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ARTICLE INFO ABSTRACT

Keywords: The consequences caused by bacterial resistance are becoming more and more serious. The rate of
Hyaluronic acid antibiotic development is far behind the rate of bacterial resistance, so it is urgent to develop a
Nanogels new drug system. In this study, photoresponsive nanogels based on hyaluronic acid were prepared

Light-responsive
Ciprofloxacin
Bacterial infection

and loaded with ciprofloxacin as a model molecule. The results showed that the nanogels had the
advantages of high stability and good cytocompatibility. The inhibition effect of drug-loaded
nanogels after light irradiation on the growth of Staphylococcus aureus and Salmonella typhimu-
rium was significantly better than that before light irradiation, and ciprofloxacin could be released
on demand and in control. This strategy is of great significance to reduce the unnecessary use of
antibiotics and weaken bacterial resistance.

1. Introduction

Hyaluronic acid (HA), a kind of natural anionic polysaccharide, also known as hyaluronan, is composed of repeated units of -4
linked p-glucuronic acid and -3 linked N-acetyl-p-glucosamine [1,2]. Because of many great characteristics, such as non-toxicity,
biodegradability, cellular compatibility, non-immunogenic, and easy modification of structure, HA has been developed into a series
of drug delivery systems, such as HA-modified liposomes, nano micelles, hydrogels, and so on ([3-5]; J. [6]; Z. [7]).

Bacterial infections are one of the world’s most serious health problems, infecting millions of people every year [8]. The discovery
and application of antibiotics ushered in a golden age of human safety: the ability to kill pathogenic microorganisms easily and easily.
However, the improper overuse of antibiotics has led to the development of antibiotic resistance in bacteria. Yet new antibiotics are
being developed far faster than bacteria can develop resistance. Due to the existence of resistance, traditional antibiotic treatments are
often not effective in killing bacteria, which makes it urgent to find new treatment strategies. Drug delivery systems were born to
address this challenge. It can precisely deliver the drug to the site of infection and achieve controlled release, increasing the local
concentration of the drug, to kill bacteria more effectively. Therefore, it is of great practical significance to control the rational and
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effective use of existing antibiotics. Ciprofloxacin (CIP) is one of the third-generation quinolones widely used in clinical practice. Its
main mechanism of action is to inhibit the activity of bacterial DNA rotase and interfere with the enzyme-catalyzed reaction to achieve
the antibacterial effect (G.-F. [9]). It is a broad-spectrum antibiotic that is effective against most gram-negative bacteria and many
gram-positive bacteria in vitro. The applications of smart drug delivery systems could release antibiotics on demand and in control and
contribute to reducing their over-use [10,11].

Nanogels are a three-dimensional network system with high structural stability and good drug-loading capability formed by
physical or chemical cross-linking of hydrophilic or amphiphilic polymers containing multi-functional groups [24]. As a multifunc-
tional drug delivery system, nanogels are widely concerned for their small particle size, customizable synthesis, stable presence in
blood circulation, and easy-to-load hydrophilic small-molecule drugs through core crosslinking. Besides, the introduction of response
groups into the nanogels can make them respond in a specific environment, to realize the controllable and on-demand release of drugs
[12-14]. For example, a kind of pH-responsive nanogels was reported to deliver protein for breast cancer in 2018 [15]. Nanogel is a
kind of gel material with nanoscale size, which has high stability and controllability. The preparation of HA into nanogel can further
develop its potential application in the biomedical field. On the one hand, the size effect of nanogels allows them to penetrate deeper
into the skin or other biological tissues more easily, enabling more efficient drug delivery or therapeutic effects. On the other hand, the
structural stability of the nanogel allows it to carry more drugs or active ingredients and control the speed and manner in which they
are released, thereby improving treatment effectiveness and reducing side effects. The basic principle of using HA nanogels is to
achieve more efficient and safer drug delivery and therapeutic effects by utilizing the biological properties of hyaluronic acid and the
unique properties of the nanogels. In the field of medical cosmetology, HA nanogel can be used for skin moisturizing, wrinkle elim-
ination, filling, etc., to restore the skin to a youthful state. In the field of drug delivery, hyaluronic acid nanogels can be used for
targeted drug delivery, controlled release, etc., to improve the efficacy and safety of drugs.

Taking clues from the above, we hypothesized the nanogels could be prepared by light-cleavable HA derivatives with acrylamide
groups and crosslinked by diethylene glycol diacrylate. Meanwhile, CIP could be loaded into the cavity of nanogels. Upon UV irra-
diation (365 nm), the “in control” HA nanogels underwent light cleavage, resulting in the release of CIP for the clearance of the
pathogen.

Though a mass of drug delivery systems has been reported, antimicrobial delivery carriers are rare, especially for antibiotics at
present. Using drug delivery systems could release antibiotics on demand, helping to reduce the overuse of antibiotics. So, in this
paper, we convert HA into a light-responsive three-dimensional nanogel to deliver CIP which was employed as a model drug. Nuclear
magnetic resonance spectrometer (NMR), Fourier transform infrared spectrometer (FTIR), UV-vis spectrophotometer, and dynamic
light scatterer (DLS) were applied to analyze the physical and chemical characteristics of the HA-based nanogels. Besides the stability
and cytotoxicity of the nanogels were also tested. The results showed that the nanogels could release CIP by irradiation and inhibit the
growth of Staphylococcus aureus and Salmonella typhimurium effectively under light irradiation.

2. Materials and methods
2.1. Materials

Sodium hyaluronate (10 kDa) was purchased from QuFu GuangLong Biochem Co., Ltd. Tetrabutylammonium hydroxide (TBAH),
4-bromomethyl-3-nitrobenzoic acid (NB), thionyl chloride, N-(3-aminopropyl) methacrylamide hydrochloride (APMA-HCI) and N, N'-
diisopropylethylamine (DIPEA) were purchased from Aladdin Chemical Reagent Company, China. 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyl tetrazolium bromide (MTT) and glutaraldehyde solution were obtained from Sigma Co. (St. Louis, MO, USA). Ion-exchange
resin, Amberlite IR-120 was purchased from Alfa Aesar, China. Roswell Park Memorial Institute (RPMI) 1640 medium was purchased
from Gibco Ltd. (Grand Island, NY, USA) and fetal bovine serum (FBS) was from Hyclone (Logan, UT, USA). Ciprofloxacin hydro-
chloride (HCI-Cipro), agar, and dialysis bag (10 kDa) were all purchased from Beijing Solarbio Science& Technology Co., Ltd. Dimethyl
sulfoxide (DMSO) and other reagents were all of the analytical grades.

Staphylococcus aureus (MRSA, ATCC29213) and Salmonella typhimurium (SL1344) were generous gifts received from Prof. Xia
(College of Food Science and Engineering, Northwest A&F University).

2.2. Synthesis of HA-NB-APMA

2.2.1. Synthesis of NB-Cl
NB-Cl was synthesized from NB and sulfoxide chloride as previously reported with minor modifications [16]. And the obtained
product was directly used in the next step without purification.

2.2.2. Synthesis of NB-APMA

The freshly prepared NB-Cl was dissolved in 5 mL of anhydrous DCM, and the solution was added dropwise to an anhydrous DMF
solution containing DIPEA (258 mg, 2.0 eq.) and APMA-HCI (170 mg, 1.2 eq.) in an ice bath. Then the reaction was stirred at 4 °C for
24 h and monitored by TLC. At the end of the reaction, the mixture was poured into distilled water and extracted with DCM. The DCM
phase was separated and dried over NaySO4 to obtain the crude product which was further separated and purified by silica gel column
chromatography (petroleum ether: ethyl acetate = 4:1, v/v) to yield a colorless liquid (150 mg, 40 %). 'H NMR (500 MHz, CDCl3), &
(ppm): 8.62 (s, 1H), 8.17 (s, 1H), 8.02 (s, 1H), 7.79 (s, 1H), 6.39 (s, 1H), 5.79 (s, 1H), 5.37 (s, 1H), 4.97 (s, 2H), 3.52-3.48 (m, 2H),
3.47-3.44 (m, 2H), 2.00 (s, 3H), 1.78 (s, 2H).
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2.2.3. Synthesis of HA-NB-APMA

HA-NB-APMA was synthesized according to a reported procedure with slight modifications ([17]; F. [18,19]). Sodium hyaluronate
(10 kDa) was dissolved in distilled water and then passed through a cationicexchange resin (H' form). The above solution was
neutralized by TBAH up to pH 7 obtaining HA salt named HA-TBAH. After freeze-drying, HA-TBAH (200 mg) was dissolved in
anhydrous DMSO, followed by dropping above NB-APMA (10 mol% compared to the disaccharide units of HA) in dried DMSO. The
mixture was stirred at 40 °C in the dark for 48 h, and dialysis was done against 0.1 M NaCl solution and distilled water respectively.
Finally, the dialyzed solution was freeze-dried to obtain a cotton-like solid, which was designated as HA-NB-APMA.

2.3. Preparation of the HA-based nanogels

2.3.1. Preparation of HA-NB-APMA nanogels

To prepare the photo-cleavable HA-based nanogels, 50 mg of HA-NB-APMA and 63 mg of DEGDA were dissolved in 40 °C deionized
water, then 100 mg of K2S,0g was added to the reaction after the system was heated to 70 °C under a nitrogen atmosphere. After the
polymerization reaction had been initiated for 10 min, stopped heating and continued until the reaction system was cooled to room
temperature. The HA nanogels were fabricated after the reaction mixture was dialyzed against a large amount of deionized water to
remove monomers, initiators, cross-linking agents that did not participate in polymerization, and other impurities. We named the HA
nanogels obtained after cross-linking HA-NB-APMA nanogels.

2.3.2. Preparation of the CIP-loaded HA-NB-APMA nanogels

Briefly, 1 mL of an aqueous solution of ciprofloxacin hydrochloride (HCI-CIP) was added dropwise to 5 mL of HA-NB-APMA
nanogels dispersion (5 mg/mL). To neutralize the hydrochloric acid in HCI-CIP, the pH of the dispersion was adjusted to 8-9 by
NaOH solution in advance and titrated to a final pH of 7.4. The mixture was stirred vigorously in the dark at room temperature for 16 h.
Before use, the mixture was centrifuged at 15,000 rpm for 10 min to remove free CIP. Besides, the supernatant was collected and the
precipitate was redispersed in a PBS solution at pH 7.4. Repeat the above process 3 to 5 times until the ideal state is gotten. The
supernatant was collected and the concentration of CIP was measured by a UV-vis spectrophotometer at 270 nm. The drug loading
content (DLC) and drug loading efficiency (DLE) were calculated according to the following formula:

DLC (wt.%) = (weight of loaded drug/total weight of loaded drug and polymer) x 100 %

DLE (%) = (weight of loaded drug/weight of the drug in feed) x 100 %

2.4. Characterization

2.4.1. Nuclear magnetic resonance (NMR) analysis

Nuclear magnetic resonance spectroscopy (\H NMR) was measured on a Bruker AM 500 spectrometer concerning the chemical shift
of the solvent peak. 5 mg of NB-APMA was weighed and dissolved in 600 pL of deuterated chloroform (CDCls), and 7 mg of HA-NB-
APMA was dissolved in 600 pL of deuterated water (D,0) to measure the corresponding 'H NMR spectra.

2.4.2. FTIR analysis
The FTIR spectrum was determined using an FTIR spectrophotometer (BRUKER TEMSOR 27, BRUCK, Germany). The samples were
grounded with KBr powder and pressed into a 1 mm pellet between 400 cm ™! and 4000 cm L.

2.4.3. Determination of critical micelle concentration (CMC)

To ensure the micelle formation and calculate the CMC of the amphiphilic molecule, the Nile red (NR), a hydrophobic fluorescence
probe, was used to be loaded into the HA-NB-APMA or HA-NB-APMA nanogels [20]. The CMC was determined as previously reported
[23] with minor modifications. Briefly, NR was loaded into different concentrations of HA-NB-APMA or HA-NB-APMA nanogels, and
the fluorescence intensities of NR were measured by fluorospectro photometer at the emission wavelength of 550 nm.

2.4.4. Stability test
The stability of HA-NB-APMA nanogels was tested by loading NR into the core of HA-NB-APMA nanogels. Namely, NR-loaded HA-

NB-APMA nanogels were put at different temperatures (4 °C and 37 °C). The fluorescence intensity of NR was measured and recorded.

2.4.5. Light-responsive test

2.4.5.1. The release profile of HA-NB-APMA nanogels. NR-loaded nanogels were put into a quartz tube and irradiated by UV light for a
specific time. The fluorescence intensity of NR was recorded to show the light-responsiveness of HA-NB-APMA nanogels.

2.4.5.2. The changes of blank nanogels upon light irradiation. The blank HA-NB-APMA nanogels were placed into a quartz tube and
irradiated by light for a different time. The UV-vis spectra were recorded.

2.4.6. Scanning electron microscopy (SEM)
The samples were dropped on the silicon wafers and dried at room temperature. The wafers were put on the sample stage and gold-
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covered for SEM observations.

2.5. Cell, bacterial strains, and growth conditions

2.5.1. Bacterial strains
Staphyloccocus aureus (ATCC 29213), and Salmonella typhimurium (SL1344) were a kind of gift from Prof Xia.

2.5.2. Growth conditions

The two strains were cultured in Tryptic Soy Broth (TSB) at 37 °C. Active cultures were obtained by transferring loop cells from the
TSB agar slant to a flask. Then they were incubated at 37 °C to the logarithmic phase of growth. After the OD of cell suspensions was
adjusted to 0.4 at 600 nm, follow-up experiments could be carried out.

2.5.3. Cell culture

The spontaneously immortalized human keratinocytes (HaCat) cells were cultured in high glucose DMEM medium supplemented
with 10 % FBS (fetal bovine serum), 100 U/mL penicillin, and 100 pg/mL streptomycin at 37 °C, 5 % CO». The cells were trypsinized
using trypsin/EDTA when the cells reached approximately 80 % confluence.

2.6. Antibacterial assay

2.6.1. The preparation of light-responsive nanogels
The CIP-loaded HA-NB-APMA nanogels were irradiated by UV light (365 nm) for 4 h in the quartz tube, designated as CIP-loaded
NGs UV-4 h.

2.6.2. The effect of CIP-loaded nanogels on the growth curve of bacteria
1.8 mL bacterial suspension (2 x 10° CFU/mL) was mixed with 0.2 mIL nanomedicine or PBS as control and then was incubated in
the shaker (37 °C, 120 rpm). The ODgpo nm Was recorded at every hour.

2.6.3. The surface morphology observations of Staphyloccocus aureus

900 pL bacterial suspension (2 x 10° CFU/mL) was cultured on the cover glass in a 24-well plate, and the 100 pL nanomedicine or
PBS was injected. After being incubated for 10 h, the supernatant was discarded. The cells were washed with PBS three times and fixed
with GTA at 4 °C for 24 h. Next, the cells were dehydrated by 10 %, 30 %, 50 %, 70 %, 80 %, 90 %, and 100 % ethanol, respectively.
After critically drying overnight with CO,, the cover glasses were gold-covered by cathodic spraying for SEM observations.

2.7. Hemolysis assay

2.7.1 Female Kunming mice were used in this study; Mice handling and procedures were guided and approved by the Northwest
A&F University Animal Care Committee (NWAFU-314020038); the male mice were not chosen because they are often aggressive and
could cause damage to the cage mate and the sex of animals do not affect the experimental results. The mouse holding rooms were kept
at 21 °C and 50 % relative humidity. All animal experiment procedures have been ethically reviewed and approved by the animal
ethics committee of Northwest A&F University and complied with the National Research Council’s Guide for the Care and Use of
Laboratory Animals. The red blood cells (RBC) were collected from the mice (18-22 g) and were washed with saline solution several
times. The concentration of the RBC was adjusted to 2 % by saline solution.

0.2 mL RBC solution mentioned above was dispersed in the tested solution (0.8 mL). Deionized water and PBS were used as the
positive control (PC) and negative control (NC), respectively. After 2 h incubation at 37 °C, the samples were centrifuged at 6000 rpm
for 5 min. The supernatant was removed and the optical density was recorded at 570 nm by a microplate reader. The hemolytic degree
was calculated as follows:

ODsample 'ODNC

DsampleIINC 100
ODypc-ODne -

Hemolysis degree (%) =

2.8. Cytotoxicity assay

The cytotoxicity of nanomedicine was tested on HaCat cells. Briefly, HaCat cells were seeded at a density of 2 x 10* cells per well in
a 96-well plate and incubated at 37 °C in a 5 % CO; atmosphere for 4 h. The high glucose DMEM medium was discarded, and the cells
were exposed to concentrations of samples varying from 200, 100, 50, and 25 pg/mL respectively. PBS was used as a blank control.
After incubation for 24 h or 48 h, media were replaced with a fresh culture medium containing 10 pL. MTT stock solution (5 mg/mL) to
a total volume of 100 pL and further incubated for 4 h. Then, the plate was centrifuged for 5 min at 3500 rpm, and the supernatants
were aspirated. The formazan crystals in each well were dissolved in 200 pL. DMSO. After shaking for 10 min, the optical density of
each well at 490 nm was measured by a microplate reader. Cell viability was evaluated in comparison to the control culture (taken as
100 %).
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HA-TBAH

HA-NB-APMA

Fig. 1. The synthesis route of the amphiphilic molecule HA-NB-APMA. The commercial sodium hyaluronate solution (10 kDa, 5 mg/mL) was passed
through a cationic-exchange resin (H+ form); b, the obtained hyaluronic acid solution was neutralized by an alkaline solution, TBAH; c, the
lyophilized HA-TBAH was re-dissolved in dry DMSO and reacted with NB-APMA for 48 h at 40 °C.
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Fig. 2. The structural characterization of HA-NB-APMA. (A) The 'H NMR spectrum of commercial HA; (B) The 'H NMR spectrum of HA-NB-APMA
obtained; (C) the FTIR spectra of HA (C) and HA-NB-APMA nanogels with fractionated gain (D).



F. Sun et al. Heliyon 10 (2024) e33287

A B

1000 =
400
-~ 500 y=222 14x+401.13
5 R
El y=1341.64x+906.68 ;
2 > 3004
£ 2
] 14
] ]
E £
- E
2 § 200 4
i 8
£ 8
s ] e=0.0194 mgiml  f o
i, i 100
L}
y=1.08x+22.80
0 T T T - T T 1
] 5 -4 -3 -2 -1 0 1
Log concentration Log concentration
Size Distribution by Intensity Size Distribution by Intensity
25l 20
2l L188.30m. . _ 284.9nm
R \ =15 FA
g g
5 15/ 5
-3 L 0
=z l‘ z 10
R R T ST T & SO O g .
& £ .l
=, E s
i 0
0.1 1 10 100 1000 10000 01 1 10 100 1000 10000
Size (d nm) Size (¢ nm)

Fig. 3. The physical properties characterization of the HA-NB-APMA. The CMC values (A-B), size distributions (C-D), and SEM pictures (E-F) of the
HA-NB-APMA before and after cross-linking, respectively.

2.9. Apoptosis assay

For the apoptosis assay, the HaCat cells were collected and seeded in the 12-well plate at the density of 5 x 10* cells per well; and
after 4 h incubation at 37 °C in a 5 % CO; atmosphere, the corresponding nanogels at different concentrations were injected into the
culture medium, respectively. The PBS was used as a blank control. After being incubated for 24 h, the cells were collected and treated
as the instructions for the use of the kit. Finally, the cells were analyzed by flow cytometry.

2.10. Statistical analysis

Results were expressed as mean + SD. Data were analyzed by t-test with the scientific statistic software GraphPad Prism 7.00.
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Fig. 4. The size distribution (A) and SEM picture of the CIP-loaded HA-NB-APMA nanogels. The zeta potentials of HA-NB-APMA (a), HA-NB-APMA
nanogels (b), and CIP-loaded HA-NB-APMA nanogels (c). (D) The size changes of HA-NB-APMA nanogels at 4 °C and 37 °C from the stability test.

3. Results and discussion
3.1. Synthesis and characterization of HA-NB-APMA

To prepare the photoresponsive hyaluronic acid nanogels, it is necessary to introduce photoresponsive groups and double bonds
into the HA backbone. For this purpose, the synthesis route was designed as shown in Figs. S1 and S2, and Fig. 1. First, NB reacted with
SOCl; to form 4-bromomethyl-3-nitrobenzoyl chloride (NB-Cl). Then NB-Cl reacted with APMA-HCI to form NB-APMA, a lipid-soluble
colorless liquid compound. Finally, an Sy1 nucleophilic substitution reaction occurred between NB-APMA and HA-TBAH in anhydrous
DMSO.

The 'H NMR spectra of HA and HA-NB-APMA were shown in Fig. 2. Compared with Fig. 2A (HA), some peaks appeared from 7.0 to
9.0 ppm in Fig. 2B, indicating the aromatic protons from the NB motif, which demonstrated the successful grafting of NB-APMA to HA.
The N-acetyl protons for HA-NB-APMA and HA were assigned at 2.0 ppm. The esterification degree of free carboxyl acid in HA-NB-
APMA was 7.33 %, according to the molar ratio of integration between N-acetyl and aromatic protons.

HA-NB-APMA obtained were amphiphilic molecules, which could self-assemble into micelles. So the CMC of HA-NB-APMA was
measured by the method of NR as the fluorescent probe. As shown in Fig. 3A, the CMC of HA-NB-APMA was 0.284 mg/mL, suggesting
poor stability.

3.2. Preparation and characterization of nanogels

The HA-based photo-responsive nanogels were acquired by the copolymerization between HA-NB-APMA and DEGDA, a kind of
crosslinking agent containing carbon-carbon double bonds. From the FTIR spectrum of the nanogels in Fig. 2D, the absorption peak at
3400 cm ! belongs to the -O-H from HA Fig. 2C; the peak at 1632 cm ™! belongs to the bending vibration peak of carbonyl groups. The
information from the FTIR spectrum accounts for the successful synthesis of the nanogels, consistent with the literature (C. [21]). After
copolymerization, the CMC dropped to 0.0194 mg/mL (Fig. 3B), namely, the process of copolymerization reduces CMC and improves
the stability of the HA carrier. DLS results showed the sizes of HA-NB-APMA and nanogels were 188.3 and 284.9 nm, respectively; the
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Fig. 5. (A) The NR release profile from the NR-loaded HA-NB-APMA nanogels upon the light irradiation. (B) UV-vis spectra of HA-NB-APMA
solution irradiated for a different time. (C) The surface morphology of the HA-NB-APMA nanogels irradiated by UV light was pictured by SEM;
the scale bar is 5 pm.

potentials were —30.23 and —29.2 mV, respectively. These results also indicate that copolymerization between HA-NB-APMA and
DEGDA.

What’s more, SEM was also used for analyzing the surface morphology (Fig. 3C ~ F). SEM pictures showed approximately spherical
before and after copolymerization. The size was about 103 nm before copolymerization; it came to around 165 nm after copoly-
merization. These differ from the DLS results because the sample was in a liquid condition in DLS tests but solid-state in SEM
observation.

Nanogels have cross-linked grid structures and strong water retention, so they could be developed as drug carriers for drug loading
and delivery, especially for water-soluble drugs. In this paper, CIP was selected as the model drug, because it is the third generation of
quinolones widely used in clinical practice with broad-spectrum antibacterial activity on Staphylococcus aureus, Salmonella typhimu-
rium, Pseudomonas aeruginosa, Escherichia coli, and so on. The size and zeta potential of the HA nanogels were 309.8 nm showed in
Fig. 4A and —22.63 mV after the drug loading showed in Fig. 4C, respectively. The SEM pictures in Fig. 4B showed approximately
spherical. The DLC and DLE were 41.1 % and 69.7 %, respectively.

A qualified drug carrier should remain stable in different environments. So the nanogels were put at different temperatures (4 °C
and 37 °C), and the size for blank nanogels and NR fluorescence intensity for NR-loaded nanogels based on HA was measured to express
the stability. From Fig. 4D, there were no evident changes that happened in size distributions at both 4 °C for storage and 37 °C for the
activity test. What’s more, no obvious changes in fluorescence intensities in Fig. S4 were detected. The results mentioned have
indicated the good stability of the nanogels. The zeta potentials were also recorded before and after cross-linking and drug-loading. It
decreased after drug-loading quickly from —28 mV to —22 mV shown in Fig. 4D.

The potential clinical significance of the HA nanogel system is mainly reflected in its excellent drug delivery ability and therapeutic
application. Due to the small size of nanogels, they could make it easier to achieve efficient drug delivery. HA-based nanogels have
good dispersibility and can be better compatible with organisms, reducing adverse reactions such as immune rejection. At the same
time, they also have a high drug delivery efficiency and can carry more drug molecules into the body. These properties make HA
nanogels have a wide range of applications in drug delivery, therapeutic applications, tissue engineering, and sensor systems.
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Fig. 6. The growth curves of Staphylococcus aureus (A) and Salmonella typhimurium (B) treated with different nanomedicine; and PBS was used as
blank control. The bacteria morphology of Staphylococcus aureus treated by PBS (C), CIP-loaded HA-NB-APMA nanogels (D), and CIP-loaded HA-NB-
APMA nanogels pretreated by light for 4 h (E); and PBS was used as blank control.

3.3. Response of the nanogels to light irradiation

The photo-triggered drug release experiment of nanogel was carried out by loading NR as a fluorescent molecule. The release curve
as shown in Fig. 5A can be summarized that as the extension of irradiation time, the NR fluorescence intensity gradually reduces,
showing that light irradiation broke the nitro-ortho ester bonds, disintegrated the nanogels system, released the NR molecules into the
aqueous solution, reduced the solubility of NR in water, thus the fluorescence intensity of the detectable NR is reduced.

The UV-vis spectrophotometer was used to document the absorbance changes of the HA light-responsive nanogels upon photo-
irradiation. The UV-vis absorption spectra were presented in Fig. 5B, from which the absorbance at 330 nm went up with the irra-
diation time extension, for the reason that the chemical bonds of the benzyl ester were broken, and the nitroso benzaldehyde derivative
was produced when nanogels were irradiated by UV light. Also, on account of the rearrangement of aromatic 7 electrons involved,
colored matters were produced and captured by a UV-vis spectrophotometer. The new peak indicated a non-localized aromatic system
was generated, which was consistent with those reported in the literature [22].

The experimental results above revealed that the chemical bonds could be broken by light irradiation (365 nm), resulting in the
fracture of the nanogels meshes. To get a better sense of the breakdown, the nanogels irradiated for 1 h were dropped onto the silicon
wafer, dried, gold-covered, and observed by SEM. As shown in Fig. 5C, many small fragments were shot, which illustrated the
disintegration of the nanogels.

3.4. Antibacterial effect of CIP-loaded nanogels

A kind of Gram-positive bacteria, Staphylococcus aureus, and a kind of Gram-negative bacteria, Salmonella typhimurium, were chosen
to co-culture with CIP-loaded HA-NB-APMA nanogels or CIP-loaded HA-NB-APMA nanogels pre-treated by light. The growth curves
were drawn by ODggg nm versus time. As shown in Fig. 6A and B, though CIP-loaded nanogels could inhibit the growth of the two kinds
of bacteria before and after light irradiation; the effect of CIP-loaded nanogels pre-treated by light irradiation on the pathogenic
bacteria was better than the untreated nanogels. The reason for this phenomenon is that CIP-loaded nanogels pretreated by light
irradiation in advance released part of CIP, which contained more free CIP to combat bacteria, thus achieving the effect of rapid
inhibition of bacterial growth. In other words, the antibacterial effect of CIP-loaded nanogels pretreated by light was stronger than that
without light treatment, indicating that the antibacterial effect of the HA-based nanogels loaded with CIP could be controlled by using
light, thus realizing the purpose of releasing CIP at a fixed time and fixed point. This strategy of controlling the release of antibiotics
helps to reduce the use of antibiotics and slow down the development of bacterial resistance.

To observe the antibacterial effect of the drug-loaded nano-gel visually, Staphylococcus aureus was selected as the observation
object. In subsequent experiments, SEM was used to observe the bacterial morphology treated by CIP-loaded HA nanogels with or



F. Sun et al. Heliyon 10 (2024) e33287

A B 24 C 4gh
2z 100 e
= __100 _.100
g 75 £ g
5 275 z 75
° 3 3
£ 50 K] s
5 > 50 > 50
Q ® K
£ 2 _ G 25 G 25
x
0 B T e ol — : 0
C & & & e @ & &> & @ S ® ®
Concentration (ug/mL) Concentration (ug/mL) Concentration (ug/mL)
PBS 200 pg/mL
o EC] Q2 1o Jo a2
1.36 087 135 0.56
|BD - ﬂlb |
0 10° 3
|ﬂ4 3 \D“ |
1P 10*
Q4 Q3 d04 Q3
975 012 L, 1979 018
10? 10?
T T L ¢ T | i | Ty T T b |
10 103 W‘ 105 We |07 10 |D3 104 105 100 107
100 pg/mL 50 pg/mL 25 pg/mL
7 g 7 of
L 1] @2 e Fe'] @2 w' ECY @2
144 035 136 039 148 082
A Wa ': I\?lB ': ﬂ)ﬁ '_'
10° 3 10° 3 10°
10‘ 3 IUa - 10‘ |
&
10° 0’ 10°
qG4 a3 4G4 @3 e a3
, Js81 012 , Js80 023 , {978 0075
10 10° 10°
T T T T T T T v ¥ ¥ T T T v T
102 |DJ |ﬂ4 |I75 H]n 107 \DI IOI |04 Ill5 |l'.|n Iﬂ7 ID2 Iﬂ:' |ﬂ4 |B5 IﬂB 101
>
Annexin V-FITC

Fig. 7. The results of the biocompatibility of nanogels. (A) The evaluation of the blood compatibility of HA-NB-APMA nanogels. The cytotoxicity of
HA-NB-APMA nanogels to HaCat cells for 24 h (B) and 48 h (C). The apoptosis ratio of HaCat cells treated by HA-NB-APMA nanogels for 24 h at
various concentrations; and PBS was used as a blank control (D); E-H were the results of cells treated with 200, 100, 50, and 25 pg/mL, respectively.

without light pretreated for 10 h. The photos were shown in Fig. 6. Fig. 6C was the blank control group, that is, the bacteria in the
normal states, it can be discovered that all the bacteria in this group showed uniform, round spherical; Fig. 6D showed the photo of
bacteria treated by CIP-loaded HA nanogels. It can be observed that a few bacteria are broken, but most of them remain intact
indicating the bacterial activity was still high. And Fig. 6E was the photo of bacteria exposed to CIP-loaded HA nanogels pretreated by
light, only a few bacteria were observed in the picture. That was owing that the group contained a much higher concentration of free
CIP, making the staphylococcus aureus reach more CIP, declining the vitality of bacteria. So, compared with other groups, these bacteria
could not adhere to the cover glass, causing them were easy to be sucked away during the cleaning, fixation, dehydration, and other
processes of the experiment. Only a few surviving bacteria or bacterial fragments were still stuck to the cover glass.

3.5. Biocompatibility of nanogels

That biocompatibility and biosafety are indispensable for biomaterials is widely recognized. The interaction of preparations with
blood components is also of great requirement in pathophysiological events (Fig. 7A). The rate of hemolysis was around a safe margin
for the nanogels based on HA over a wide range of concentrations from 400 to 25 pg/mL, revealing the good biocompatibility of HA-
NB-APMA nanogels. Moreover, the toxicity of the HA nanogels on HaCat cells was evaluated by MTT colorimetric method, and the
results are shown in Fig. 7B and C. It was shown that the cell viability of HaCat cells cocultured with different concentrations of HA
nanogels (200, 100, 50, 25 pg/mL) for 24 or 48 h remained at about 100 %, indicating the good biocompatibility and safety of the HA
nanogels. Finally, to assess the safety of the nanogels, the apoptosis of HaCat cells was measured shown in Fig. 7D-H. From the
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apoptosis results, few cells showed apoptosis, namely, the majority of cells were alive and healthy. The results above demonstrated the
great biocompatibility of HA-NB-APMA nanogels, which suggested the potential application of the nanogels based on HA at patho-
physiological events.

4. Conclusions

In this paper, the HA-based nanogels with light responsiveness were prepared to deliver the quinolone antibiotic, CIP. The results
revealed the high stability and good biocompatibility of the HA nanogels. The idea could potentially be used to treat patients with skin
infections in the clinic to help them avoid developing antibiotic resistance. From the experiments in combating Staphylococcus aureus
and Salmonella typhimurium, the inhibition effect of the drug-carrying nanogels treated with the light on the growth of the two kinds of
bacteria was significantly better than that of the nanogels treated without light, achieving the controlled and on-demand release of CIP.
In a word, the HA nanogels were an ideal antibiotic delivery system with potential application value, which provided a new idea for
promoting the rational use of antibiotics and reducing the emergence of bacterial resistance.
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