@GeIMA hydrogels on days 1, 3, 5, 7, and 9. Figure 5A and
E show that over 90% of bacteria (S. aureus and E. coli) were almost destroyed on days 1 and 3 by CHX-MSN@HA@GelMA
and CHX<cCD-MSN@HA@GeIMA hydrogels. On day 5, the two hydrogels above demonstrated a distinct and beneficial
antibacterial impact. After a week, both hydrogels lost their capacity to kill S. aureus and E. coli, most notably the CHX-MSN
@HA@GeIMA hydrogels. After 9 days, the CHX-MSN@HA@GelIMA hydrogels lost their antibacterial activity, but the
CHX<cCD-MSN@HA @GelMA hydrogels retained an antibacterial ratio of 59.71% and 47.56% against S. aureus and E. coli,
respectively, confirming the hydrogels’ stable release profile. On day 9, bacterial colonies were cultivated using CHX-MSN
@HA@GeIMA hydrogels and CHXCCD-MSN@HA@GelIMA hydrogels (Figure 5B and F, respectively). Additionally, live/
dead staining of bacteria revealed a high number of live bacteria in the control group and MSN@GelMA hydrogels, while
dead bacteria were identified in the CHX-MSN@HA @GeIMA and CHX<CD-MSN@HA@GelIMA hydrogels (Figure 5C
and G). The morphologies of bacteria following various treatments were observed using SEM imaging. In the control group,
S. aureus and E. coli maintained their original round and rod-like form with a smooth surface (Figure 5D and H). However,
after treatment with CHXCCD-MSN@HA@GeIMA hydrogels, the bacterial morphology was altered, and the cell walls
became entirely wrinkled and perforated. On day 5, both groups had few visible bacterial colonies against S. aureus and
E. coli, respectively, without dilution (Figures S14 and S15). On day 7, CHX-MSN@HA@GeIMA hydrogels developed
considerably fewer bacterial colonies compared with CHXCCD-MSN@HA@GeIMA hydrogels. The antibacterial activity of
CHX-MSN@HA@GeIMA hydrogels declined abruptly and significantly on day 5 against S. aureus and E. coli, like the
cumulative release profile (Figure 3F). In contrast, CHXCCD-MSN@HA@GeIMA hydrogels exhibited a better persistent
and consistent antibacterial activity against E. coli and S. aureus over 9 days. In that sense, the regulated release of CHX from
the B-CD inclusion complex resulted in an antibacterial impact that was better maintained during the antimicrobial period
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Figure 5 The antibacterial effects of CHXCCD-MSN@HA@GelMA hydrogels. (A) The antibacterial effects of CHXCCD-MSN@HA@GelMA hydrogels at |, 3, 5, 7, and 9
days against S. aureus. (B) The antibacterial effects of CHXCCD-MSN@HA@GelMA hydrogels at 9 days against S. aureus were evaluated by a standard plate count method.
(C) Live/dead fluorescence images of S. aureus samples. Viable cells are green fluorescent, and dead cells are red fluorescent. Scale bars=10 ym. (D) SEM morphologic
observation of S. aureus. Scale bars=0.5 ym (E) The antibacterial effects of CHXCCD-MSN@HA@GelMA hydrogels at I, 3, 5, 7, and 9 days against E. coli. (F) The
antibacterial effects of CHXCCD-MSN@HA@GelMA hydrogels at 9 days against E. coli were evaluated by a standard plate count method. (G) Live/dead fluorescence
images of E. coli samples. Scale bars = 10 pm. (H) SEM morphologic observation of E. coli. Scale bars = | pm with n = 3 independent samples. Data are expressed as mean +
SD. A significant difference was detected by the multiple t-test comparisons test. *P<0.05.

because of the inclusion complex’s lengthier CHX release. The antibacterial activity of CHX-MSN@HA@GeIMA was
affected by the release of CHX, and the release rate was faster than CHXCCD-MSN@HA@GelMA. The antibacterial effect
in the early stage is similar to that of the CHXCCD-MSN@HA @GelMA, but its antibacterial efficiency gradually decreases at
5 days. Additionally, the antibacterial effect was completely lost at 7 days, which was far from the long-term antibacterial
effect. The findings indicated that CHXCCD-MSN@HA@GeIMA hydrogels had the most significant and permanent
antibacterial effect, which was beneficial for wound infection and required fewer replacements owing to its long-lasting
antibacterial characteristics.

In vivo Wound Healing Efficiency

We evaluated the antibacterial and wound healing capabilities of created hydrogel dressings in vivo using an S. aureus-
infected cutaneous wound model in mice. The wounds were photographed on days 1, 5, 10, and 15. Figure 6A and B show
that the control group developed an infection with an intense and severe bacterium and showed the smallest wound size
decrease after 5 days of therapy. By comparison, wounds treated with MSN@GelMA, CHX-MSN@HA@GeIMA, and
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CHX<cCD-MSN@HA@GelIMA hydrogels had no visible bacterium. This indicates that these groups had fewer bacterial
infections and had a noticeable size reduction after 5 days of treatment, particularly the CHX-MSN@HA@GelMA and
CHX<cCD-MSN@HA@GeIMA hydrogels. Additionally, the CHXCCD-MSN@HA@GeIMA hydrogels showed superior
debridement and antibacterial properties relative to the other groups, and the wounds healed significantly and almost
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completely after 15 days of treatment. Additionally, the wounds of the other groups did not heal effectively (Figure 6A).
Here, we utilized the agar plate method to detect the antibacterial effect (Figure 6C). Like the in vitro results, there were
many bacteria in the control and MSN groups, whereas few bacteria were detected in the CHXCCD-MSN@HA@GelMA
hydrogels group. Additionally, using H&E analysis to evaluate the newly formed skin on day 15, it was observed that the
scar width (Figure 6D and E) was the smallest in the CHXCCD-MSN@HA@GelMA hydrogels (0.35 mm) when compared
with the control group (1.45 mm), MSN@GeIMA hydrogels (1.09 mm), and CHX-MSN@HA@GeIMA hydrogels
(0.72 mm). When MSN@GeIMA hydrogels, CHX-MSN@HA@GeIMA hydrogels, and CHXCCD-MSN@HA@GelMA
hydrogels were applied to wounds, it is assumed that the hydrogels all performed a debridement function and prevented
bacterium from growing fast because of their outstanding hydrophilicity.

Compared with MSN@GeIMA hydrogels, CHX-MSN@HA@GeIMA hydrogels and CHXCCD-MSN
@HA@GeIMA hydrogels containing CHX had higher therapeutic effectiveness and a similar initial healing time.
Considering the varying quantities and times of drug release, CHXCCD-MSN@HA@GelIMA, with a sustained drug
release profile, has a somewhat shorter healing time (Figure 3F). The quantitative hemolysis ratios of CHX<CD-MSN
@HA@GeIMA hydrogel groups showed almost no apparent variation with PBS groups (Figure 7A and B), indicating the
prominent hemocompatibility of the CHXCCD-MSN@HA@GeIMA hydrogels. In addition, after the administration of
CHX<cCD-MSN@HA@GeIMA hydrogels to essential organs of lab rats, an H&E staining experiment was performed to
examine tissue morphology. The results in Figure 7C showed that all the tissues in the CHXCCD-MSN@HA@GeIMA
hydrogels had the same morphology as the control group, indicating that CHXCCD-MSN@HA @GelMA hydrogels had
no systemic harmful effect on the main organs.
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Figure 7 Biocompatibility of CHXcCD-MSN@HA@GelMA hydrogels. (A and B) Hemolysis evaluation of the CHXcCD-MSN@HA@GelMA hydrogels after incubation
with rat erythrocytes. (C) H&E staining assay of vital organs. Scale bar = 100 pm with n = 3 independent samples. Data are expressed as mean + SD. A significant difference
was detected by multiple t-test comparisons test. *P<0.05.
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Conclusion

In summary, we constructed pH-sensitive CHXCCD-MSN@HA @GelMA hydrogels that enable ultra-long-acting drug
release and sustained antibacterial properties. Furthermore, in vitro drug release experiments indicated that the drug
release from the CHXCCD-MSN@HA@GeIMA hydrogels was sensitive to pH values. Compared with the CHX-MSN
@HA@GeIMA hydrogels, CHXCCD-MSN@HA@GeIMA hydrogels have a relatively prolonged release period of
CHX and are therefore preferred in clinical applications. Importantly, in vitro analysis demonstrated that the
CHXcCD-MSN@HA@GeIMA hydrogels provide superior therapeutic efficacy and possess an antibacterial efficacy
of 59.71% and 47.56% against S. aureus and E. coli over 9 days, respectively. Meanwhile, in vivo experiments
revealed that the CHXCCD-MSN@HA@GelMA hydrogels safely promote skin wound healing and enhance ther-
apeutic efficacy. All the results indicated that hydrogels with long-term antibacterial properties had great potential
applications in wound healing.
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