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Silk peptide-hyaluronic acid
based nanogels for the
enhancement of the topical
administration of curcumin

Jiangxiu Niu1†, Ming Yuan1†, Yao Liu1, Liye Wang1*, Zigui Tang2*,
Yihan Wang1, Yueheng Qi1, Yansong Zhang, Huiyuan Ya1* and
Yanli Fan1

1College of Food and Drug, Henan Functional Cosmetics Engineering and Technology Research
Center, Luoyang Normal University, Luoyang, Henan, China, 2Department of Pharmacy, Henan
Medical College, Zhengzhou, China

The present study focused on the development of Cur-loaded SOHA nanogels

(Cur-SHNGs) to enhance the topical administration of Cur. The physiochemical

properties of Cur-SHNGs were characterized. Results showed that the

morphology of the Cur-SHNGs was spherical, the average size was

171.37 nm with a zeta potential of −13.23 mV. Skin permeation experiments

were carried out using the diffusion cell systems. It was found that the skin

retention of Cur-SHNGs was significantly improved since it showed the best

retention value (0.66 ± 0.17 μg/cm2). In addition, the hematoxylin and eosin

staining showed that the Cur-SHNGs improved transdermal drug delivery by

altering the skin microstructure. Fluorescence imaging indicated that Cur-

SHNGs could effectively deliver the drug to the deeper layers of the skin.

Additionally, Cur-SHNGs showed significant analgesic and anti-inflammatory

activity with no skin irritation. Taken together, Cur-SHNGs could be effectively

used for the topical delivery of therapeutic drugs.

KEYWORDS

silk peptide, hyaluronic acid, curcumin, nanogels, topical administration

1 Introduction

Topical transdermal drug delivery is one of the important methods for the treatment

of local diseases (such as contact dermatitis, psoriasis, etc.) (Dasht Bozorg et al., 2022). For

some locally effective drugs, compared with oral and injection routes, topical transdermal

administration can reduce the entry of drugs into the blood circulation, thereby reducing

systemic adverse reactions (Hanna et al., 2019). Besides, the slow release of topical drugs

into the skin tissue can prolong the efficacy time, reduce the number of doses, provide

patients with greater comfort (Jiang et al., 2018). Although topical transdermal

administration has many advantages, the stratum corneum of the skin limits the

transdermal penetration of external agents, resulting in drug waste and poor clinical

efficacy (Truong et al., 2022; Uner et al., 2022). Therefore, for topical drug formulations,
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the primary goal of formulation development is to maximize

drug penetration through the skin while maximizing drug

retention in the skin.

To improve the transdermal penetration and the retention of

drugs in the skin, various nanocarriers (such as solid lipid

nanoparticles, ethosomes, and emulsions) have been

developed to improve topical transdermal delivery (Ilic et al.,

2021; El-Hashemy, 2022; Niu et al., 2022). Among various types

of nanocarriers, nanogels have attracted increasing attention due

to their unique advantages, including great colloidal stability,

tunable size, large surface area for biological coupling, and

porous structure for loading large amounts of drugs (Sivaram

et al., 2015; Liu et al., 2021a). In addition, due to the unique

structure, nanogels can bind a large amount of water to

moisturize and enhance the hydration of the stratum

corneum, which is conducive to its role in the field of

transdermal drug delivery (Kim et al., 2021). A variety of

natural and synthetic polymer nanogels have been prepared

and used as transdermal drug delivery vehicles to date (Uk

Son et al., 2020; Wang et al., 2022).

Hyaluronic acid (HA) is a linear polysaccharide consisting of

repeating units of D-glucuronic acid and N-acetyl-D-

glucosamine (Jiang et al., 2022). As a natural polymer, HA

has been widely studied in drug delivery due to its

outstanding biological function (Yu et al., 2021b). It is well

known that HA can overcome the skin barrier by hydrating

the stratum corneum, and effectively delivering drugs to the

deeper layers of the skin (Chen et al., 2020). In addition, some

studies have proved the applicability of HA based nanocarriers in

enhancing topical drug delivery due to the interaction between

HA based nanocarriers and keratin components in skin (Liu

et al., 2021b; Kim et al., 2021; Sharma et al., 2022). However, HA

is hydrophilic and is not suitable as a carrier for hydrophobic

drugs. It has been reported that intramolecular and/or

intermolecular hydrophobic interactions can self-aggregate in

aqueous solutions to form nanogels when HA is hydrophobized,

and the hydrophobic regions inside the nanogels are beneficial

for the loading and topical delivery of hydrophobic drugs (Son

et al., 2017).

In recent years, silk fibroin has attracted great interest due to

its biological adhesion and its application in drug stabilization,

and is currently used in various drug delivery systems such as

nanoparticles, hydrogels and nanofibers (Chen et al., 2015;

Sakunpongpitiporn et al., 2022; Selvaraj et al., 2022). Silk

peptide is produced by hydrolysis of silk fibroin. It is non-

toxic to human skin and has high affinity, water retention and

anti-inflammatory properties (Eom et al., 2020).

Curcumin (Cur), a natural polyphenol extracted from the

rhizome of turmeric with various pharmacological effects. The

topical application of Cur to the skin has long been of great

interest in anti-oxidation, anti-inflammatory and light protection

(Shi et al., 2020). However, chemical instability, low water

solubility, and poor skin penetration are major obstacles to

their application as topical therapeutics (Granata et al., 2020).

Therefore, finding novel formulations aimed at overcoming these

limitations and enhancing the topical pharmacological properties

of Cur remains a challenge. Currently, Cur-loaded nanoparticles

(such as solid lipid nanoparticles, liposomes, emulsions, micelles,

etc.) seem to be a very promising formulation method to

effectively improve the topical efficacy of Cur (Vater et al.,

2020; Yu et al., 2021a; Zhou et al., 2021; Prabhu et al., 2022).

In this study, silk peptide conjugated OHA (SOHA) was

successfully synthesized on the basis of octadecylamine

conjugated hyaluronic acid (OHA), and Cur-loaded SOHA

nanogels (Cur-SHNGs) were developed to enhance the

topical administration of Cur for better treatment of

localized diseases (Figure 1). The physicochemical properties

of micelles were characterized in term of particle size, zeta

potential, morphology, stability, and in vitro release. In

addition, the in vitro transdermal penetration and skin

retention, effect of the preparation on skin structure,

intradermal drug distribution, in vivo analgesic and anti-

inflammatory activities were also investigated. Finally,

biocompatibility assessments were performed using in vivo

skin irritation test.

2 Materials and methods

2.1 Materials

Hyaluronic acid (HA, molecular weight <10 kDa) was

purchased from Freda Biochem Co., Ltd. (Shandong, China).

Silk peptide (Protein hydrolyzates, molecular weight is between

500 and 1,000 Da) was purchased from Shanghai McLean

Biochemical Technology Co., Ltd. (Shanghai, China).

Octadecylamine was purchased from Aladdin reagent Co.,

Ltd. (Shanghai, China). (3-dimethylaminopropyl)-3-

ethylcarbodiimide hydrochloride (EDC.HCL) and

N-hydroxysuccinimide (NHS) were purchased from Nanjing

dulai Biotechnology Co., Ltd. (Nanjing, China). Curcumin was

purchased from Ivy Biotechnology Co. Ltd. (Xian, China).

Haematoxylin and Eosin staining were purchased from Sigma-

Aldrich (Shanghai, China). All other reagents were analytical

grade preparation.

2.2 Animals

Female SD rats (180–220 g) and female ICR mice (18–22 g)

were used as the experimental animals. Animals were raised in

the animal care facility of the Pharmacology Laboratory of

Luoyang Normal University. Animal room was kept at 22°C ±

3°C and under a 12 h light cycle, with free access food and water.

All animal feeding and experimental procedures were guided by

the guidelines of Henan Provincial Experimental Animal
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Management Committee and approved by the Animal Ethics

Committee of Luoyang Normal University.

2.3 Synthesis of SOHA conjugate

Octadecylamine conjugated hyaluronic acid (OHA) was

formed by covalently combining the −NH2 group in

octadecylamine with the −COOH group of HA through an

amide reaction using EDC and NHS as catalysts (Son et al.,

2017). Briefly, hyaluronic acid solution (1%, w/v) was prepared in

deionized water by naturally swell. A double molar excess of EDC

and NHS was added to activate the −COOH groups in HA,

followed by the addition of octadecylamine (dissolved in DMF).

The molar ratio of HA subunit: octadecylamine was 1:1. The

reaction was first run at 60°C for 5 h, and then at room

temperature for 24 h. After the reaction was stopped, the

mixture was dialyzed in ethanol/deionized water (V/V, 7:3, 5:

5, 3:7) for 2 days and further freeze-dried to obtain dry purified

OHA conjugate. The structure of OHA was characterized by 1H

NMR using an instrument (AVANCE500, Bruker, Germany).

Silk peptide (440 mg) was dissolved in 5 ml of DMF. OHA

conjugate (100 mg) was fully dissolved in 10 ml of

dimethylformamide (DMF), followed by addition of EDC

(100 mg) and NHS (60 mg), the mixture was stirred at

room temperature for 6 h and then the silk peptide solution

was slowly dropped into the OHA activated solution. The

reaction was run at room temperature for 24 h under stirring.

The ultimate reaction solution was dialyzed against an excess

amount of deionized water for 48 h, and then the solution was

filtered to remove impurities through a 0.45 μm millipore

filter. Finally, silk peptide conjugated OHA (SOHA) was

collected by freeze-drying. The structure of SOHA was

characterized by 1H NMR.

2.4 Preparation and characterization of
Cur-SHNGs

2.4.1 Preparation of Cur-SHNGs
Cur-SHNGs were prepared by dialysis-sonication method.

Briefly, 160 mg of SOHA and 8 mg of Cur were mixed in 10 ml

of deionized water and 3 ml of DMSO, respectively. The

mixture was dialyzed against deionized water in the dark

for 48 h using a dialysis bag (MWCO 3.5 kDa) with

stirring. After dialysis, the mixture was subjected to

ultrasonic treatment for 20 min. Subsequently, the sample

was freeze-dried with a freeze dryer (SCIENTZ-18ND,

Ningbo Xinzhi Biotechnology Co., Ltd., China) to obtain

Cur-SHNGs powder. Nanogels consisting of Cur and

formulated by OHA (Cur-HNGs) were prepared in the

same way.

2.4.2 Quantitation of Cur using HPLC
Cur in the formulation was quantified using a high

performance liquid chromatography (HPLC) system (U-

3000, Thermo, United States) equipped with a UV

detector and a reversed-phase WondaSil C18 column

(5 mm, 200 mm × 4.6 mm). The mobile phase was

composed of acetonitrile and 0.5% phosphoric acid (58:42,

V/V), and the flow rate was 1.0 ml/min. The wavelength of

the UV detector and the temperature of the column oven

FIGURE 1
Schematic illustration of the Cur-loaded nanogels (Cur-SHNGs) based on SOHA conjugate for the enhancement of the topical administration
of Cur.
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were set to 423 nm and 30°C, respectively. The injection

volume was 20 μl. The Cur content (%) in the nanogels

was calculated according to following formula: Cur

content (%) = (mass of Cur loaded in nanogels/mass of

Cur loaded nanogels) × 100%.

2.4.3 Measurement of particle size and zeta
potential

The particle size and zeta potential of the nanogels were

determined using a dynamic light scattering instrument

(Zetasizer ZS90, Malvern Instruments, United Kingdom).

Samples were diluted to 3.0 mg/ml with deionized water

prior to determination. Each sample was placed in a zeta

potential cell and the zeta potential of the particles was

measured at 25°C. The results were the average of three

measurements for each sample.

2.4.4 Morphological observations of Cur-SHNGs
To observe the morphology of the Cur-SHNGs particles,

scanning electron microscope (SEM) was performed using

(Sigma 500, ZEISS, Germany). The Cur-SHNGs were diluted

to 2 mg/ml, the diluted sample was dropped on the surface of

the silicon wafer and kept at room temperature until

completely dry. A small amount of freeze-dried Cur-

SHNGs was placed on the conductive glue. The samples

were coated with gold before observing. The SEM images

of dispersed and lyophilized Cur-SHNGs were scanned and

recorded, respectively.

2.4.5 Stability of Cur-SHNGs
To investigate the stability of Cur-SHNGs, lyophilized

Cur-SHNGs powder was re-dispersed in deionized water and

stored at 4°C in the dark for 0, 7, 14, and 21 days. At

predetermined time points, the content of Cur was

determined by HPLC system, the particle size and zeta

potential were measured by dynamic light scattering

instrument.

2.5 In vitro release

In vitro release studies were conducted in triplicate in

phosphate buffered saline (PBS, pH 7.4) containing ethanol

(40%, v/v). 2 ml of Cur solution, Cur-HNGs or Cur-SHNGs

(0.5 mg/ml) were transferred into dialysis bags (MWCO

3500). Subsequently, the bags were sealed and immersed

in 20 ml of release medium. The release medium was

continuously stirred at 300 rpm at 37°C. At preset

sampling time points (0.5, 1, 2, 4, 8, 12, 24, and 48 h),

2 ml samples were withdrawn and an equal amount of

corresponding fresh release medium was placed back. The

concentration of Cur in the samples was measured using a

fluorescence spectrophotometer (Ex = 442 nm, Em =

475 nm) (F-7000, Hitachi High-Tech, Japan). The

cumulative release of Cur was calculated by the following

formula: (Liu et al., 2021a)

Cumulative release of Cur (%) � Vi∑
n−1
1 Ci + V0Cn

m
× 100%

Where: Vi is the volume of samples (ml), V0 is the total volume of

the release medium (ml), Ci is the drug concentration of the

samples (mg/ml), m is the initial amount of the Cur in the dialysis

bags (mg), and n is the number of samples (n > 0).

2.6 In vitro skin permeation studies

2.6.1 Preparation of rat skin
After the abdominal hair of the rats was shaved with an

electric shaver, the animals were sacrificed by ether inhalation

anesthesia, the abdominal skin was excised, adipose tissue and

adhesions were removed, and then the skin was hydrated with

physiological saline and stored at 4°C for use (Daryab et al.,

2022).

2.6.2 In vitro permeation studies in rat skin
In vitro skin penetration study of Cur from Cur solutions,

Cur-HNGs and Cur-SHNGs on rat skin was implemented

using the transdermal diffusion cell systems (Ali et al., 2021;

Sudhakar et al., 2021). The skin membrane was fixed between

the donor chamber and receiving chamber of the diffusion

cell, with the epidermis facing the donor chamber and the

dermis facing the receiving chamber. The receiving chamber

was filled with phosphate buffered saline (PBS, pH 7.4)

containing ethanol (40%, v/v). Subsequently, 0.3 ml of Cur

solution, Cur-HNGs or Cur-SHNGs (equivalent to 0.15 mg

Cur) was added to the donor chamber. The glass tube was

suspended in a water bath at 37°C ± 0.5°C and agitated at

300 rpm. Samples of 1.0 ml were taken from the receiver

chamber at predetermined time intervals up to 24 h and

immediately replenished with an equal amount of receiving

solution. The amount of Cur was quantified using HPLC as

described above.

After the penetration experiment was completed, the skin

samples were removed from the diffusion cell and rinsed with

deionized water to remove residual formulation from the surface

of the skin. The skin was then cut into pieces and subjected to

intermittent sonication in 2 ml of methanol for 120 min to

extract the drug in the skin. The Cur retained in the skin was

quantitatively analyzed by HPLC.

2.7 Hematoxylin and eosin staining

The back hair of the mice was depilated 1 day before the

experiment, and then Cur solutions, Cur-HNGs and Cur-
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SHNGs (containing 0.15 mg of Cur) were applied in the

depilation area. 6 h after application of the formulations,

the mice were killed and the skin was immediately collected.

After washing with physiological saline, the skin was placed

in a 4% paraformaldehyde solution at 4°C for fixation. The

fixed skin was embedded in paraffin, and serial longitudinal

sections were obtained with a thickness of 5 μm using a

microtome (LEICA RM2235, Nussloch, Germany).

Photographs of paraffin sections were obtained using a

digital slide scanner (3DHISTECH, Ltd.), and the effect of

formulations on skin microstructure was analyzed using the

matching analysis software of CaseViewer 2.3.

2.8 Fluorescence imaging

Different Cur formulation (Cur solution, Cur-HNGs,

and Cur-SHNGs) was respectively administered to the

skin of living mice as described in section of

“Hematoxylin and eosin staining.” After 1 and 6 h of

administration, the skin samples were excised and

thoroughly washed with physiological saline.

Subsequently, the treated skin samples were cut

longitudinally using a freezing slicer (Leica CM 1950,

Germany). The skin sections were nuclear counterstained

with DAPI, fluorescent images were acquired using a digital

slide scanner (3DHISTECH, Ltd.).

2.9 In vivo hot plate test in mice

In vivo analgesic activity studies in mice were performed

using the hot plate method (Abdallah et al., 2021). Briefly,

each mouse was individually placed on the hot plate of a

smart hot plate apparatus (YLS-6B, Jinan, China) maintained

at 55°C ± 1°C. The time elapsed from the onset of mouse

exposure to the hot plate to eliciting a response (including

paw licking, paw withdrawal, limb lift, or jumping) was

recorded as the latency (Muangnoi et al., 2018). Female

mice with a basal latency of 5–30 s were selected for

testing. The mice were divided into four groups with

10 mice in each group. After the determination of the

basal latency, the hot plate latencies were recorded at

different time points (30, 60, and 120 min) post the

administration of Cur solution, Cur-HNGs or Cur-SHNGs

at a dose of 15 mg/kg. The cutoff time was set at 60 s.

2.10 Dimethyl benzene induced mice ear
edema test

The mice were randomly divided into four groups with

10 mice in each group. Cur solution, Cur-HNGs or Cur-

SHNGs were uniformly applied to the two sides of the right

ear in each group at the dose of 0.4 mg/kg. After treatment

for 1 h, 30 μl of dimethyl benzene was applied topically on

both sides of the right ear (15 μl on each side) to induce ear

edema. The mice were humanely killed after treatment with

dimethyl benzene for 30 min, and then the same area of the

left and right ears of the mice were carefully cut off with a

puncher, the ears (8 mm in diameter) of all mice were

harvested and weighed accurately. The ear edema and ear

swelling inhibition rate were calculated.

2.11 Acute dermal irritation test

The hairs on both sides of the spine (approximately 3 cm ×

3 cm) were shaved 24 h before the experiment. The mice were

divided into four groups of six mice each. Then 0.5 ml of Cur

solution, Cur-HNGs or Cur-SHNGs was administered on

depilated dorsal surface of the mice, the formulation was

removed after 4 h of exposure, and any visible changes in the

skin (such as erythema, edema, etc.) were observed at 1, 4, 24, 48,

and 72 h.

2.12 Statistical analysis

Results were expressed as mean ± standard deviations (SD) of

triplicate experiments. The statistical differences among groups

were analyzed using Student’s t-test, and p < 0.05 was considered

significant.

3 Results and discussions

3.1 Synthesis and characterizations of
SOHA conjugate

The synthetic scheme of SOHA conjugate is shown in

Figure 2A. Under the catalysis of EDC and NHS, a new

conjugate SOHA was synthesized through the amide reaction

between the −COOH groups of HA and the −NH2 groups of

octadecylamine and silk peptide. Figure 2B showed the 1H

NMR spectra of silk peptide, OHA, and SOHA. The

characteristic peak of SOHA at 0.95 ppm was the chemical

shift corresponding to protons of the −CH3− group in

octadecylamine (Yuan et al., 2022), the peak at 1.24 ppm

was attributed to the chemical shifts of the −CH−NH2CH3

proton in alanine of silk peptide (Zainuddin et al., 2008), and

peaks ranging from 2.94 to 3.85 ppm were the chemical shift

corresponding to protons of the glycosides in HA (Yuan

et al., 2022). The 1H-NMR spectrum indicating that SOHA

conjugate was successfully synthesized. The substitution

degree (DS) of octadecylamine and silk peptide was
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FIGURE 2
(A) Synthetic scheme of SOHA. (B) 1H NMR spectra of silk peptide, OHA and SOHA.

FIGURE 3
Characterization of Cur-SHNGs. (A) Particle size distribution of Cur-SHNGs. (B) Appearance of blank nanogels and Cur-SHNGs. (C) SEM image
of Cur-SHNGs dispersion.(D) SEM image of lyophilized Cur-SHNGs powder.
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14.82% ± 0.27% and 9.46% ± 0.15% in SOHA conjugate,

respectively.

3.2 Preparation and characterization of the Cur-
SHNGs

3.2.1 Preparation of Cur-SHNGs

Hyaluronic acid is a water-soluble polymer that could form

gels with a network structure (Zhang et al., 2019). It has been

reported that when HA polymers are hydrophobized by

hydrophobic groups, self-aggregating nanogels could be formed

(Zoratto et al., 2021). In this study, Cur-loaded SOHA nanogels

(Cur-SHNGs) were formulated by dialysis-sonication method.

This method could not only easily embed a large amount of

highly lipophilic drugs, but also form nanogels with small and

uniform particle size. When the weight ratio of Cur to SOHA was

1:20, the content of Cur was 4.26%, which showed a satisfactory

drug content and no precipitation was found during preparation.

3.2.2 Particle size and zeta potential

In skin application, the particle size of the formulation plays

an important role. Usually, when the particle size of the

formulation is less than 300 nm, it is easy to penetrate the

stratum corneum and form a drug reservoir in the skin.

However, when the particle size is less than 100 nm, it is

easier to enter the blood circulation through the dermis

(Verma et al., 2003). The particle size of blank nanogels was

163.16 ± 2.31 nm with a PDI of 0.15 ± 0.02. After loading Cur,

Cur-SHNGs presented a slightly increased particle size of

171.37 ± 1.36 nm with a PDI of 0.23 ± 0.01. Only one peak

was observed in the diagram of particle size distribution of the

Cur-SHNGs (Figure 3A), which indicated the uniform particle

size distribution of the formulation. The loading of Cur did not

significantly change the particle size of the nanogels. The particle

size of Cur-SHNGs is between 100 and 300 nm. Therefore, Cur-

SHNGs might enter deeper skin through the stratum corneum

and form a drug reservoir in the skin. The average size of Cur-

HNGs was around 165 nm, so the conjugation of silk peptide did

not obviously change the size.

The zeta potential of nanoparticles might be one of the

important factors affecting their stability and skin deposition

(Kahraman et al., 2018). The zeta potentials of blank nanogels,

Cur-HNGs and Cur-SHNGs were −12.90 ± 0.21, −27.08 ± 1.34,

and −13.23 ± 0.90 mV, respectively. Compared with Cur-HNGs,

the negative charge of Cur-SHNGs was weakened, which might

be due to the binding of silk protein peptides. It was found that

nanoparticle systems with a zeta potential greater than ±30 mV

can produce good stability of the suspension, while less

than ±15 mV might lead to the problem of aggregation and

sedimentation (Deng et al., 2021). Nevertheless, the stability

experiments showed that the stability of the Cur-SHNGs was

not affected by the surface zeta potential (discussed in section of

“Stability of Cur-SHNGs”). Since skin cells are negatively

charged, lower repulsion between Cur-SHNGs with less

negative charge and skin cells might result in better cell

adsorption and intradermal drug deposition (Zhang et al., 2020).

3.2.3 Morphology of Cur-SHNGs

The prepared blank nanogels were uniform and transparent

in appearance, while the formulated Cur-SHNGs were yellow

and homogeneous (Figure 3B). As shown in Figure 3C, the Cur-

SHNGs dispersion appeared as a single nanoparticle with

spherical shape. The lyophilized powder of Cur-SHNGs also

presented a spherical shape with a smooth surface (Figure 3D).

3.2.4 Stability of Cur-SHNGs

After 21 days of storage in the dark at 4°C, the particle size, zeta

potential value andCur content of Cur-SHNGswere not statistically

different from those observed at 0 days of storage, indicating that the

gel network formed by Cur-SHNGs could protect Cur from

degradation and oxidation, and effectively improve the

physicochemical stability of the formulation Figures 4A–C.

3.3 In vitro release

The in vitro release curves were shown in Figure 4D. It was

obvious that almost 95.06% ± 1.87% of the Cur was released from

the Cur solution within 48 h, while the cumulative release of the

Cur-HNGs and Cur-SHNGs was only 70.05% ± 3.39% and

60.23% ± 2.18%, respectively. The Cur-HNGs and Cur-

SHNGs showed a significantly lower cumulative release

compared to that of Cur solution at 48 h (p < 0.01). The

slower release rate of Cur loaded nanogels might be attributed

to the unique grid structure of the nanogels formed by the

entanglement of OHA or SOHA chains, which affected the

drug diffusion and slowed down drug release. This might be

beneficial for the formulation to act as an intradermal drug depot

and to release the drug continuously in the skin, rather than

releasing the drug before the nanogels penetrate into the skin.

3.4 In vitro skin penetration and retention

Figure 5A showed the cumulative amount of Cur permeated

through the unit area of abdominal rat skin from the Cur solution,

Cur-HNGs and Cur-SHNGs. At each time point, the cumulative

permeability of Cur-HNGs and Cur-SHNGs was much higher
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than that of Cur solution, no lag phase was observed for the Cur-

HNGs and Cur-SHNGs, and Cur could be detected in the

receiving chambers at the first time point of 2 h, indicated that

the nanogels could quickly cross the stratum corneum and

penetrate through the skin. While, only a small amount of

drugs could be detected in the receiving chambers at 4 h for

Cur solution. After 24 h of percutaneous penetration, the

cumulative amount of Cur permeated through the skin from

the Cur solution, Cur-HNGs and Cur-SHNGs was 0.77 ± 0.27,

4.58 ± 0.59, and 3.08 ± 0.38 μg/cm2, respectively. It was obvious

that Cur permeated through rat skin from Cur-HNGs and Cur-

SHNGs was significantly higher than that of Cur solution (p <

FIGURE 4
The storage stability of Cur-SHNGs at 4°C by (A) particle size and PDI, (B) zeta potential and (C) Cur content in the nanogels. (D) The in vitro
release of Cur fromCur solution, Cur-HNGs, and Cur-SHNGs in PBS (pH 7.4) containing ethanol (40%, v/v) (results were presented asmean ± SD, n=
3; **p < 0.01 compared with the Cur solution).

FIGURE 5
In vitro skin permeation studies of Cur solution, Cur-HNGs and Cur-SHNGs in rat skin after 24 h of topical administration. (A) The in vitro skin
cumulative permeation of Cur through the skin. (B) Cur retention in the skin (results were presented as mean ± SD, n = 3; *p < 0.05, **p < 0.01).
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0.01). The small particle size of the formulated nanogels provided a

large surface area that promotes the transdermal penetration of

drugs (Elmataeeshy et al., 2018). In addition, it has been reported

that HA has an unusually strong ability to absorb water and can

bind 1,000 times its own volume of water (Zhu et al., 2020), so it

can greatly hydrate the stratum corneum, thereby causing swelling

of keratinocytes and reducing the compactness of the stratum

corneum structure, ultimately increasing permeation efficiency of

the drug (Zhu et al., 2020). The efficacy of topical therapeutic drugs

depends on the amount of drugs in the skin, which is related to the

ability of drugs to penetrate the stratum corneum into the skin

tissue. Cur loaded nanogels had a stronger percutaneous

permeability than that of the Cur solution, indicated that more

Cur would be retained in skin, which is beneficial to the treatment

of local diseases (Zheng et al., 2016; Faisal et al., 2018). The

cumulative permeation of Cur through the skin at 24 h was

found to be significantly reduced in the case of Cur-SHNGs

compared to Cur-HNGs (p < 0.05). This result indicated that

Cur-SHNGs might be more beneficial to keep the drug in the skin

layer and reduce the further penetration of Cur into the systemic

circulation. Therefore, Cur-SHNGs would be more effective in

targeting local skin sites than Cur-HNGs.

The amounts of Cur retained in the skin after applying Cur

solution, Cur-HNGs and Cur-SHNGs were shown in Figure 5B.

After 24 h of transdermal penetration, the amount of Cur

retained in skin were 0.12 ± 0.01, 0.34 ± 0.08, and 0.66 ±

0.17 μg/cm2 for Cur solution, Cur-HNGs and Cur-SHNGs,

respectively. It was obvious that the amount of Cur retained

in skin for Cur-HNGs and Cur-SHNGs was 2.83 and 5.50 times

higher than that of Cur solution, respectively. It is beneficial

when Cur retention in the skin is needed in some local skin

diseases such as dermatitis, psoriasis, and burn pain. The

significant increase in skin retention of Cur loaded nanogels

might be attributed to: 1) The HA molecule has a strong affinity

for keratin in the skin and the viscoelasticity of the HA molecule

chain allows the formulation to remain in the skin for a longer

time (Cilurzo et al., 2014). 2) The nano-sized nanogels is easy to

penetrate into the deep layer of the skin through the stratum

corneum, and forms a drug depot in the skin to exert a slow-

release effect, which is conducive to the accumulation of drugs in

the skin tissue to achieve better treatment of local skin diseases

(Faisal et al., 2018). 3) Negatively charged drug-loaded

nanoparticles could interact with negatively charged skin

membranes to increase the transdermal flux of drugs, which

in turn could improve drug accumulation in the skin layer

(Maione-Silva et al., 2019). Cur-SHNGs showed a significantly

higher (p < 0.05) drug deposition in skin than that of Cur-HNGs,

this might be due to that the helical silk peptide in SOHA chains

has special ultrastructure and multi-level structure, which makes

Cur-SHNGs have good skin affinity and biological adhesives

properties (Dong et al., 2015; Mao et al., 2017). In conclusion, we

could say that the increased retention of Cur-SHNGs in the skin

is mainly due to the characteristics of the carrier material and the

formulation in which the drug is dispersed.

FIGURE 6
Micrographs of hematoxylin and eosin stainedmice skin sections after themice were treated with physiological saline (A), Cur solution (B), Cur-
HNGs (C), and Cur-SHNGs (D) (n = 3).
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3.5 Hematoxylin and eosin staining

On hematoxylin and eosin staining analysis, the nucleus

and cytoplasm appeared blue and red (Figure 6), respectively.

The structure of the skin tissue in the physiological saline

group and the Cur solution group was compact and complete,

the epidermal cells were closely arranged, and the edge of cells

were difficult to distinguish (Figures 6A,B). After

administration of Cur-HNGs or Cur-SHNGs, the skin

structure was loose, the intercellular spaces and epidermal

cracks of the skin increased, and the cell arrangement in the

stratum corneum was disordered (Figures 6C,D). Taken

FIGURE 7
Fluorescence images of longitudinal sections of the skin incubated with Cur solution, Cur-HNGs and Cur-SHNGs at 1 and 6 h (n = 3).
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together, Cur-HNGs and Cur-SHNGs altered the skin

microstructure, increased skin permeability, and improved

transdermal drug delivery, which might be related to the

reduced skin density due to the intense skin hydration of

HA (Taieb et al., 2012; Taweechat et al., 2020).

3.6 Fluorescence imaging

In order to effectively improve the topical efficacy of Cur,

it is necessary to improve the penetration of the drug into the

deep layers of the skin after administration of the

formulation. Taking advantage of the characteristic of

spontaneous green fluorescence of Cur, in vivo skin

penetration studies were performed using fluorescence

images to confirm the skin permeation and retention

enhancement effect of developed formulation, as well as to

study the distribution of formulations in the skin.

Fluorescence images of mouse skin after treatment with

Cur solution, Cur-HNGs and Cur-SHNGs for 1 and 6 h

were shown in Figure 7. After 1 h of permeation, only

showed weak fluorescence in hair follicles was observed in

the skin treated with Cur solution, while in Cur-HNGs group

and Cur-SHNGs group, fluorescence was observed in both

the upper epidermis and hair follicles, and the fluorescence

intensity was stronger than Cur solution. In the case of Cur

loaded nanogels, the enhancement of skin fluorescence

intensity indicated that they could effectively penetrate the

stratum corneum and deliver the drug to the deeper layers of

the skin. The fluorescence intensity of all formulations in the

skin increased with the extension of permeation time. After

6 h of penetration, the Cur solution group was still mainly

distributed in the hair follicles, indicating that it did not

penetrate the stratum corneum into the deep layer of the

skin, which might be due to the poor permeability of Cur

molecules (Yu et al., 2021a), and the hair follicle pathway

might be the main pathway for the percutaneous penetration

of free Cur. The Cur-HNGs group and the Cur-SHNGs group

were distributed in the epidermis, dermis and hair follicles,

and showed stronger fluorescence intensity compared with

the Cur solution group, indicating that the transdermal

penetration ability of the nanogels formulation was much

better than that of the Cur solution. The fluorescence

intensity of the skin samples from the Cur-SHNGs group

was significantly higher than that of Cur-HNGs group,

indicating that more drugs were retained in the skin tissue

after percutaneous administration of Cur-SHNGs, which

might be due to the skin affinity and biological adhesives

properties (Yang et al., 2020), these phenomena further

confirmed the favorable performance of Cur-SHNGs for

transdermal drug delivery.

3.7 Assessment of analgesic activity

The results of analgesic effects were shown in Figure 8A.

From the obtained results, we noticed that the developed

Cur-SHNGs formulation exhibited significant analgesic

activity at both the 60 and 120 min time points (p < 0.05),

compared with the physiological saline group and the Cur

solution group. At 120 min following topical application of

the formulation, the Cur-SHNGs group showed significant

analgesic activity compared to the Cur-HNGs group (p <
0.05). These results suggested that the Cur-SHNGs treated

group had a significantly higher anti-nociceptive effect,

which might be due to the fact that Cur-SHNGs improved

the penetration of Cur through the stratum corneum and

enhanced intradermal retention.

FIGURE 8
(A)Thermal latency of physiological saline, Cur solution, Cur-HNGs, and Cur-SHNGs in mice at various time intervals on the hot plate; (B) Effect
of physiological saline, Cur solution, Cur-HNGs, and Cur-SHNGs on the weight of dimethyl benzene induced mice ear edema. (**p < 0.01 as
compared to physiological saline group, #p < 0.05 and ##p < 0.01 as compared to Cur solution group, &p < 0.05 as compared to Cur-HNGs group).
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3.8 Assessment of anti-inflammatory
activity

As can be seen from Figure 8B, the ear edema of the Cur-

SHNGs group was 17.26 ± 6.7 mg, while the ear edema of the Cur

solution group and the Cur-HNGs group were 28.12 ± 8.58 and

22.43 ± 9.05 mg, respectively. Compared with the Cur solution

group and Cur-HNGs group, the ear edema in the Cur-SHNGs

group was significantly reduced (p < 0.05) when the same dose was

topically administered to mice. The ear swelling inhibition rate of

Cur-SHNGs was 47.07%, which was 3.41 times and 1.51 times

better than that of Cur solution and Cur-HNGs, respectively. These

results indicated that Cur-SHNGs had stronger protective and

therapeutic effects on dimethyl benzene induced mice ear skin

edema when compared with Cur solution and Cur-HNGs. This also

further confirmed the advantages of Cur-SHNGs as a transdermal

drug delivery system for topical inflammatory diseases.

3.9 In vivo skin irritation test

As shown in Table 1 and Figure 9, all mice tested showed no

signs of edema or erythema during the testing period, indicating

that the Cur-SHNGs had good biocompatibility and can be safely

used as a topical product, which will facilitate improved skin

acceptability and patient compliance. In conclusion, despite the

Cur-SHNGs exhibited high skin retention of Cur as previously

described, no skin irritation was found.

4 Conclusion

In this study, Cur-loaded SOHA nanogels (Cur-SHNGs)

were successfully prepared as a novel drug carrier for the

enhancement of the topical administration of Cur. The

physical properties, in vitro release behavior, in vitro skin

penetration and retention, effects of formulations on skin

microstructure, in vivo drug activity and biocompatibility of

the newly developed nanogels were investigated. In vitro skin

penetration and retention study revealed higher skin penetration

of Cur-SHNGs than that of Cur solution and the highest

retention than that of Cur-HNGs and Cur solution.

Fluorescence imaging further confirmed the skin permeation

and retention enhancement effect of developed Cur-SHNGs.

Hematoxylin and eosin staining indicated that nanogels

formulation improved transdermal drug delivery by reducing

skin density due to the intense skin hydration of HA. In addition,

in vivo activity tests indicated that Cur-SHNGs had favorable

analgesic and anti-inflammatory activity. In vivo skin irritation

test implied the good biocompatibility of Cur-SHNGs. In

TABLE 1 Appearance of mice belonging to the physiological saline (control) group and to the groups treated with Cur solution, Cur-HNGs, and Cur-
SHNGs. Experiments were completed on six animals for each group.

Group Erythema Edema Death/total animals

(Normal for “√”) (Normal for “√”)

Control √ √ 0/6

Cur solution √ √ 0/6

Cur-HNGs √ √ 0/6

Cur-SHNGs √ √ 0/6

FIGURE 9
Observation of mice skin appearance at 72 h after exposure to physiological saline, Cur solution, Cur-HNGs, or Cur-SHNGs (n = 6).
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conclusion, the Cur-SHNGs should be a promising formulation

in the topical drug delivery.
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An “on-off-on” fluorescence
probe for glyphosate detection
based on Cu2+ modulated
g-C3N4 nanosheets

Yingfeng Qin, Ruiqi Huang and Gao-Jie Ye*

Guangxi Key Laboratory of Bioactive Molecules Research and Evaluation, Key Laboratory of Biological
Molecular Medicine Research (Guangxi Medical University), Education Department of Guangxi Zhuang
Autonomous Region, Pharmaceutical College and School of Basic Medical Sciences, Guangxi Medical
University, Nanning, China

The analysis of glyphosate is essential to agricultural production, environment

protection and public health. Herein, we proposed a fast and convenient “on-

off-on” fluorescence platform for sensitive detection of glyphosate via Cu2+

modulated g-C3N4 nanosheets. The fluorescence of the system was quenched

by Cu2+. With the presence of glyphosate, the fluorescence could be restored

due to the formation of Cu2+- glyphosate complex. The proposed method was

cost-effective with label-free and enzyme-free. Moreover, it exhibits high

sensitivity with a low detection limit of 0.01 μg/ml. Furthermore, the

proposed method has been successfully monitored glyphosate in real samples.

KEYWORDS

glyphosate, G-C3N4 nanosheets, Cu2+, fluorescence, on-off-on

1 Highlights

• A fast and convenient “on-off-on” fluorescence platform based on Cu2+ modulated

g-C3N4 nanosheets for sensitive detection of glyphosate was developed.

• This method is cost-effective and does not need any labeling, enzyme or other

complex processes.

• The proposed method exhibits high sensitivity and has a good analysis performance

in complex samples.

2 Introduction

The use of pesticides is highly merited to improve crop yields and products

quality. Among many pesticides, glyphosate has become one of the most widely

applied herbicides because of its high efficiency, broad-spectrum, non-selective, and

low toxicity (Valle et al., 2019). Nevertheless, the misuse of glyphosate can cause its

high residues in soil, water, and food, and then produce some problems regarding

environmental pollution and health hazards. Moreover, glyphosate exposure has

adverse effects on the endocrine system, central nervous system and cell cycle
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(Gasnier et al., 2009; Wozniak et al., 2020). Besides that,

glyphosate has been listed as a potential carcinogen

(Guyton et al., 2015). Therefore, constructing a facile, low-

cost, and high-efficiency method for glyphosate detection is of

great importance for public health and environmental

protection.

Currently, some traditional approaches have been applied

to analyze glyphosate such as capillary electrophoresis

(Muñoz et al., 2019), gas chromatography (Royer et al.,

2000; Ding et al., 2015), high-performance liquid

chromatography (Sun et al., 2017; Surapong and Burakham,

2021), Chromatography-mass spectrometry (Schütze et al.,

2021; Pérez-Mayán et al., 2022), and enzyme-linked

immunosorbent assay (González-Martínez et al., 2005).

However, these methods tend to require sophisticated

instrumentation, tedious pretreatments, long testing times

or tedious operation. To overcome such limitations, several

techniques have been proposed (Xu et al., 2018; Qin et al.,

2020; Ding et al., 2021; Wu et al., 2022; Zhao et al., 2022).

Among them, fluorescence methods have been receiving great

attention owing to their superior analytical performances such

as simplistic, rapid, and sensitive. Especially, fluorescent

probes can be applied to develop label-free fluorescent

platforms for target analysis (Liu et al., 2020; Zhang et al.,

2020; Liu et al., 2021).

As a promising kind of 2D nanomaterials, g-C3N4

nanosheets (CN NNS) have attracted much attention because

of their low cost, easy synthesis, excellent catalytic performance,

metal-free, water solubility and excellent biocompatibility (Dong

et al., 2016). Up to now, CN NNS have emerged in biosensor,

imaging and photocatalysis (Guo et al., 2011; Salehnia et al., 2017;

Zhang et al., 2021; Zheng et al., 2021). Intriguingly, CN NNS not

only have excellent fluorescence properties, but also the

fluorescence can be quenched by some metal ions including

Fe3+, Hg2+, Eu3+, and Cr6+(Rong et al., 2015a; Zhuang et al., 2017;

Ti et al., 2021; Wang et al., 2021). Recently, Chen group reported

a label-free fluorescence sensor for detection of Fe3+ and ascorbic

acid viaCNNNS (Guo et al., 2018). Duan group used CNNNS to

establish a facile fluorescence approach for 6-Thioguanine and

Hg2+ (Duan et al., 2018). This property can be used to develop

novel sensor strategies for metal ion detection or some other

targets detection which were mediated by these metal ions.

In the present work, a facile and effective “on-off-on”

fluorescence sensor based on CN NNS was developed for

glyphosate. The CN NNS were prepared by one-step process.

The fluorescence of the CN NNS could be quenched by Cu2+.

Then, the fluorescence gradually increased with the addition of

glyphosate due to Cu2+ preferentially coordinated with

glyphosate. The quantitation of glyphosate could be achieved

according to the change of fluorescence. Thus, the proposed

approach not only provided a novel sensor platform for

glyphosate but also exhibited a potential application in

environmental safety and biological fields.

3 Materials and methods

3.1 Reagents and materials

Glyphosate, dicyanamide, copper chloride (CuCl2), and

other pesticides (such as carbendazim, carbaryl, parathion,

malathion, chlorpyrifos, diazinon, omethoate) were gained

from Aladdin Reagent Co., Ltd. (Shanghai, China). Tris was

purchased from Solarbio Science and Technology Co., Ltd.

(Beijing, China). Ultrapure water was gained from a Milli-Q

Integral 15 system (Millipore) and used throughout the work.

Water samples were obtained from Yongjiang river in

Nanning City and the lake water of Guangxi Medical

University campus.

3.2 Preparation of CN NNS nanosheets

The CN NNS were synthesized according to the previously

reported literature (Rong et al., 2015b). Briefly, the alumina

crucible containing 10 g of ground dicyandiamide was placed

in a muffle furnace, heated to 550°C at a heating rate of 3°C/min,

reacted for 2 h, and then cooled to 25°C at the same rate. As a

result, the bulk CN NNS was acquired. After that, 1 g of bulk CN

NNS was put into 100 mL10 M HNO3 and refluxed for 16 h at

25°C. Then, the refluxed product was collected through

centrifugation at 10000 rpm and washed to neutrality with

water. The obtained precipitate was dispersed in 50 ml water

for 6 h through a 2D nanomaterial stripper. Finally, the CN NNS

solution was stored at 4°C.

3.3 Analysis of glyphosate

First, the stock solution of glyphosate was diluted with

water to different concentrations. Then, 2 μL of 0.2 mM Cu2+,

10 μL of different concentrations of glyphosate, 5 μL CN NNS

and 183 μL 20 mM Tris-HCl buffer (pH 6.0) reacted at room

temperature for 10 min with a total volume of 200 μL.

Subsequently, the fluorescence spectra of the samples were

collected using an FL-8500 fluorescence spectrometer

(PerkinElmer, United States) with the excitation wavelength

at 308 nm.

3.4 Determination of glyphosate in real
samples

First, the samples of river water and lake water were filtered

with 0.22 μmmembrane to remove solid impurities, respectively.

After that, the analysis of glyphosate in the real water samples

were carried out as described above processing procedure

(2.3 Analysis of glyphosate).
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FIGURE 1
The Characterization of CN NNS (A) TEM image; (B) XRD image; (C) FT-IR spectrum.

FIGURE 2
(A) UV-Vis spectra of CN NNS; (B) The fluorescence excitation and emission spectra of CN NNS; (C) The photos of the dispersion under room
light (A) and 365 nm UV light (B); (D)The fluorescence photostability of the dispersion.
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4 Results and discussion

4.1 Characterization

The morphology of the obtained CN NNS was

characterized through transmission electron microscopy

(TEM). Figure 1A exhibited a lamellar structure and a well-

dispersed state by TEM image. The XRD image displayed a

broad diffraction peak (002) at 27.6° in Figure 1B, which was

consistent with previous reports (Sun et al., 2020). As shown

in Figure 1C, FT-IR spectrum of the obtained CN NNS was

analyzed. The broad bands peaked at 3,000 to 3,500 cm−1 were

ascribed to N-H stretching. The bands peaked at 1,000 to

1750 cm−1 were attributed to C=N stretching and C=O

stretching. A characteristic peak of appeared at 804 cm−1,

which was due to the vibration of the triazine ring. The

FT-IR results indicated the presence of carboxyl, amino

and hydroxy groups.

4.2 Optical properties of CN NNS
nanosheets

In this work, the UV-Vis absorption spectroscopy and

fluorescence spectra are used to reveal the optical properties

of CN NNS. The UV-Vis absorption possessed a characteristic

absorption peak at 308 nm in Figure 2A. In addition, Figure 2B

shows the solution emitted a strong fluorescence emission at

426 nm with the excitation wavelength at 308 nm. Compared

with daylight, brilliant blue fluorescence of the solution was

clearly observed under the irradiation of 365 nm UV light

(Figure 2C). Meanwhile, the fluorescence stability of the CN

NNS dispersion was also researched. As displayed in Figure 2D,

there is no obvious change in the intensity after the solution was

stored for more than 2 months, implying outstanding stability of

the dispersion.

4.3 Principle of the proposed sensor

The principle of this novel enzyme-free fluorescence sensor

for glyphosate assay based on CN NNS is illustrated in Figure 3.

Firstly, the blue CN NNS were prepared by simple synthesis

using dicyanamide. In the absence of glyphosate, the fluorescence

of system was greatly quenched by Cu2+, lending to a low

fluorescence signal. In contrast, upon the addition of

glyphosate, Cu2+ preferentially coordinated with glyphosate to

form glyphosate-Cu2+complex due to the stronger interaction

than CN NNS-Cu2+. As a result, a high fluorescence signal was

obtained. Thus, the concentrations of glyphosate could be

detected by the fluorescence change.

4.4 Feasibility of the sensor

In order to verify the feasibility of this sensor strategy, the

fluorescence emission spectra of the reaction solutions were

detected. Figure 4 showed that the CN NNS had very high

current fluorescence (curve a). After the introduction of

glyphosate, no obvious change in fluorescence intensity at

426 nm was observed in curve a and curve b, manifesting that

glyphosate had no effect on CN NNS. However, when Cu2+

was added to the system, the fluorescence intensity decreased

significantly (curve c) due to the formation of the Cu2+-CN

NNS complex. After glyphosate and Cu2+ were added, we

FIGURE 3
Schematic illustration of fluorescence sensor for glyphosate
detection via CN NNS.

FIGURE 4
Fluorescence emission spectra of different sample solutions.
Sample a: CNNNS; Sample b: CNNNS+ glyphosate; Sample c: CN
NNS + Cu2+; Sample d: CN NNS +Cu2++ glyphosate. The
concentrations ofCNNNS,Cu2+ andglyphosatewere5μg/mL,
2 μM and 5 μg/mL, respectively.
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observed that the fluorescence intensity of system increased

significantly (curve d) because glyphosate exhibits a stronger

combination ability with Cu2+. Above results illustrated that

the fluorescence method using CN NNS and Cu2+ was feasible

for glyphosate detection.

4.5 Optimization of assay conditions

For achieving the best assay performances, several main

factors including the concentration of Cu2+, pH of reaction

system, and the reaction time were optimized.

The concentration of Cu2+ was first investigated. As seen in

Figure 5A, the value of F/F0 increases with Cu2+ concentration

from 0.5 μM to 2 μM. The maximum F/F0 value was obtained at

2 μM. Afterwards, the value of F/F0 decreased gradually. Thus,

2 μM was the optimal concentrations of Cu2+. In addition, the

pH of reaction system was also optimized. The value of F/F0
increased on increasing pH from 4.0 to 6.0, and the F/F0 value

reached a maximum when the pH was 6.0. However, after the

pH exceeds 6.0, the F/F0 value gradually decreases as the pH value

increases (Figure 5B). Thus, 6.0 was used as the optimum pH of

the reaction system. Finally, effect of incubation time was also

examined. The value of F/F0 increased with the increase reaction

time and sustained a stable value at 10 min (Figure 5C). So, the

optimal incubation time was 10 min.

4.6 Fluorescence assay for glyphosate

Based on the optimal conditions, various concentrations of

glyphosate were analyzed. As illustrated in Figure 6A,

the fluorescence intensity at 426 nm increases as the

concentration of glyphosate increased from 0 to 8.0 μg/ml.

FIGURE 5
Optimization of assay conditions. The effect of Cu2+ concentration (A), pH value (B), and incubation time (C).

FIGURE 6
(A) The response of fluorescence emission spectra with
different concentrations of glyphosate. The concentrations of
glyphosate from a to l were 0, 0.02, 0.2, 0.5, 1, 2, 3, 4, 5, 6, 7 and
8 μg/ml, respectively. (B) The relationship between the
fluorescence intensity and glyphosate concentrations. Inset: linear
curve for glyphosate (0.02–6 μg/ml).
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The fluorescence intensity and the glyphosate concentration in the

ranged from 0.02 μg/ml to 6.0 μg/ml shows a good linear

relationship (inset of Figure 6B). The linear equation was F =

8,814.14C + 13143.35 (C: the concentration of glyphosate, F: the

fluorescence intensity at 426 nm, R2 = 09968). The limit of detection

is 0.01 μg/ml, which is substantially lower than the maximum

residue of 0.7 μg/ml in drinking water by the US EPA and

GB5749-2022 (Drinking Water Standards and Health Advisories.,

2018; Standardization Administration of China., 2022). The

sensitivity is comparable to or better than most other methods

for glyphosate assay (Chang et al., 2016; Hou et al., 2020; Tai et al.,

2022).

4.7 Selectivity study

The selectivity of this sensor was verified by detecting other

pesticides including carbendazim, carbaryl, parathion,

malathion, chlorpyrifos, diazinon and omethoate. As displayed

in Figure 7, compared to other pesticides, only glyphosate could

induce a remarkable fluorescence enhancement. These results

indicated that the present assay has good selectivity for

glyphosate detection.

4.8 Analysis of real samples

To evaluate the applicability of the present method in real

samples, the recovery experiments were estimated in river

water and lake water samples. The samples were spiked with

different concentrations of glyphosate and detected. As can be

seen in Table 1, The recoveries ranged from 96.5 to 104.4%.

These results indicated the proposed method had great

potential for glyphosate detection in complicated real

samples.

5 Conclusion

In summary, we constructed a novel “on-off-on” sensor for

sensitive detection of glyphosate via CN NNS as fluorescence

probe. The fluorescence change of system can be obtained by the

combination between copper ions and nanosheets or glyphosate,

achieving the detection of glyphosate. The developed method was

convenient, low-cost and rapid without tedious procedures. It

exhibits a high sensitivity with a detection limit of 0.01 μg/ml.

Besides that, a satisfactory performance in actual samples was

also obtained. Therefore, the developed approach is expected to

possess potential ;application in environmental safety and

biological fields.

Data availability statement

The original contributions presented in the study are

included in the article/supplementary material, further

inquiries can be directed to the corresponding author.

TABLE 1 Detection of glyphosate in river water and lake water samples.

Samples Added (μg/mL) Found (μg/mL) Recovery (%) RSD (%, n = 3)

river water

1 0.200 0.205 102.7 2.1

2 1.000 0.972 97.2 3.5

3 5.000 5.218 104.4 2.9

lake water

1 0.200 0.193 96.5 2.6

2 1.000 1.026 102.6 2.2

3 5.000 5.162 103.2 3.3

FIGURE 7
Selectivity of the present method for glyphosate. The
concentration was 5 μg/ml for glyphosate, and the concentrations
were 100 μg/ml for other pesticides.
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Nanoengineered, magnetically
guided drug delivery for tumors:
A developmental study

Tieyu Chen, Yanyu Kou, Ruiling Zheng, Hailun Wang and
Gang Liang*

Pharmaceutical College, Guangxi Medical University, Nanning, China

Fighting against tumors is an ongoing challenge in both medicinal and clinical

applications. In recent years, chemotherapy, along with surgery, has

significantly improved the situation to prolong life expectancy. Theoretically,

and regardless of dosage, we now have drugs that are strong enough to

eliminate most tumors. However, due to uncontrollable drug distribution in

the body, it is difficult to increase treatment efficiency by simply increasing

dosages. For this reason, the need for a drug delivery system that can release

“bombs” at the target organ or tissue as precisely as possible has elicited the

interest of researchers. In our work, we design and construct a silica-based

nanocomposite to meet the above demand. The novel nanocomposite drug

carrier can be guided to target tumors or tissue by a magnetic field, since it is

constructed with superparamagnetic Fe3O4 as the core. The Fe3O4 core is clad

in a mesoporous silica molecular sieve MCM-41 (represented as MS, in this

article), since this MS has enormous ordered hexagonal caves providing

sufficient space to hold the drug molecules. To modify the magnetically

guided carriers so that they become both magnetically guided and light-

responsive, benzophenone hydrazone is coupled into the molecular sieve

tunnel. When a certain wavelength of light is imposed on the gating

molecules, C=N double bonds vibrate and swing, causing the cavity that

holds the drug molecules to change size and open the tunnels. Hence, the

nanocomposite has the ability to release loaded drugs with light irradiation. The

structure, loading abilities, and the size of the nanocomposite are inspected

with a scanning electron microscope, a transmission electron microscope,

thermogravimetry analysis, N2 adsorption/desorption, and dynamic light

scattering The biocompatibility and in vitro drug molecule controlled release

are tested with an SMMC-7721 cell line.
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stimuli-responsive, superparamagnetic, drug delivery, daunorubicin, magnetic guided,
nanocomposite
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Introduction

Hepatocellular carcinoma (HCC) is a commonly found

cancer, the third largest cause of cancer-related deaths

worldwide, and the largest in Southeast Asia (Han et al.,

2011; Yen et al., 2020; Zheng et al., 2022). Surgery and

chemotherapy are significant in the battle against

hepatocellular carcinoma, saving millions of patients.

Daunorubicin (DNR) is a kind of anthracycline used

clinically as a chemotherapy reagent, mainly curing cancers

such as acute myeloid leukemia, acute lymphoblastic leukemia,

and Kaposi’s sarcoma (Deng et al., 2021; Samosir et al., 2021;

Shepherd et al., 2021). However, it is not the first drug of choice

for HCC because daunorubicin can be turned into

daunorubicinol in the liver with serious cardiac effects.

However, the situation has changed since researchers

discovered that the combination of DNR with

epigallocatechin-3-gallate (EGCG) and its derivatives, can

reduce the production of daunorubicinol (Li et al., 2014;

Zhou et al., 2020). This brings relief to those patients who

have relapsed after treatment with doxorubicin, as well as to

patients with multidrug-resistant liver cancer. Yet simply

replacing doxorubicin with DNR, or combining the two

drugs for chemotherapy, cannot alter the shortcomings in

this traditional treatment for liver cancer: i.e., short half-life,

inadequate lipid/water partition, and non-selective release to

tumor tissue (Chang and Wang, 2018; Qiu et al., 2020). Some

researchers have thus devoted themselves to the modification of

novel DNR using advanced carriers. The most commonly seen

proposal is liposomal modifying methods, which mainly

involve improving the lipid-water partition coefficiency or

bioavailability (Krauss et al., 2019; Bewersdorf et al., 2022).

Some research groups have realized that the “smart-release” of

the drug can offer another more important improvement, and

have proposed a series of conditionally sensitive formulations

(Zhang et al., 2012; Uematsu et al., 2018). Regrettably, few

research groups have designed drug carriers for DNR that can

achieve all the necessary requirements.

In recent years, silica-based mesoporous nanocomposites

have been adopted as the most focused functional drug

delivery system (DDS). The major reason is that the

silanols in molecular sieves are easily modified, so that

some additional properties can be easily introduced by

connecting certain functional groups or molecules. Another

reason is that these mesoporous materials have an extremely

large surface area and pore space and are inherently suitable as

supports for catalysts and some other molecules (Sun et al.,

2009; Meireles et al., 2021). It is generally accepted that a

successful composite for a drug should be able to load

sufficient drug molecules; it should also tightly lock the

drug molecules when they do not need to be released.

Furthermore, the ability to deliver drug molecules to

specific tissues or organs and hence minimize the

possibility of wrong transport to other sites is also

essential. Moreover, if the DDS can respond to certain

stimuli, including light, heat, or a change in solution pH, it

can then utilize this response as a “switch” to release host

molecules. Most of the recent research has been devoted to

meeting one or two of the requirements mentioned above, and

research into a DDS that can fully achieve the ideal state,

especially one suitable for DNR, has rarely been seen.

Hence, in our search, we constructed a novel “smart”

nanocomposite for drug delivery. As mentioned above, the

drug carrier should be able to target the morbid tissue in the

first place, and therefore superparamagnetic Fe3O4 nanoballs

were chosen to act as the core. The nanocomposite can be freely

dispersed in the solution in the absence of an externally strong

magnetic field and can aggregate to the tumor site when a strong

magnetic field is applied. As the host molecule holder, the ferrous

oxide was modified and coated with the MCM-41 molecular

sieve. In the next step, the silica-based molecular sieve shell was

further coupled with an irradiation-sensitive organic ligand

which acts as “smart” caps for the MCM-41 tunnels, allowing

the DDS to manifest different behavior with/without light

stimulation. Additionally, biocompatibility as well as the

in vitro release feather were tested using the MTT method.

Preliminary studies show that our DDS has good

biocompatibility, and its “smart” controlled release ability also

achieves our desired result. According to our design, the site-

specific and stimuli-responsive drug delivery system for DNR

could now provide an opportunity for hepatocellular carcinoma

treatment.

Experiment details

Materials

Daunorubicin hydrochloride (DNR·HCl, purity>98%) was

purchased from Chengdu Desite Biological Technology;

benzophenone hydrazine was purchased from Shanghai

Macklin, and 3-(4,5-dimethyl-2-thiazolyl)-2,5-

diphenyltetrazoliumbromide (MTT) was purchased from

Beijing Suolaibao Technology. PBS (phosphate buffered

saline), Dulbecco’s modified Eagle’s medium (DMEM), fetal

bovine serum (FBS), and trypsin (0.25% in EDTA) were

purchased from Wuhan Boside Biological Technology.

Penicillin and streptomycin solution with 10,000 units per ml

of penicillin, 10,000 μg per ml of streptomycin, tetraethoxysilane

(TEOS, AR), 3:1 poly (4-styrenesulfonic acid-co-maleic acid)

sodium salt, and (3-chloropropyl) trimethoxysilane (CPTS,

purity>98%), were all purchased through Sigma-Aldrich.

DCM, absolute ethanol, ethylene glycol, and NH3·H2O (28 wt

%) were purchased from Qingdao Marine Chemicals.

Cetyltrimethylammonium bromide (CTAB, AR), FeCl3·6H2O

(AR), and NaOH were purchased from Huai’an Kelong
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Chemicals. All solvents or reagents received from the companies

were used directly without additional purification.

Instrumental information

A Perkin-Elmer Spectrum-100 FT-IR spectrometer was

used for IR testing via the KBr protocol. The morphology

and nanocomposite sizes were obtained with a transmission

electron microscope (TEM, JEM-2010, JEOL), a scanning

electron microscope (SEM, S4800, Hitachi), and dynamic

light scattering (DLS, Zetasizer Nano ZS, Malvern). The

magnetism was studied via a sample magnetometer (MPM5-

XL-5, Quantum Design). In the MTT assay, the OD value was

recorded via a microplate reader (Synergy H1, Biotek,

wavelength at 490 nm). XRD features were probed with an

X-ray diffractometer (Rigaku Multiflex, λ = 1.5418 �Å). DNR

concentration was tested with UV-Vis and UV-Vis-NIR

spectroscopy (UV-1900i, Shimadzu). Pore size and volume

were tested by N2 adsorption/desorption, then calculated by

BJH via a Nova-l000 analyzer. DNR loading was obtained via

thermogravimetric analysis (TGA, STA-6000, Perkin-Elmer)

without specifications. All operations were performed at room

temperature.

Synthesis of stimuli-responsive and
magnetically guided nanocomposite

For convenience, the nanocomposite in our research was

denoted as BEN@MS@Fe3O4, since it included the major

functions or components of the carrier and was synthesized

via a five-step procedure as follows.

The magnetic-guided property of our nanocomposite was

introduced by the superparamagnetic Fe3O4 core, using a

procedure modified from the literature (Gao et al., 2013).

80 ml of the glycol and 2 g of PSS:MA = 3:1 were added to a

beaker and stirred supersonically until the solution became

clear. To the above solution was added 2.16 g FeCl3·6H2O and

6 g anhydrous sodium acetate, which was then stirred in r.t.

until it became a homogeneous solution. The above mixture was

then transferred into a Teflon flask and sealed in an autoclave.

The reaction was initiated at 200°C in an oven for 10 h and then

terminated by cooling the solution to room temperature. The

black Fe3O4 product was collected with the help of a magnet,

and the product was then purified with ultra-pure water and

ethanol and vacuum-dried overnight.

In order to wrap the MCM-41 molecular sieve onto the

Fe3O4 nanosphere smoothly, the core must first be pre-coated

with amorphous silica (Mirzajani et al., 2018). The dried 0.16 g

Fe3O4 was dissolved into a solution with 40 ml absolute ethanol,

2 ml water, and 2 ml ammonia. The solution was ultrasonicated

for 15 min to achieve a homogeneous mixture. In 30 min,

through stirring and ultrasonication, a TEOS solution

(0.8 ml TEOS in 10 ml ethanol) was uniformly added to the

above mixture with a syringe. Ultrasonication continued for

another 60 min and the reaction quenched by removing the

product, SiO2@Fe3O4, with a magnet. The SiO2@Fe3O4 was

further purified with ultra-pure water and ethanol and vacuum-

dried overnight.

In the third step, the MCM-41 mesoporous molecular sieve

was wrapped onto the surface of the SiO2@Fe3O4 nanosphere

where it formed a new shell. Then 0.1 g SiO2@Fe3O4 was placed

in 10 ml ultrapure water and ultrasonicated for 20 min, before

the above suspension was added to a solution of 40 ml 0.1 mol/L

of CTAB (1.46 g CTAB dissolved in 40 ml ultrapure water), and a

solution of 0.6 ml NaOH (1 g NaOH in 20 ml ultrapure water),

and mixed together. Under continuous ultrasonication, 50 μl of

TEOS was injected into themixture every 5 min to a total amount

of 0.3 ml (Vetrivel et al., 2010). Ultrasonication continued for

another 60 min, and the reaction was then quenched by

removing the product with a magnet. In order to remove the

CTAB used as a template while forming the molecular sieve

tunnels, the product was transferred into a solution with 30 ml

absolute ethanol and 4 ml concentrated HCl, and stirred

continuously under ultrasonication for 1 h. The reaction was

then quenched by collecting the product (denoted as MS@Fe3O4)

with a magnet, before the composite was rinsed with ultra-pure

water and vacuum-dried overnight.

In our nanocomposite, CPTS acts as a bridge between the

molecular sieve and the gating molecule as a silane coupling

reagent. 0.5 g MS@Fe3O4 was dispersed in a solution of 5 ml

CPTS and 75 ml dried toluene with the help of ultrasonication,

and the temperature increased to reflux for 8 h. The reaction was

quenched by cooling to r.t., and the product (named CPTS@

MS@Fe3O4) was rinsed with ultra-pure water and ethanol and

vacuum-dried at 50°C overnight.

The CPTS@MS@Fe3O4 was coupled with a gating molecule

to yield the final nanocomposite as a drug carrier. To a flask with

100 ml DMF, 0.25 g CPTS@MS@Fe3O4 and 0.5 g benzophenone

hydrazone were added. The mixture was ultrasonicated for

30 min, and then the flask was heated to reflux for 8 h. The

reaction was quenched by cooling to r.t., then the final product

(named BEN@MS@Fe3O4) was rinsed with ultra-pure water and

ethanol, and vacuum-dried at 50°C overnight.

DNR loading and release feature of BEN@
MS@Fe3O4

DNR was loaded onto the nanocomposite under 310 nm

light irradiation to activate the gating ligand. To a 3 ml

aquatic solution of 20 mg/ml DNR, 20 mg BEN@MS@

Fe3O4 was added. After being fully dispersed under

ultrasonication, it was irradiated and stirred overnight in

order for the DNR to reach a loading and release balance.
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The carriers loaded with the drug molecule (denoted as

DNR@MS@Fe3O4) were gathered with a magnet, and the

nanocomposite was rinsed with ultrapure water to remove

the DNR from the surface. The DNR@MS@Fe3O4 was

vacuum-dried at 50°C overnight and tested via TGA. The

loading rate of DNR on BEN@MS@Fe3O4 was calculated as

1.25% from the difference between DNR@MS@Fe3O4 and

BEN@MS@Fe3O4 revealed in the TGA.

In order to provide data references for the following in vitro

cell experiments, the release property of drug carriers under

light/non-light stimulation was firstly tested in the pure solvent

state without cells. To a 10 ml quartz vial with 5 ml PBS

solution, 5 mg DNR@MS@Fe3O4 was added and

continuously stirred and irritated. At 0.25, 0.5, 1, 1.5, 2, 3, 6,

and 8 h, the DNR concentration was obtained via spectrometer

at 480 nm. In the case of irradiation, the early release rate was

more rapid. An increase of up to 39% can be seen in the results

section.

Biocompatibility of BEN@MS@Fe3O4

The cytotoxicity of BEN@MS@Fe3O4 was checked by

MTT assay (Ye et al., 2020). In order to exclude the

possibility that the carrier may kill hepatocellular

carcinoma tissues or cells when using DNR loaded on the

nanocomposite during the chemo treatment, SMMC-7721

(human hepatocarcinoma cells, purchased from the

Shanghai Institute of Cell Research, Chinese Academy of

Sciences) were chosen for our experiment. The cells were

cultured in a full DMEMmedium, which contained FBS, 89%

RPMI 1640, and 1% penicillin-streptomycin. The viability of

the cell line when treated with different concentrations of

added BEN@MS@Fe3O4 was evaluated by MTT testing. The

SMMC-7721 cell line of 180 µl was seeded into a 96-well

plate when it reached the exponential growth state, then put

into the incubator for another 24 h to allow the cells to

adhere to the base of the wells. When around 70 to 80 percent

coverage of the well area was observed under microscopy, a

solution of BEN@MS@Fe3O4 (concentrations sequenced at

1.562, 3.12, 6.25, 12.5, 25.0, 50.0 μg/ml) was added to each

well. After that, the 96-well plate with cell line and

nanocomposite was returned to the incubator for 24 h in

5% CO2 at 37°C. The biocompatibility can be seen in the

following: the medium with nanocomposite was replaced

with MTT and incubated for another 4 h, then the incubation

was quenched with 100 μl DMSO added to each of the wells.

The OD reading was recorded at a wavelength of 490 nm.

cell viability (%) � [A]test/[A]control × 100%

All tests were performed with 3 repeated wells and the cell

viability was calculated using the above equation.

SCHEME 1
Construction of drug carrier and molecules release process.
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In vitro release performance of DNR@MS@
Fe3O4

The stimuli release performance of DNR@MS@Fe3O4 and

the stimuli and magnetic-guided release were carried forward

upon a 96-well plate and 6-well plate with MTT protocols. In the

stimuli release performance experiment, the SMMC-7721 cell

line was used and divided into stimuli and non-stimuli groups.

The 96-well plate was prepared with the same procedure

mentioned above in part 2.5. When the 96-well plate was

ready, different amounts of DNR@MS@Fe3O4 were added to

the well to reach a final concentration of 3.8 mg/ml, 3.0 mg/ml,

and 2.3 mg/ml, acting as high, medium, and low dosages,

respectively. Considering that 60% of the DNR will be

released within 3 h from DNR@MS@Fe3O4, this is equivalent

to DNR dosages of 50 µM, 40 µM, and 30 μM at 3 h. Both groups

were then incubated for 6 h while the stimuli group received extra

irritation. The OD reading was performed, as mentioned in

part 2.5.

In the stimuli release and magnetic-guided performance

experiment, a 6-well plate was chosen in order to visualize the

result. 1 ml of SMMC-7721 cell-line medium solution

containing, 30,000 cells, was seeded into each well of the plate

when it reached the exponential growth state and placed into the

incubator for another 24 h to allow the cells to adhere to the base

of the well. For the magnetic-guided group, the dual functional

group, and the control group, DNR@MS@Fe3O4 was added to

reach a final concentration of 3.0 mg/ml, and then the plate was

FIGURE 1
SEM micrographs of (A) Fe3O4 particles, (B) SiO2@Fe3O4, (C) MS@Fe3O4, (D) BEN@MS@Fe3O4, (E) DNR@MS@Fe3O4, and the TEM image of (F)
BEN@MS@Fe3O4.
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returned to the incubator for 6 h. In the final step, the medium

with DNR@MS@Fe3O4 was replaced by MTT and incubated for

another 4 h, before rejecting the MTT solution to visualize the

result.

Results and discussion

Design and synthesis scheme of
nanocomposites: BEN@MS@Fe3O4

The drug carrier in our research was firstly constructed with

FeCl3·6H2O as the starting material, as shown in Scheme 1. The

superparamagnetic core was formed via a hydrothermal reaction

to grant the drug carrier the ability to be magnetically guided.

This means the drug carrier can be easily switched from

aggregation to dispersion status depending upon the presence/

absence of the magnetic field and thus can be site-specific to the

morbid tissues or organs. With the additional coating of a SiO2

crust and molecular shell, a typical core-shell nanocomposite was

obtained. The mesoporous MCM-41 can offer plenty of room for

host molecules. In the following steps, by linking CPTS and

gating molecules, the final drug carrier was formed. The gating

molecule bonded to the MCM-41 has a C=N bonding which can

flip over under certain irritation. This allows the molecular sieve

channels to change their size and adjust the release rate of

molecules.

Size, morphology, and distributional
features of the nanocomposite

The micrograph (SEM and TEM) images are shown in

Figure 1, and the DLS result is shown in Figure 2. The surface

of Fe3O4, as prepared by the hydrothermal reaction, is relatively

rough. In fact, each large nano ball is actually made up of smaller

spheres, which is a major feature of Fe3O4 prepared via

hydrothermal reaction. The size of the Fe3O4 nanoparticle

FIGURE 2
DLS results of (A) Fe3O4 particles, (B) SiO2@Fe3O4, (C) MS@Fe3O4, and (D) BEN@MS@Fe3O4.
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core prepared in the first step is about 250 nm (Figure 1A), which

is consistent with the DLS testing result. The Pdi value is much

less than 0.1 (Figure 2A), indicating that particle size uniformity,

as well as the dispersion of the particles in the solution, is

excellent, which will benefit the subsequent modification.

After being wrapped in amorphous silica, the surface of the

nanospheres became smoother (Figure 1B), and the average

diameter of the nanospheres increased from 250 to 280 nm

(Figure 2B). After further modification by molecular sieve

wrapping, the diameter of the nanosphere exceeded 300 nm

(Figure 2C), and the surface was smoother, close to a perfect

sphere (Figure 1C). From the above, it can be inferred that the

thicknesses of the amorphous silica shell and the molecular sieve

shell are about 13 and 18 nm, respectively. In the subsequent

reaction, both the organosilicon ligand reagent and the gating

molecule were combined with the silanol groups in the molecular

sieve tunnels. In the meanwhile, the DNR was mainly loaded into

the MCM-41 hexagonal tunnels. Therefore, the shape and size of

the subsequent nanocomposite (BEN@MS@Fe3O4, DNR@MS@

Fe3O4) did not show significant change.

The final image of Figure 1F presents a perspectival view of

the drug carrier BEN@MS@Fe3O4 by TEM. From the image, we

can easily see the core-shell structure of the carrier. The darker

sphere in the figure is the superparamagnetic core, and the lighter

outer ring is the amorphous silica layer along with the molecular

sieve layer. The thickness and dimensions of each component are

also consistent with SEM and DLS.

FIGURE 3
FT-IR spectrum of (A) Fe3O4 particles, (B) SiO2@Fe3O4, (C)MS@Fe3O4 (with template), (D)MS@Fe3O4 (without template), (E)CPTS@MS@Fe3O4,
and (F) BEN@MS@Fe3O4.

FIGURE 4
Magnetization loops for BEN@MS@Fe3O4, SiO2@Fe3O4, and
Fe3O4.
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FT-IR spectrum

Besides the morphological analysis, FT-IR analysis also

strongly confirmed the nanocomposite structures and

organic ligand grafting step. As shown in Figure 3, the

Fe3O4 spectrum is quite simple, showing Fe-O signal peaks

at 3,435 and 635 cm−1 (Palomino et al., 2004). After SiO2 and

molecular coating, nanocomposite (B) SiO2@Fe3O4, (C)

(with template) MS@Fe3O4, (D) (without template) MS@

Fe3O4, (E) CPTS@MS@Fe3O4, and (F) BEN@MS@Fe3O4,

all showed additional peaks at about 800 and 1,087 cm−1,

which was caused by the Si-O vibration (Kefayati et al., 2016).

The MCM-41 molecular sieve in our research was prepared

with CTAB as a template, therefore before the removal of the

CTAB, two obvious peaks at 2,924 and 2,853 cm−1 can be seen

in the composite (C) (with template) MS@Fe3O4. When the

CTAB was removed, the above two peaks disappeared, as

shown at (D) (without template) MS@Fe3O4. The

reappearance of the peaks at 2,922 and 2,852 cm−1 on

CPTS@MS@Fe3O4, resorted to the alkyl chain of CPTS,

and an additional peak of 2,976 cm−1, indicated that C=N

bonding had been successfully established on the final

composite (Ravikumar et al., 2008).

Nanocomposite magnetic behavior and
features

The carriers prepared in this study should be dispersed

without a magnetic field and aggregated with a magnetic field.

They must therefore be superparamagnetic. From Figure 4, it

can be inferred that the nano core obtained by using the

hydrothermal reaction method with PSS: MA as the

surfactant is superparamagnetic with a saturation

magnetization reading of 58.7 emu/g. After the coating of

amorphous silica, the subsequent coating of the molecular

sieve, and the coupling modification of the organic ligands,

the hysteresis of SiO2@Fe3O4 and BEN@MS@Fe3O4 was still

zero, suggesting the superparamagnetic property still existed. It

is quite reasonable that the magnetic saturation dropped to

41.1 emu/g and 37.2 emu/g, respectively, since the proportion

of Fe3O4 that endowed the two nanocomposites with

superparamagnetic properties had been diluted. Meanwhile,

in order to visualize the magnetic behavior of the nano-carrier,

we tested the aggregation behavior of BEN@MS@Fe3O4 with/

without a magnetic field in an ethanol solution. It can be seen

from Figure 5 that the nano-carrier prepared in our research

can be automatically dissolved in polar solvents and forms a

stable solution. The nanocomposite can be automatically led to

a specific place when a magnetic field is used, and release drugs

under stimuli.

XRD (X-ray diffraction) analysis

In order to further confirm the core structure of the drug

carrier BEN@MS@Fe3O4 and its precursors, as well as the type

of the outer shell, the nanocomposites were tested with wide-

angle XRD (WAXRD) and small-angle XRD (SAXRD). As

shown in Figure 6, the superparamagnetic core, the MS@

Fe3O4, and the BEN@MS@Fe3O4, have similar XRD patterns,

and five Fe3O4 characteristic peaks marked as 220, 311, 400,

440, and 551 can be seen in all 3 samples (Gao et al., 2013). As

reported in previous literature, the above peaks stand for the

face center cubic structures of the superparamagnetic Fe3O4

cores. Combining the test results in the FT-IR results, we can

FIGURE 5
BEN@MS@Fe3O4 in ethanol solution (A) without magnetic field, and (B) with the presence of a magnet.
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infer that the core of the final nanocomposite BEN@MS@

Fe3O4 was composed of superparamagnetic Fe3O4. In the

SAXRD testing, MS@Fe3O4 and BEN@MS@Fe3O4 all

showed a high Bragg reflection peak at 100, and two weak

peaks at 110 and 200 (Vetrivel et al., 2010). Especially in the

case of BEN@MS@Fe3O4, the two weak peaks were barely

seen. This is most likely because the original regular molecular

sieve channels were occupied by organic ligands and

photosensitive molecules after subsequent chemical

modifications. Therefore, the ordered hexagonal tunnel

characteristic peaks of molecular sieves were weakened in

the XRD test.

Nitrogen adsorption–desorption
isotherms of the outer shell

The nitrogen adsorption–desorption isotherms of BEN@MS@

Fe3O4 and MS@Fe3O4 are shown in Figure 7. The two samples

showed the same pattern as type IV according to the literature (Huang

et al., 2012). In conclusion, the MS@Fe3O4 retained its hexagonal

mesophases even after template removal, organic ligand coupling, and

further gating molecules modification. However, after subsequent

reactions, the major feather value of the MS@Fe3O4 declined. For

MS@Fe3O4, the surface area, pore diameter, and pore volume were

28.6 m2/g, 6.9 nm, and 0.042 cm3/g, respectively, and shrunk to

FIGURE 6
WAXRD results of (A) BEN@MS@Fe3O4, (B) MS@Fe3O4, (C) Fe3O4 particles and SAXRD results of (D) MS@Fe3O4, (E) BEN@MS@Fe3O4.
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22.2 m2/g, 5.7 nm, and 0.038 cm3/g correspondingly. This is mainly

due to the fact that the pores and tunnels in the molecular sieve had

been partly occupied by organic ligands and photosensitivemolecules.

Drug loading and determination

Benzophenone hydrazine connected to the MCM-41 was

used for gating molecules, and can swing its C=N bond under

certain irritations. Previous papers indicate that C=N bonding

FIGURE 7
Nitrogen adsorption/desorption isotherms of (A) MS@Fe3O4 and (B) BEN@MS@Fe3O4.

FIGURE 8
Absorbance spectrum of gating molecule (0.01–0.05 mg/ml
in ethanol).

FIGURE 9
TGA of (A) BEN@MS@Fe3O4 and (B) DNR@MS@Fe3O4.
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has a peak absorbance at approximately 300 nm (Thurston et al.,

2004; Romero et al., 2015), and therefore the absorbance curve

was tested. It can be seen in Figure 8 that the benzophenone

hydrazine has a maximum peak at about 297 nm, hence in our

research 310 nm LED was selected as an irritation source.

The DNR loading was studied by TGA with N2 as a working

gas, where the temperature rising rate was 10°C per minute

(Figure 9). In general, the DNR@MS@Fe3O4 lost 1.25% more

weight than the BEN@MS@Fe3O4 at the final temperature;

hence, we prudently concluded that the DNR loaded on the

drug carrier was 1.25%.

Cytotoxicity and analysis of the DNR@
MS@Fe3O4 nanocomposite

As a carrier of drug molecules, the nanocomposite prepared

in research must satisfy a fundamental property, that is, the

carrier must be nontoxic and bio-safe. In this regard, BEN@MS@

Fe3O4 was firstly checked for biocompatibility using the MTT

method. The SMMC-7721 cell line was used to perform the

testing. As is shown in Figure 10, the SMMC-7721 cell line that

was exposed to the nanocomposite with a concentration of up to

50 μg/ml did not show obvious growth inhibition in this

experiment. This indicates that our carrier has no cytotoxicity

for the morbid tissues. We prudently believe that our drug carrier

could be used as a candidate for a drug delivery system.

In vitro release and performance

In order to provide a reference for subsequent cell experiments, a

preliminary exploration was made of the release performance upon

the carrier with different conditions and different times. The result

shown in Figure 11 illustrates that, under light stimulation, the drug

molecules loaded on the nano-carriers were released more quickly,

especially at 3 h, and the concentration increased by 39% compared

with the non-light counterpart. However, the difference in drug

concentration between the two experimental conditions gradually

narrowed over time.On the one hand,when the drugmolecules in the

light-on group were rapidly released into the solution, the

concentration difference between the inside and outside of the

FIGURE 10
Cell viability of SMMC-7721 cell line treated with BEN@MS@Fe3O4 nanoparticle (n = 3).

FIGURE 11
Release testing in PBS for DNR@MS@Fe3O4 with light-on and
light-off.
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FIGURE 12
DNR@MS@Fe3O4 in vitro release testing upon SMMC-7721 cell line with irritation on and off (n = 3)

FIGURE 13
DNR@MS@Fe3O4 in vitro release testing upon 6-well platemethod. (A) Light andmagnetic, (B)magnetic only, (C)without light ormagnetic, and
(D) control group.

Frontiers in Chemistry frontiersin.org12

Chen et al. 10.3389/fchem.2022.1013994

37

https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fchem.2022.1013994


molecular sieve pores became smaller, which delayed the further

release of the drug molecules. On the other hand, in the light-off

counterpart, the drugmolecules could also be slowly released from the

molecular sieve pores through thermal motion and diffusion.

Therefore, for the in vitro experiments, the administration time

using the nano-carrier should be the time needed to reach the

maximum release concentration difference between light on/off.

In Figure 12, the results of the in vitro experiments based on

the 96-well plate show that under light irritation conditions, cell

viability decreased obviously at each concentration. The cell line

was treated with high, medium, and low dosages and the control

groups are denoted as “H, M, L, and Ctrl,” respectively in

Figure 12. In the meanwhile, the “Light” and “OFF” stand for

the condition with and without irritation. This indicates that the

drug carrier can release DNRmolecules more quickly under light

conditions. In the in vitro experiments based on the 6-well plate,

the intelligent release effect of the carrier on light and magnetic

guidance was more obvious. Under the same DNR@MS@Fe3O4

concentration, in the well treated by magnetic guidance and light

at the same time, the cells were obviously inhibited, and the color

of MTT produced was lighter. The magnetic field was applied

from the left side of the well in this study, so cells near the left side

were almost completely inhibited. In Figure 13A, only a few cells

on the right side were left. In Figure 13B, since there was only

magnetic guidance present during the test, and since no light

stimulation was used, the drug concentration was not as high as

in Figure 13A. However, the concentration of the drug on the left

side was significantly increased, because the drug-loaded carrier

was guided to the left side by the magnetic field. This made the

inhibition rate on the left side significantly higher than that on

the right side. In Figure 13C, since the drug was not treated with

either light or a magnetic field, the drug molecules were neither

stimulated to release nor locally aggregated. Hence, it is

reasonable that the color depth showed as only slightly faded

compared with the control group, as seen in Figure 13D.

Conclusion

In conclusion, a novel nanocomposite with a core-shell

structure was synthesized in our research. The core of the

carrier was constructed for its ability to be magnetically

guided, and the outer shell was designed to hold drug

molecules. The detailed messages of core-shell structure in

the nanocomposite were characterized by means of SEM,

TEM, X-RAY, and DLS. The biocompatibility and drug

loading/release properties of the carrier were preliminarily

determined by using the MTT method with a 96-well plate

and a 6-well plate. The results show that the nanocomposite

prepared in our project has a core-shell structure. The inner

core was superparamagnetic, and the outer shell was composed

of SiO2 and molecular sieves. The 7721 cell line was used to

perform the in vitro cytotoxicity experiment via the MTT

method, and no obvious cytotoxicity was observed in the

experimental result. The carriers can be aggregated under a

magnetic field and can respond to irritation stimuli. Test results

show that the release rate of DNR under light stimuli was

significantly faster than that without light. Our nanocomposite

could be a new candidate for DDS.
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ZnO quantum dots (QDs) have receivedmuch attention as biomarkers and drug

delivery systems in cancer treatment, due to their low cost, ease of preparation,

and pH-responsive degradation. However, its applications are limited by the low

quantum yield and light absorption. In this work, a lanthanum-doped zinc oxide

(La-ZnO) QDs-based drug delivery platform was constructed. The results show

that 4% La doping is themost beneficial for improving the fluorescent properties

of the ZnO QDs. After loading the drug, the cell activity was 15% at ZnO@DOX

and 12% at La-ZnO@DOX. According to in vitro and in vivo experiment results,

the La-ZnO QDs show enhancement of the antitumor effect. Dual

enhancement of fluorescence and anti-tumor effects make La-ZnO QDs

promising as a drug delivery system in cancer treatment.

KEYWORDS

ZnO, quantum dots, fluorescence, ion doping, drug delivery

1 Introduction

Nanomaterial composites, combined functions such as imaging, targeting, drug

delivery, and cancer treatment, show great potential for applications in anticancer

medicine (Liu et al., 2007; Wang et al., 2020; Sahu et al., 2021; Khan et al., 2022).

Last decades, quantum dot clusters attracted high interest in bioimaging and drug delivery

(Zrazhevskiy et al., 2010; Probst et al., 2013). Quantum dots (QDs) mainly play two roles

in the drug transport system. Firstly, QDs can serve as drug carriers to bring drugs to the

target. Secondly, QDs can help elucidate the drug metabolism kinetics and

pharmacodynamics as fluorescent probes to trace the distribution of drugs in vivo

(Probst et al., 2013). ZnO is a promising candidate for fluorescent probes due to its

low cost, ease of preparation, and pH-responsive degradation (Xiong, 2013; Cai et al.,

2016). However, Using ZnO as a biological label in tumor therapy applications is limited

by the unstable emission intensity and low quantum yields. The quantum yield of ZnO

QDs prepared by the conventional method is usually less than 10% (Gulia and Kakkar,

2013; Verma et al., 2021). How to effectively improve the photoluminescent (PL)

properties of ZnO QDs remains to be studied.
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Ion-doping is an effective way to improve the electronic,

optical, and magnetic properties of semiconductor devices

(Thangeeswari et al., 2015; Zheng et al., 2022). As common

semiconductor dopants, rare earth (RE) elements have attracted

widespread interest because of their unique effect on optical

properties (HuangW et al., 2019; Prakash et al., 2021). Zong et al.

(2014) prepared Eu-doped ZnO QDs, and the results show that

Eu-doped ZnO QDs exhibited better photocatalytic activity than

pure ZnO, and they are promising for applications for

photodegradation of organic contaminants in wastewater. Cao

et al. (2017) prepared Ga-doped ZnO NPs (nanoparticles) and

found that charge transfer at the interface of the nanoparticles

was attenuated by doped Ga. A few studies have been devoted to

the preparation of lanthanum-doped ZnO QDs. Huang P et al.

(2019) prepared La-doped ZnO QDs with stable fluorescence

performance. Ge et al. (2007) studied the gas sensitivity of La-

doped ZnO QDs, and found that proper La doping could

enhance the gas-sensitive properties. However, few studies are

available on the use of La-doped ZnO QDs as a drug delivery

system (DDS) for cancer therapy.

This research aims to develop a ligand/receptor-based

targeted drug delivery system using La-ZnO QDs as the core

material. Hyaluronic Acid (HA) was used to modify the La-ZnO

because HA can specifically bind to the major receptor CD44

(Gomez et al., 2020; Maksoudian et al., 2020; Yusupov et al.,

2021). Besides, Polyethylene glycol (PEG) was introduced to

stabilize the La-ZnO QDs under physiological conditions (Zhao

et al., 2014; Reisch et al., 2015; Cai et al., 2018). Finally, DOX

(Adriamycin), an anti-tumor drug, was loaded to HA-La-ZnO-

PEG through covalent interactions and the formation of Zn2+-

DOX chelating complexes. The results show that the doping of

lanthanum achieves a dual enhancement of fluorescence and

anti-tumor effect for the drug delivery system. The La-ZnO QDs

have good prospects for application in drug delivery systems for

cancer therapy.

2 Materials and method

2.1 Materials

Zinc acetate dihydrate (Zn(CH3COO)2·2H2O) was

obtained from Shanghai Titan Co., Ltd. 3-aminopropyl

triethoxysilane (APTES) was purchased from Shanghai

RHAWN Co., Ltd. Lithium hydroxide (LiOH),

N-N-dimethylformamide (DMF), 1-(3-

dimethylaminopropyl)-3-Ethyl carbodiimide salt (EDC),

N-hydroxysuccinimide (NHS), Hyaluronic acid (HA) were

obtained from Aladdin Reagents (Shanghai) Co., Ltd.

Adriamycin (DOX) was purchased from Bide

Pharmatech Ltd.

2.2 Preparation of pure and La-doped
ZnO QDs

Figure 1 is the schematic illustration of the preparation of

PEG-HA-La-ZnO and its antitumor effects investigate in both

in vitro and in vivo. The steps of synthesizing pure and La-doped

ZnO QDs are shown in Figure 2. In the first step, 2.20 g of

Zn(CH3COO)2·2H2O and 0%, 2%, 4%, 6%, and 8% lanthanum

acetate were dissolved in 100 ml of absolute ethanol solution,

then refluxed and stirred for 2 h under 80°C in a water bath until

the solution was colorless and transparent. Then the above

solution was placed in an ice bath. At the same time,

according to the ratio of RZn-OH = 1:1, LiOH was weighed

and dissolved in 150 ml of absolute ethanol solution, then heated

to 85°C and stirred for 2 h until the solution was colorless and

transparent. Then the solution was cooled to room temperature,

before adding them to zinc acetate ethanol solution in an ice bath

drop by drop for 8 h. It was observed that the zinc acetate

solution quickly turned white and then gradually became

clear, indicating that ZnO quantum dots had been formed. In

the second step, n-hexane was added to precipitate a large

amount of white precipitation. The precipitation was then

centrifuged for 15 min under the condition of 4500 R/min and

finally dried in a vacuum at 60°C to obtain ZnO quantum dots.

2.3 Preparation of APTES-modifified La-
ZnO QDs

Firstly, 100 mg pure or La-ZnO QDs were dispersed in

15 ml DMF solution under ultrasonic conditions. After

heating to 120°C, 50 μL APTES was added and stirred for

15 min, followed by centrifuging at 1,000 rpm for 5 min and

washing with DMF twice. Then the amino ZnO QDs were

collected and dispersed in 10 ml of water and then stored

at 4°C.

2.4 Surface modification of La-ZnO QDs
with PEG (PEG-La-ZnO)

COOH-PEG-COOH (Mw: 2000) was used to modify the

surface of NH2-La-ZnO QDs through amide reaction. At first,

0.2 g EDC/NES was added to 1 ml of ultrapure water containing

25 mg PEG, followed by adjusting the pH value of the mixture to

7 with NaOH. The solution was shaken at 25°C for 30 min to

active COOH-PEG-COOH. After activation, 2.5 ml of NH2-ZnO

QDs dispersion was slowly added, then the mixture was stirred at

room temperature in dark for 4 h. The final product was freeze-

dried and preserved after removing the unmodified COOH-

PEG-COOH.
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FIGURE 1
Schematic illustration of the preparation of PEG-HA-La-ZnO and its antitumor effects investigate in both in vitro and in vivo.

FIGURE 2
Synthesis process of pure and La doped ZnO QDs.
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2.5 Surface modification of PEG-La-ZnO
QDs with HA

Firstly, 0.016 mmol of HA was dissolved in 4 ml of ultrapure

water, then the pH of the solution was adjusted to four using

hydrochloric acid. Then the solution was incubated overnight at

room temperature. Afterward, 0.32 mmol EDC/NHS was added

to a well-incubated HA solution and activated for 4 h. Finally,

5 mg PEG-La-ZnO QDs were added into the solution and stirred

overnight. The obtained HA-PEG-La-ZnO was dialyzed in water

with a dialysis bag of molecular weight 3,500 Da for 24 h to

remove the excess HA.

2.6 DOX loading (PEG-HA-La-ZnO and
PEG-HA-ZnO)

The potential of HA-PEG-ZnO and HA-PEG-La-ZnO

nanocomposites in vitro drug encapsulation was evaluated.

Firstly, 10 mg DOX was put in 10 ml ultrapure water to

prepare 1 mg/ml of DOX solution. Afterward, 0.32 mmol of

EDC and 0.16 mmol of NHS were mixed with HA-PEG-NH2-

ZnO solution and stirred for 30 min, followed by adding 1 ml

DOX solution. Then the mixture was stirred overnight in dark.

Finally, the reaction products were measured by UV/Vis

spectroscopy at 490 nm, and the loading content and loading

efficiency of DOX were calculated as follows:

Loading content (%) � weight of DOX in nanoparticles
weight of nanoparticles taken

× 100%

(1)
Loading ef f iciency (%) � weight of DOX in nanoparticles

weight of DOX added
× 100%

(2)

2.7 In vitro DOX release experiment
PBS buffers (pH = 7.4 and pH = 5.0) were used to simulate

the microenvironment of normal cells and cancer cells,

respectively. The HA-PEG-La-ZnO DOX sample was put into

a dialysis bag with a molecular weight of 3,500 Da and then

stirred at the corresponding buffer solution. The fluorescence

data were measured at the corresponding time points to obtain

the drug release curve.

2.8 Cytotoxicity analysis

2.8.1 Cell culture
B16 cells were cultured in a cell culture flask with DMEM,

including 10% fetal bovine serum (FBS) and 1% penicillin-

streptomycin solution in a humidified atmosphere incubator

with 5% CO2 at 37°C.

2.8.2 MTT assay
To explore the biocompatibility of ZnO, B16 cells were

used in the experiment. The cells were cultured in a constant

temperature incubator at 37°C and the fourth generation was

used for the experiment. To assess the toxicity determined by

the MTT method, the 1 × 105 cells were put in 96—well

plates with different materials (ZnO, La—ZnO)

concentrations of 0 ug/ml, 5 ug/ml, 10 ug/ml, 20 ug/ml,

25 ug/ml, respectively. The experiments were repeated

three times for every concentration. After 48 h, MTT

solution was added. After 4 h, MTT solution was removed

and 150 ul DMSO (Dimethyl sulfoxide) solution was added.

Finally, the absorbance of B16 cells was measured by a

microplate analyzer.

To explore the therapeutic effect of La-ZnO drug loading

system, B16 cells were selected as the experimental cells, and the

FIGURE 3
(A) XRD pattern and (B) FTIR spectra of pure ZnO and La-ZnO QDs.

Frontiers in Chemistry frontiersin.org04

Hao et al. 10.3389/fchem.2022.1042038

43

https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fchem.2022.1042038


MTT method was used to evaluate the toxicity test. Firstly, 1 ×

105 cells and different materials (ZnO @ DOX and 4 -La-ZnO @

DOX) were mixed in 96—well plates for 48 h. The concentration

of DOX were 0.162 ug/ml, 0.81 ug/ml, 1.62 ug/ml, 2.43 ug/ml,

3.24 ug/ml, 4.05 ug/ml, respectively. Then added MTT solution

for 4 h. Removed MTT solution, and added 150 ul DMSO

(Dimethyl sulfoxide) solution to lyse cells. Finally, the

absorbance of B16 cells was measured by a microplate

analyzer to explore the viability of B16 cells.

2.8.3 Fluorescence staining experiment
Fluorescence staining experiment was used to evaluate the

B16 cell activity after different treatments. The cells were cultured

with different samples for 2 days. Afterward, the cells was wash twice

with PBS, then were stained with AM/PI staining for 30 min,

followed by washing with PBS for twice, the cells were

photographed by a fluorescence microscope (CKX53, OLYMPUS).

2.9 In vivo biocompatibility

To evaluate the biocompatibility of ZnO, six tumor-free

female C57 mice (4–6 weeks old) were randomly divided

into control group and 25 μg/ml ZnO group. Then,

bodyweight of the mice in the two groups was recorded

with subcutaneous injection of 100 μL of PBS and 25 μg/ml

of ZnO solution for 10 consecutive days, and the main

organs (liver, heart, spleen, lung, and kidney) were

collected for H&E staining.

2.10 In vivo antitumor activity

Female C57 mice (4–6 weeks old,16–20 g) were used for

antitumor activity assessment. Firstly, 100 uL of B16F10 cell

suspension (1 × 107) was injected subcutaneously into the

lower hind limb of each mouse. After 6–8 days, the tumor

volume was about 80 mm3, and the drug was administered.

Eighteen tumor-bearing mice were randomly divided into six

groups, PBS, ZnO, 4% La-ZnO, DOX, ZnO@DOX, and 4%

La-ZnO@DOX, respectively. The equivalent concentrations

of ZnO and 4% La-ZnO in PBS were 25 μg/ml, and the

equivalent concentrations of DOX, ZnO@DOX and 4%La-

ZnO@DOX in PBS were 4.05ug/mL. The tumor size and

weight of mice were recorded once a day. After 10 days of

recording, the tumors of each group were collected for H&E

FIGURE 4
TEM (A,D), HR-TEM (B,E) and SEAD (C,F) patterns of pure and La-ZnO QDs.
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staining. The tumor volume was calculated by the following

equation:

Tumor volume(mm3) � (l × W2)/2 (3)

where l is the length, and W is the width in mm of tumor.

2.11 Characteristics

The crystal structure and composition were measured

through an X-ray powder diffractometer (Shimadzu, Japan,

XRD-6100). The morphology and particle size were observed

using a field emission transmission electron microscope (FEI

Company, United States). Surface functional groups were

determined using a Fourier transform infrared spectrometer

(IR-960, Tianjin Rui’an Technology Co., Ltd.). The

fluorescence performance was tested by a UV

spectrophotometer (model UV-2550, Shimadzu, Japan), a PL

fluorescence spectroscopy (Beijing ZhuoliHanguang Instrument

Co., Ltd.), and a fluorescence spectrometer (Hitachi High-Tech

Co., Ltd, Japan).

3. Result and discussion

3.1 Structure andmorphology of ZnOQDs

The XRD patterns of ZnO QDs were exhibited in Figure 3A.

The diffraction peaks of the pure ZnO and La-ZnO samples and

their relative intensities matched well with the standard JCPDS

card No. 36–1,451, and both pure ZnO and La-ZnO QDs in this

work were hexagonal wurtzite structures. In addition, no other

impurities XRD peaks were observed when the doping La is not

exceed 4%, which indicated that the doping of La did not change

the crystal structure of the ZnO, and it was uniformly dispersed

in the ZnO matrix (Manikandan et al., 2017). The reaction was

incomplete when the La doping exceed 6%, resulting in a small

amount of Zn(OH)2 remained. Next, unless otherwise specified,

mentioned La-ZnO is the sample with a La-doping

amount of 4%.

The Fourier transform infrared spectra (FTIR) of the pure

and La doped ZnO QDs were displayed in Figure 3B. The

intensity band at around 465 cm−1 was attributed to the Zn-

O stretching vibration. The band at 605 cm-1 indicates the

FIGURE 5
(A) XPS survey spectra of La-ZnO. (B–D) High-resolution XPS spectra of Zn2p, O1s, and La3d.
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presence of ZnO and La. The intensity band at 1,635 cm-1 may

be contributed to the O-H bending mode of the adsorbed water

vibration, and the vibration amplitude of La-ZnO is more

obvious than that of pure ZnO, indicating the successful

incorporation of lanthanum.

To further investigate the microstructure of La-ZnO QDs,

transmission electron microscope (TEM) and selected-area

electron diffraction (SAED) measurements were carried out.

As shown in Figures 4A,D, both pure ZnO and 4La-ZnO QDs

were uniformly dispersed without obvious agglomeration. From

FIGURE 6
(A) UV−vis absorbance spectra of pure ZnO and xLa-ZnO (B–D) Tauc plots of (αhν)2 versus hν of pure ZnO and xLa-ZnO (B) x = 0, (C) x = 0.02,
(D) x = 0.04 and (E) x = 0.06, (F) x = 0.08.

FIGURE 7
(A) PL spectra of pure ZnO QDs and xLa-ZnO QDs. (B) Liquid fluorescence spectra of ZnO QDs and xLa-ZnO QDs.
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the HRTEM images as shown in Figures 4B,E, the pure ZnO

exhibited more regular lattice stripes, whereas La-ZnO is less

ordered. Besides, the space between the adjacent lattice planes

was 0.26 nm, which is consistent with the (002) plane of ZnO

(Sun et al., 2012). For La-ZnO QDs, the space lattice plane has

increased slightly and reached 0.262 nm, indicating that the

doped of rare earth lanthanum causes lattice distortion of

ZnO. Selected area electron diffraction patterns (Figures 4C,F)

indicate the diffraction ring well corresponds to (112) (002),

(100) (102), (110) planes, which is in good agreement with the

results of XRD.

The surface element composition and valence of ZnO and

La-ZnOQDs were determined by XPS. The binding energy peaks

of Zn, La, and O were detected in the La-ZnO composite

(Figure 5A), which further confirming the successful doping

of lanthanum. Furthermore, high-resolution spectra of Zn2p,

O1s, and La3d were provided in Figure 5B, the peaks at

1,023.1 and 1,043.2 eV corresponded to Zn 2p3/2 and Zn 2p1/

2, respectively. Figure 5C shows the high resolution of O1 s, the

peak at 529.8 eV could be attributed to Zn-O-Zn and the peak at

531.6 eV was attributed to La-O-Zn. It is observed from

Figure 5D that the La 3 days spectrum consists of two peaks,

the peaks at approximately 836.2 eV and 853.3 eV were ascribed

to La3d5/2 and La3d3/2.

UV-vis absorption spectroscopy was used to assess the

optical properties of pure ZnO and La-ZnO QDs. As shown

in Figure 6A, both pure ZnO and La-ZnO QDs exist band edge-

absorption at around 366 nm. There is an extended tail band

(from 450 to 800 nm) in the UV spectrum of La-ZnO QDs,

indicating that they have optical properties almost in the whole

visible spectrum. The optical band gap of pure ZnO and xLa-ZnO

was calculated by the following formula:

α � A (hυ − Eg)n/ hυ (4)

where a is the absorption coefficient, A and n are constant, and ?

is the photon frequency.

Figures 6B–F shows the calculated band gaps of the pure ZnO

and xLa-ZnO QDs. The doping of lanthanum has a great effect

on the bandgap of xLa-ZnO QDs. When the doping amount of

lanthanum increased from 0 to 8%, the bandgap was regularly

decreased from 3.35 to 2.85 eV. Thus, doping La into ZnO can

introduce impurity levels in the bandgap and enhance its visible

light response, when the Zn site in ZnO is occupied by La atoms,

two main effects can be observed: 1). The impurity band is close

FIGURE 8
Time-dependent fluorescence spectra of DOX release after incubating La-ZnO-DOX at pH 7.4 (A) and pH 5.0 (B).(C) Drug loading rate of pure
ZnO and La-ZnO.(D) Drug release rate of HA-PEG-NH2-Zno-DOX drug loading system at pH = 5.0 and 7.4 with time.
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to the edge of the conduction band. 2). Due to the strong orbital

coupling between La and O, the obtained band gap decrease (Sun

et al., 2012). The results show that the doping concentration of La

plays an important role in adjusting the bandgap of La-ZnO,

which is conducive to its potential applications in biological

imaging.

Figure 7A shows the PL spectra of pure ZnO and La-ZnO

QDs. From the spectra, it was observed that all emissions of pure

ZnO and La-doped ZnO are concentrated around 530 nm. The

small variation of the emission position in the PL spectra may be

contributed to the effect of the La doping. The maximum

emission intensity was increased significantly with appropriate

La doping. When the La doping is 4%, the emission intensity

reach the maximum. Besides, we also obtained Fluorescence

spectra of different sample in distilled water in Figure 7B, and

the 4% La-ZnO also showed highest emission intensity.

Therefore, in this research, 4% is the best doping amount, and

4La-ZnO QDs are used for the next biological experiment.

3.2 Drug loading and release efficiency

HA:CD44, a transmembrane glycoprotein with a molecular

weight of 85 kDa, is involved in a variety of cellular functions,

including cell orientation, adhesion, migration and stromal cell

signaling processes. It is over expressed in many solid tumors.

Hyaluronic acid (HA), composed of d-glucuronic acid and

n-acetylglucosamine, is a negatively charged linear

polysaccharide. It specifically recognizes the

CD44 glycoprotein and here HA has been used as a targeting

ligand to specifically recognize the CD44 glycoprotein

overexpression in murine melanoma cells.

FIGURE 9
Cytotoxicity study of B16 cells after 48 h of incubation with (A) ZnO QDs and La-ZnO QDs. (B) Free-DOX, ZnO@DOX and 4La-ZnO@DOX. (C)
The fluorescent images of the cells treated with different groups and stained with AM/PI.

Frontiers in Chemistry frontiersin.org09

Hao et al. 10.3389/fchem.2022.1042038

48

https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fchem.2022.1042038


FIGURE 10
(A) The body weight of mice in control group and Zinc oxide group was determined after subcutaneous injection of 100 μL PBS and 25 μg/ml
ZnO solution for 10 consecutive days.(B) H&E staining images of heart, liver, spleen, lung and kidney after 10 days.

FIGURE 11
In vivo evaluation of antitumor efficacy. (A) Mean relative tumor volumes within 10 days.(B) The body weight of mice was determined after
subcutaneous injection of 100 μL PBS and 25 μg/ml ZnOQDs, La-ZnOQDs, Free-DOX, ZnO@DOX and 4La-ZnO@DOX for 10 consecutive days. (C)
Representative images of tumors from different groups. Where (1) Control, (2) ZnO, (3) La-ZnO, (4) Free-DOX, (5) ZnO@DOX, (6) 4La-ZnO@DOX. (D)
Micrographs of H&E stained tumor slices collected from mice of different groups.
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PEG has been widely used in drug delivery as a non-toxic

modified ligand due to its excellent properties. It not only has

good water solubility, high stability, and good biocompatibility.

Therefore, using PEG ligand connection of ZnO quantum dot

clusters carrier has many advantages, can not only make use of

the EPR effect efficient accumulation in the tumor cells but also

can realize drug controlled release. In addition, zinc oxide cluster

carrier after complete decomposition, side effects, small

decomposition Zn2+ can also be generated and synergistic

anticancer, improve the effectiveness of the treatment of tumor.

DOXwas loaded to the PEG-HA-La-ZnO at a neutral pH of 7.4.

DOX can be loaded onto the pure ZnO and La-ZnO by three

methods: 1) The complexation of DOX with Zn2+ can provide a

payload of DOXmolecules. Under acid conditions, the disruption of

the coordination bond between Zn2+ and DOX enables the precise

release of DOX at the tumor site. 2) DOX can bind to PEG-HA-La-

ZnO by an amide bond. 3) Positively charged DOX adsorbed on

negatively charged HA-La-ZnO-PEG nanocarriers via electrostatic

adsorption (Brouet et al., 2008). In this work, DOX loading amounts

of PEG-HA-ZnO and PEG-HA-La-ZnO are 81.53% and 81.67%,

respectively (Figure 8C).

Generally, TME is acidic and always has a lower

pH compared to normal tissues, which is mainly attributed to

the production of lactic acid in the anaerobic microenvironment

and the formation of hydrolyzed protons during ATP

(Adenosine triphosphate) (Vimala et al., 2017; Singh et al.,

2018). To improve the therapeutic efficacy of nanoparticles, a

large amount of research has been devoted to the fabrication of

TME-responsive or cancer-targeted drug delivery platforms.

ZnO quantum dots possess pH-responsive release, which

exists stably at pH 7.4, but dissolves rapidly at pH < 5.5. To

investigate the release of DOX from HA-PEG-La-ZnO quantum

dots, PBS buffer solutions (pH = 7.4 and pH = 5) were used to

simulate normal cells and tumor microenvironment,

respectively. As shown in Figures 8A,B, the fluorescence

intensity of DOX at pH = 7.4 is much weaker than in PBS

buffer at pH = 5, indicating more DOX was released by ZnO

degradation in an acidic environment. In addition, the

cumulative release of DOX at different pH was also

investigated, as shown in Figure 8D, with the increase of time,

DOX was released at a higher rate in pH = 5 solution than in

pH = 7 solution. After 72 h of incubation, 70% of DOX was

released from the drug-loaded system at pH = 5, while only 32%

of DOX was released from the drug-loaded system at pH = 7.4.

The above phenomenon is due to the dissolution of ZnO

quantum dots and dissociation of drug-metal complexes

under acidic conditions, which triggers the release of DOX.

3.3 Cytotoxicity assay in vitro

Drug carriers should not only have high drug-carrying

abilities and controlled drug-delivery capability but also

possess good biocompatibility (Peppicelli et al., 2017).

According to the results of PL, 4% La-ZnO is selected to

evaluate the effect of La-ZnO on cellular behaviors, and the

concentration-dependent cytotoxicity of pure ZnO QDs and La-

ZnO QDs was evaluated with B16 cells. The results, as shown in

Figures 9A,B, show that there is no significant toxic effect on both

groups at concentrations below 15. Significant antitumor effects

were exhibited in both groups when the dose exceeded 25 μg/ml,

the survival rate of cytotoxic cells was 78% for the pure ZnO

group and 74% for the La-ZnO group, which was attributed to

ZnO quantum dots dissolving free Zn2+ into tumor cells.

Interestingly, compared to pure ZnO, La-ZnO exhibited a

stronger tumor-killing effect. This may be due to the addition

of lanthanum causing a decrease in the mitochondrial membrane

potential of tumor cells and thus increasing the level of reactive

oxygen species (ROS) (He and Shi, 2011). In addition, it is

positively correlated with the concentration of DOX particles.

The same pattern was observed for the drug loading group, and

the toxicity of pure DOX was relatively small, while the ZnO-

DOX and 4% La-ZnO-DOX groups showed better cell inhibition.

At 2.43 μg/ml of DOX, the cell viability of all the groups was

reduced to about 70%, with increasing concentration, the

cytotoxicity of all groups decreased significantly, and when the

concentration was increased to 4.05, the cellular activity of free

DOX, ZnO@DOX and La-ZnO@DOX decreased to 18%, 15%,

12%, respectively. Besides, the La-ZnO@DOX also shows a better

anti-tumor effect, which indicates that the synthesized La-doped

ZnO quantum dots not only have better fluorescence imaging

ability, but also have a better anti-tumor effect, and this result is

valuable for follow-up research.

Staining of live and dead cells is also effective way to evaluate

the antitumor effect of materials (Shuai et al., 2018). It can be

seen from Figure 9C that the cell survival rate of the pure ZnO

group is higher, indicating that the low concentration of

quantum dots is safe and has no toxic effect on normal cells,

while the La-ZnO group presents more dead cells, indicating a

better anti-tumor effect, which is consistent with the previous

MTT experiment. This indicates that lanthanum doping not only

improves the fluorescence effect of ZnO but also shows stronger

anti-tumor properties than undoped samples. In addition, when

the DOX was loaded, all groups showed large areas of dead cells,

indicating that powerful anti-tumor effect of La-ZnO@DOX.

3.4 In vivo biocompatibility

In this study, the B16F10 melanoma model was used to study

the biocompatibility of nano-platform in vivo, and the potentially

toxic side effects of ZnO as a drug carrier on mice were studied.

Six normal C57 mice were randomly divided into two groups,

which were subcutaneously injected with 100uL PBS and 100 uL

25ug/mL ZnO, respectively. The body weight of mice was

recorded for 10 consecutive days, and then the main organs
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(liver, heart, spleen, lung, and kidney) of mice were collected for

H&E staining. The body weight of mice at 10 days was recorded,

as shown in Figure 10A. The results showed that there was no

significant difference in the body weight of mice between the two

groups. Figure 10B shows the staining results of the major organs

of mice. The staining results showed that there was no significant

difference between the major organs of mice treated with ZnO

and the control group. The results show that ZnO had good

biocompatibility and had no obvious toxic side effects on normal

organs of mice. ZnO could be used as an effective drug carrier for

anti-tumor research. The anti-tumor mechanism of lanthanum

(La) ions may be attributed to the fact that lanthanum ions open

the mitochondrial permeability transition pore, blocking the

electron transport chain in the mitochondria, thus increasing

the level of reactive oxygen species and inducing cancer cell death

(Anghileri et al., 1987; Shuai et al., 2018; Vinothini et al., 2019).

3.5 In vivo antitumor activity

In this study, the in vivo antitumor efficacy of the

nanoplatform in C57 mice was investigated using the

B16F10 melanoma model. The tumor-bearing mice were

divided into six groups: PBS, DOX, ZnO, 4La-ZnO, ZnO@

DOX, and 4La-ZnO@DOX groups. The average relative

tumor volume was measured daily. Data were processed by

the normalization method. As shown in Figure 11A, ZnO,

4La-ZnO, DOX, ZnO@DOX, and 4La-ZnO@DOX all showed

a certain degree of tumor inhibition compared with the control

group, among which 4La-ZnO@DOX showed a stronger tumor

growth inhibition effect, which was consistent with the results of

cell experiments and staining experiments. Figure 11B shows the

weight change of mice.Within 10 days after treatment, there is no

significant difference in the weight of each group, which further

verifies that ZnO has no obvious side effects and does not cause

other toxic damage to the normal organs of mice, and has good

biocompatibility. In addition, Figure 11C shows the size of the

mouse tumor. Themean relative tumor volume in the 4La-ZnO@

DOX group was smaller than that in the DOX and ZnO@DOX

groups, indicating that the antitumor effect of 4La-ZnO@DOX

was improved. The tumors of each mouse were collected for HE

staining. Figure 11D shows the staining results of tumor sections.

Compared with the control group, the tumor sections of the

treatment group showed larger areas of necrosis and apoptosis,

showing a better tumor inhibition effect. ZnO has the advantages

of PH-responsive degradation, good dispersion and

biocompatibility, so that 4La-ZnO@DOX has high tumor

suppression efficiency. ZnO has the advantages of PH-

responsive release and is selectively released in the tumor

microenvironment. When the ZnO drug loading system enters

the mice and accumulates in the tumor site, ZnO decomposes

Zn2 +, which has certain cytotoxicity and can kill cancer cells.

La3+ ions can induce endoplasmic reticulum-dependent

apoptosis through Bcl-2/Bax cascade, leading to apoptosis of

B16 cells (Yu et al., 2015). demonstrated that the antitumor

mechanism of La3+ was partly attributed to miRNAs let-7a and

Mir-34a (Wu et al., 2013). found that lanthanum induced

primary neuronal apoptosis through mitochondrial

dysfunction regulated by Ca2 and Bcl-2 families. Therefore, a

lanthanum-doped zinc oxide drug delivery system could achieve

a stronger antitumor effect.

4 Conclusion

Multifunctional lanthanum-doped zinc oxide (La-ZnO)

quantum dots were successfully synthesized. The PEG-HA-La-

ZnO QDs has the best fluorescence properties when the doping

amount is 4%. PEG-HA-La-ZnO QDs exhibited better anti-

tumor effect undoped samples. Dual enhancement of

fluorescence and anti-tumor effect by La doping makes La-

ZnO QDs promising in drug delivery system applications.
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Ruthenium polypyridine
complexes with triphenylamine
groups as antibacterial agents
against Staphylococcus aureus
with membrane-disruptive
mechanism
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1Jiangxi Provincial Key Laboratory of Drug Design and Evaluation, School of Pharmacy, Jiangxi Science
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Due to the emergence and wide spread of methicillin-resistant Staphylococcus

aureus, the treatment of this kind of infection becomesmore andmore difficult.

To solve the problem of drug resistance, it is urgent to develop new antibiotics

to avoid the most serious situation of no drug available. Three new Ru

complexes [Ru (dmob)2PMA] (PF6)2 (Ru-1) [Ru (bpy)2PMA] (PF6)2 (Ru-2) and

[Ru (dmb)2PMA] (PF6)2 (Ru-3) (dmob = 4,4′-dimethoxy-2,2′-bipyridine, bpy =

2,2′-bipyridine, dmb = 4,4′-dimethyl-2,2′-bipyridine and PMA = N-(4-(1H-

imidazo [4,5-f] [1,10] phenanthrolin-2-yl) -4-methyl-N-(p-tolyl) aniline) were

synthesized and characterized by 1H NMR, 13C NMR and HRMS. The detailed

molecular structure of Ru-3 was determined by single crystal X-ray diffraction.

Their antibacterial activities against Staphylococcus aureus (Staphylococcus

aureus) were obvious and Ru-3 showed the best antibacterial effect with the

minimum inhibitory concentration value of 4 μg ml−1. Therefore, further study

on its biological activity showed that Ru-3 can effectively inhibit the formation

of biofilm and destroy cell membrane. In vitro hemolysis test showed that Ru-3

has almost negligible cytotoxicity to mammalian red blood cells. In the toxicity

test of waxmoth insectmodel, Ru-3 exhibited low toxicity in vivo. These results,

combined with histopathological studies, strongly suggest that Ru-3 was

almost non-toxic. In addition, the synergistic effect of Ru-3 with common

antibiotics such as ampicillin, chloramphenicol, tetracycline, kanamycin and

gentamicin on Staphylococcus aureus was detected by chessboard method.

Finally, in vivo results revealed that Ru-3 could obviously promote the wound

healing of Staphylococcus aureus infected mice.

KEYWORDS

Ru(II) complexes, antimicrobial properties, antibiofilm activity, synergistic effect,
membrane-disruptive mechanism
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Introduction

Since the discovery of penicillin, antibiotics have saved

countless lives, prevented fatal infections and made great

contributions to the Figureht against human infectious

diseases. However, the extensive and evolving pathogenic

behavior of bacteria and the abuse and misuse of antibiotics

lead to a sharply increase in bacterial drug resistance, which poses

a serious threat to public health (Aslam et al., 2018; Tacconelli

et al., 2018; Richter and Hergenrother, 2019; De Oliveira et al.,

2020; Laxminarayan et al., 2020; Song et al., 2020). It is predicted

that drug-resistant infection may cause 10 million deaths every

year by 2050 (Piddock, 2016; Abouelhassan et al., 2019).

Staphylococcus aureus is one of the most common causes of

hospital and community-acquired infection, which is closely

related to pneumonia, endocarditis, osteomyelitis, arthritis and

sepsis (Hussain et al., 2018). Due to the emergence and wide

spread of methicillin-resistant Staphylococcus aureus, the

treatment of this kind of infection becomes more and more

difficult. To solve the problem of drug resistance, it is urgent to

develop new antibiotics to avoid the most serious situation of no

drug available.

It is widely accepted that some transition metal complexes

have more advantages than traditional organic molecular drugs,

such as easy structural modification, rich photophysical and

electrochemical properties (Gitlin and Lill, 2012; Howerton

et al., 2012; Knoll and Turro, 2015) Among them,

polypyridine ruthenium (II) complexes have a wide range of

potential properties, such as DNA binding agents, antibacterial

agents and anticancer agents (Li et al., 2015; Mesquita et al., 2018;

Moumita et al., 2021). So far, a few ruthenium (II) complexes

have been reported as antibacterial agents (Patra, et al., 2012;

Gorle et al., 2014; Nyawade, et al., 2015; Srivastava, et al., 2019;

Lei, et al., 2020; Singh and Barman, 2021; Sun et al., 2021; Varney

et al., 2021) and generally ruthenium (II) complexes were more

active than theirs’ coordinative ligands (Carlsen et al., 1981;

Weber et al., 2016). Moreover, some of that reported Ru(II)

polypyridine complexes with different functional groups

simultaneously exhibited interesting synergy effects between

existing common antibiotics, which were potential adjuvants

to enhance the effect of existing antibiotics on Staphylococcus

aureus (Liao et al., 2020; Zhang et al., 2022).

Recently, Tang and co-workers explored a multifunctional

TPA derivative, which showed good selective sterilization effect

and targeted Gram-positive bacteria. In addition, that compound

could destroy the cell membrane of Staphylococcus aureus under

white light irradiation and had important anti-infective effect in

vivo (Kang et al., 2019; Li et al., 2022; Liu et al., 2022). Inspired by

the above research, herein, three new Ru(II) complexes (Figure 1)

with TPA derivatives were designed and synthesized [Ru

(domb)2PMA] (PF6)2 (Ru-1) [Ru (bpy)2PMA] (PF6)2 (Ru-2)

and [Ru (dmb)2PMA] (PF6)2 (Ru-3). Their antibacterial activity

against Staphylococcus aureus was evaluated. In addition,

considering the toxicity and drug resistance of Ru-3 with the

best activity, its behaviors concerning antibacterial adjuvant,

bacterial biofilm destruction, antibacterial mechanism,

antibacterial activity in vivo were further explored.

Materials and methods

All reagents and materials were purchased from commercial

suppliers used as received without further purification. 4-di-

p-tolylamino benzaldehyde and 1,10-phenanthroline-hydrate

were purchased from Energy-chemical. Rabbit blood was

purchased from Maojie Microbes. 3, 3′-
dipropylthiadicarbocyanine iodide [DiSC3(5)] was purchased

from Macklin. 4′,6-diamidino-2-phenylindole (DAPI) was

purchased from Solarbio and propidium Iodide (PI) was

obtained from 3 A Materials. All antibiotics and crystal violet

were obtained from Sangon. Tryptic soy broth (TSB) was

purchased from Hapebio. Agar powder was purchased from

Chembase. Staphylococcus aureus strain was obtained from

China Center of Industrial Culture Collection (CICC).

FIGURE 1
Structures and design stratege for target Ru(II) complexes.
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The starting materials [Ru(dmob)2Cl2] [Ru(bpy)2Cl2] and

[Ru(dmb)2Cl2] were synthesized according to the literature

(Sullivan et al., 1978; Collin and Sauvage, 1986; Castellano

et al., 1998; Tran et al., 2013).

Nuclear magnetic spectra were recorded on a Bruker

AVANCE 400 spectrometer under ambient conditions. High

resolution mass spectrometric analysis was carried out on a

Waters Xevo G2-XS Q-TOF instrument. A Shimadzu UV-

2550 UV-vis spectrophotometer was used for UV scanning. A

biochemical incubator and constant temperature culture shaker

were purchased from Yiheng Scientific Instruments. Enzyme-

labeled instrument was obtained from BioTek Instruments and a

fluorescent cell imager was purchased from BIO-RAD.

Synthesis and characterization PMA

The ligand N-(4-(1H-imi-dazo[4,5-f][1,10]phenanthrolin-2-

yl(phenyl)-4-methyl-N-(p-tolyl)aniline was synthesized

according to the literature (Zhang et al., 2011; Peng et al.,

2021). 1H NMR (400 MHz, CDCl3) δ 8.82 (s, 4H), 8.08 (d, J =

8.1 Hz, 2H), 7.39 (s, 2H), 7.05–6.84 (m, 10H), 2.25 (s, 6H). HRMS

(acetonitrile) m/z: calcd 492.2144 for C33H25N5, found

492.2185 for [PAM + H]+.

Synthesis and characterization Ru-1

([Ru(dmob)2PMA] (PF6)2). A mixture of [Ru(dmob)2Cl2]

(55.2 mg, 0.1 mmol) and PMA (49.8 mg, 0.1 mmol) in ethylene

glycol (10 ml) was heated at 150°C under argon for 8 h to give a

clear red solution. After cooling to room temperature, a red

precipitate was obtained after 1 mmol KPF6 aqueous solution

(50 ml) was added. The crude product was purified by column

chromatography on neutral alumina with a CH3CN/Xylene

mixture as the eluent to obtain a red powder. Yield: 56.5 mg

(55.1%). 1H NMR (400 MHz, DMSO-d6) d 14.12 (s, 1H), 9.07 (d,

J = 31.6 Hz, 2H), 8.49 (d, J = 18.0 Hz, 4H), 8.14 (d, J = 5.6 Hz,

4H), 7.90 (s, 2H), 7.64 (d, J = 6.4 Hz, 2H), 7.28 (s, 2H), 7.20 (d, J =

8.2 Hz, 6H), 7.06 (t, J = 10.2 Hz, 6H), 6.92 (s, 2H), 4.03 (s, 6H),

3.93 (s, 6H), 2.31 (s, 6H). 13C NMR (101 MHz, DMSO-d6) d

166.46, 166.30, 157.79, 151.85, 151.64, 149.64, 149.50, 143.89,

133.42, 130.18, 129.41, 127.67, 125.85, 125.24, 121.30, 120.07,

114.04, 113.86, 111.16, 56.66, 56.56, 20.32. HRMS (acetonitrile)

m/z: calcd 512.6476 for [C57H49N9O4Ru]
2+, found 512.6492 for

[M-2PF6]
2+.

Synthesis and characterization Ru-2

([Ru(bpy)2PMA] (PF6)2). This complex was synthesized in

an identical manner as described for complex Ru-1 using a

mixture of [Ru(bpy)2Cl2] (147.4 mg, 0.3 mmol) and PMA

(145.3 mg, 0.3 mmol). Yield: 280.8 mg (78.3%). 1H NMR

(400 MHz, DMSO-d6) d 14.16 (s, 1H), 9.05 (d, J = 8.2 Hz,

2H), 8.77 (d, J = 8.2 Hz, 4H), 8.39 (s, 4H), 8.20–7.94 (m, 8H),

7.84–7.70 (m, 6H), 7.20 (d, J = 7.9 Hz, 4H), 7.04 (d, J = 8.0 Hz,

6H), 2.31 (s, 6H). 13H NMR (101 MHz, DMSO-d6) d 152.78,

152.68, 152.50, 149.99, 147.16, 147.08, 145.12, 143.87, 136.68,

133.41, 130.34, 130.18, 127.92, 127.64, 126.18, 125.89, 125.24,

120.03, 20.33. HRMS (acetonitrile) m/z: calcd 452.6264 for

[C53H41N9Ru]
2+, found 452.6285 for [M-2PF6]

2+.

Synthesis and characterization Ru-3

([Ru(dmb)2PMA] (PF6)2). This complex was synthesized in

an identical manner as described for complex Ru-1, with [Ru

(dmb)2Cl2] in place of [Ru(domb)2Cl2]. Yield: 121.3 mg (55.6%).
1H NMR (400 MHz, DMSO-d6) δ 14.09 (s, 1H), 9.04 (s, 2H), 8.71

(d, J = 18.3 Hz, 4H), 8.13 (s, 2H), 8.03 (s, 2H), 7.89 (s, 4H), 7.66 (s,

2H), 7.51 (s, 2H), 7.40 (s, 4H), 7.19 (s, 4H), 7.04 (s, 4H), 2.56 (s,

6H), 2.46 (s, 6H), 2.31 (s, 6H). 13C NMR (101 MHz, DMSO-d6) δ

156.22, 156.06, 150.26, 149.40, 149.20, 144.80, 143.93, 133.30,

130.14, 129.82, 128.34, 128.21, 127.61, 125.84, 125.14, 124.80,

120.18, 20.59, 20.50, 20.30. HRMS (acetonitrile) m/z: calcd

480.6577 for [C57H49N9Ru]
2+, found 480.6597 for [M-2PF6]

2+.

Single crystal X-ray data

Collection and Structure Refinement. The monocrystal data

of the Ru-3 (0.11 × 0.06 × 0.04 mm) were collected using an

Agilent Gemini EOS diffractometer with graphite-

monochromated with Mo-Kα radiation (λ = 0.71073) at

170 K. An empiric absorption correction was applied. All the

non-hydrogen atoms were refined anisotropically and the

hydrogen atoms of organic molecule were refined in

calculated positions, assigned isotropic thermal parameters,

and allowed to ride their parent atoms. All calculations were

performed using the SHELX2014 program package (Sheldrick,

2015). Crystallographic data (excluding structure factors) for the

structure of Ru-3 in this paper have been deposited with the

Cambridge Crystallographic Data Centre with the reference

numbers 2165862.

Antibacterial activity

Antibacterial activity was evaluated by measuring MIC

(minimum inhibitory concentration) and MBC (minimum

bactericidal concentration) values. The MIC value was

measured by the microdilution method using TSB broth with

96 well plates (Carlsen et al., 1981) and the MBC value was

determined by LB plates. In brief, the overnight cultured bacteria

were 1: 1000 diluted with fresh medium to get a bacterial
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suspension. After incubation at 37°C for 20 h, the growth of

bacteria is monitored by observing the turbidity of the culture.

The bacterial solution was diluted as above method and the

complexes were incubated with bacterial solution for 2 h. Then

100 μL bacterial solution was taken for plate coating. The

Staphylococcus aureus growth inhibition trend in the presence

of complexes was obtained. The MBC values of complexes were

determined by LB plates after culturing in the same method for

24 h. All experiments were controlled with sterile water and

repeated in parallel at least three times.

Hemolytic activity

Obtain red blood cells from fresh sterile rabbit blood and

rabbit blood was washed three times with PBS. Ru(II) complexes in

950 µL phosphoric acid buffer (PBS) of different concentrations

and 50 μL red blood cells were added into a 1.5 ml sample tube,

incubated at 37°C for 30 min. The negative control was red blood

cell suspension containing only PBS, and the positive control was

PBS containing 0.1% (V/V) Triton X-100. After incubating the

mixture was centrifugated (2000 rpm for 2 min) and the

supernatant (200 μL) was transfered to another 96 well plate.

Finally, the hemolysis rate was calculated by measuring the

absorbance at 540 nm.

Effect of ruthenium complex on the
growth of Staphylococcus aureus

The effect of ruthenium complexes on the growth curve of

Staphylococcus aureus was determined. Briefly, overnight

cultured Staphylococcus aureus was diluted 1:1000 with fresh

broth medium. Then the bacterial culture and ruthenium

complexes were placed in a 24 well Petri dish and shaken at

37°C. After, the OD600 of bacteria was measured every 30 min for

20 h. Data analysis was carried out with Graphad Prism.

Determination of distribution coefficient

The partition coefficients of all complexes were determined

by standard shake flask method in 1-octanol and buffer liquid

system (Yang et al., 2021). In brief, the octanol/water partition

coefficient is obtained by the incubation of 2 ml of 25 μg ml−1

ruthenium complex 1-octanol and 2 ml PBS samples. After

shaking the solution for 6 h, the samples were stood for 2 h.

The absorbance of octanol complex at 282 nm before and after

oscillation was measured. The absorbance of 1-octanol before

oscillation minus the absorbance of 1-octanol after oscillation is

the absorbance of the complex in water. Each experiment was

repeated three times. The partition coefficient is reported as the

number of octanol divided by the number of water.

Effect of Ru-3 on biofilm formation

24 well plate was used for biofilm determination. The

overnight cultured Staphylococcus aureus strain was diluted

1000 times with fresh TSB medium. Then 2 ml of that diluted

bacterial solution was mixed with 500 µL Ru-3 of different

concentrations in a 24 well plate. After incubation at 37°C for

48 h, the bacterial suspension was removed and the plate was

washed three times with PBS. The adherent bacteria were dried

overnight at 37°C and then dyed through 0.1% crystal violet

solution. After 2 min, taking out the crystal violet solution and

wash the plate with PBS again. And then, adding 1 ml acetic acid

and 1 ml water, the formation of biofilm can be determined by

monitoring the absorbance at 595 nm.

Ru-3 killing bacteria in biofilm

To establish bacterial biofilm, the overnight cultured

Staphylococcus aureus strain was diluted 1000 times with fresh

TSB medium, then the bacterial suspension was transferred to

96 well plate and cultured for 24 h. Subsequently, the supernatant

was removed and the formed biofilm was washed 3 times with

PBS solution. 200 μL solution containing Ru-3 of different

concentrations (512, 256, 128, 64, 32, 16, 8, 4 μg ml−1) were

added and further incubated at 37°C for 24 h. Biofilm without

Ru-3 were used as positive controls. Then the supernatant was

discarded and the residual biofilm was cleaned using 200 μL PBS

3 times. Next, fresh medium was added to culture for 24 h (Yang

et al., 2021). The solution after culture was diluted 1000 times

and 100 μL was taken out for plate coating and counting.

Study on drug resistance of bacterial

After Staphylococcus aureus was cultured for 5 h, the bacteria

were diluted 1000 times with fresh TSB and the MIC of Ru-3 was

measured. The bacterial solution grown at the sub inhibitory

concentration of compound Ru-3 was inoculated into fresh TSB

medium for 5 h, then the MIC was measured, and the above

procedure was repeated for 20 generations. Ampicillin was used

as the control.

Checkerboard assay

Firstly, the MIC of all selected antibiotics was determined by

the above method. Staphylococcus aureus was cultured overnight

and diluted 1000 times with fresh TSB. Then 200 μL the diluted

bacterial suspension, 25 μL Ru-3 of gradient concentrations and

25 μL antibiotics of gradient concentrations were mixed in

96 well plates and further cultured at 37°C for 20 h. MIC

values of single drug and the best combination effect
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(combination of MICA and MICB) were measured. Graphpad

prism software was used to draw the checkerboard map and

isoline map.

Secrete toxins

Firstly, S. aureus was cultured overnight and diluted

1000 times with fresh TSB, then a mixture of Ru-3 of

1 μg ml−1 or 2 μg ml−1 and Staphylococcus aureus solution was

cultured in a shaking Table at 37°C for 18 h. After culturing,

centrifuging (5000 rpm, 2 min) Staphylococcus aureus solution.

And rabbit blood cells were prepared with PBS buffer (washing

rabbit blood three times). Blood cells were collected by

centrifugation (2000 rpm, 2 min). Secondly, a mixture

containing 1 ml PBS buffer, 150 μL supernatant and 25 μL

blood cells was cultured at 37°C for 30 min. Then cultured

supernatant was obtained by centrifugation (2000 rpm, room

temperature, 2 min). Finally, the optical density of the

supernatant was measured at 540 nm.

Nucleic acid leakage

To verify the membrane damage, the loss of 260 nm

absorbing material was carried out (Yu et al., 2021). Briefly,

overnight cultured bacteria were diluted 1:1000 in fresh TSB and

shaken at 37°C for about 5 h until the exponential stage was

reached. The supernatant was removed by centrifugation, then

the bacteria were resuspended to OD600 = 1 with PBS, which was

further treated with Ru-3 or polymyxin B and centrifuged after

2 h to precipitate bacterial cells. Subsequently, the loss of 260 nm

absorbing material, including the release of DNA and RNA in the

filtrate, was measured at 260 nm.

Effect of Ru-3 on bacterial cell
morphology

Scanning electron microscope (SEM) is an important

method to observe cell morphology. Briefly, S. aureus was

cultured in TSB medium to exponential phase, which were

collected and washed with PBS three times by centrifugation.

After, the bacterial precipitate was diluted to OD600 = 0.3 with

PBS. Using sterile water as the blank control, Ru-3 (4 μg ml−1)

was added to the bacterial suspension solution for 2 h. After

Incubating, the bacteria were fixed with 2.5% glutaraldehyde at

4°C overnight. Pour out the fixed solution and rinse the sample

three times with 0.1 M PBS for 15 min each time. The samples

were fixed with 1% osmic acid solution for 1–2 h, then the osmic

acid was carefully taken out, and the samples were washed three

times with 0.1 M PBS for 15 min each time. The samples were

then dehydrated by a series of graded concentrations of ethanol

(30%, 50%, 70%, 80%, 90% and 95%). The samples were further

treated with a mixture of ethanol and isoamyl acetate (V/V = 1/1)

for 30 min, then treated with pure isoamyl acetate for overnight.

Finally, the treated samples were subjected to critical drying and

observed by SEM.

DiSC3(5) and DAPI/PI fluorescence
staining

Firstly, S. aureus was cultured in TSB medium to exponential

phase. Exponential growth bacteria were collected by

centrifugation at 5000 rpm for 2 min, then washed with PBS

and diluted to OD600 value of 0.3. Secondly, Ru-3 (4 μg ml−1) was

added to the bacterial suspension solution and incubated at 37°C

for 2 h, then the supernatant was removed by centrifuging.

Thirdly, the bacterial was washed with PBS for three times

and suspendedin 500 μL PBS. Subsequently, adding 20 μL

DiSC3(5) (30 μM), incubating for 1 h under dark conditions.

For DAPI and PI, adding 20 μL DAPI (10 μg ml−1), incubating

for 15 min under dark conditions. Next, adding 20 μL PI

(15 μg ml−1) in the same tube, and incubating for 15 min

under dark conditions. After that, centrifuge, removing the

supernatant. Eventually, suspending with 500 uL PBS and

20 μL samples were transfered on glass slides and observed

under fluorescent cell imager.

Study on membrane permeability

O-nitrobenzene-β-D-galactopyranoside (ONPG) was the

substrate of intracellular ß-galactosidase, that was used to

determine the permeability of Staphylococcus aureus cell

membrane. Staphylococcus aureus was cultured to logarithmic

phase, then washed and cultured in M9 lactose medium, in

which lactose was used as the only carbon source of a single

colony and stayed overnight at 37°C. After washing three times

with PBS, the culture was diluted to OD600 = 0.3 (PBS).

Subsequently, Ru-3 (4 μg ml−1) or vancomycin (2 μg ml−1, as

positive control) was added to the bacterial suspension solution

and then each tube also contains 1.5 mMONPG, which was further

shake at 37°C. The hydrolysis of ONPG to o-nitrophenol over time

was monitored by UV every 15 min at 415 nm. A similar procedure

was used for untreated cells as control (Xuan et al., 2021).

In vivo antibacterial activity test

S. aureus was cultured in TSB medium to exponential phase.

Bacterial precipitates were collected and washed with PBS three

times by centrifugation, which was diluted to OD600 = 1 (1.02 ×

108 CFU/ml) with sterile normal saline. The day before the

infection, the hair on the back of the mice was shaved off.
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Then depilatory cream (Veet®) was used to remove the remaining

hair. Subsequently, 100 μL S. aureus was injected in

subcutaneous and the abscess formed after 12 h later. All mice

infected with S. aureus were divided into two groups (n = 5 in

each group), including control group and treatment group, Ru-3

(0.05 mg ml−1), which was fully mixed in sterile cream.

Afterwards, mouse abscesses were treated with creams

containing Ru-3 4 times a day. After 10 days, the experiment

was ended. The study was conducted in strict accordance with

NIH guidelines for the care and use of laboratory animals (NIH

Publication No. 85–23, revised in 1985), and was reviewed and

approved by the institutional animal care and use Committee of

Guangxi Normal University (Guilin, China).

Acute skin irritation test

Female BALB/c mice were randomly divided into three

groups, control group, Ru-3 (0.05 mg ml−1) group and Ru-3

(0.1 mg ml−1). The day before the experiment, the hair on the

back of female mice was removed. The compound and distilled

water control were gently attached to the shaving site (about

2 cm2) once a day for 3 days. On the fourth day, the mice were

killed by cervical dislocation. The skin tissue at the site of

infections were taken out and fixed in 4% paraformaldehyde

at 4°C for 1 day, then embedded in paraffin. Serial sections were

prepared for H&E analysis.

Results and discussion

Synthesis and Characterization. All ligands and complexes

were prepared according to the procedure shown in

(Supplementary Figure S1) and characterized by 1H NMR

spectrum, 13C NMR spectrum, HPLC, UV-Vis analysis and

HR-MS spectrum. In the case of three ruthenium complexes

(Supplementary Figure S2), the UV-Vis spectral data showed

that there were strong bands at 264–287 nm, which may be

attributed to the p–π* transition, while the relatively weak

band in the range of 369–376 nm may correspond to the

charge transfer transition from metal to ligand. There

cationic complexes were isolated with hexafluorophosphate

as the counteranion, making them easy to purify and less

moisture-sensitive. Stock solutions (5 mg/ml) of all complexes

were prepared in DMSO, which were further diluted using

buffer or cell culture medium until working concentrations

were achieved. As the complexes need to be stable in the

biological environment, the stability of all ruthenium (II)

complexes was determined by UV spectra. Three

ruthenium (II) complexes dissolved in DMSO was diluted

by acetonitrile or H2O. There was no significant change in the

spectral pattern from 0 to 24 h, as shown in Supplementary

Figure S17, which suggests the stability of the complexes in

solvent and indicates they can be used for antibacterial

activities.

Crystal structures

Red crystals were obtained by volatilization from an

acetonitrile and water mixture. The Ru-3 was characterized

by single-crystal X-ray crystallography. Ru-3 crystallizes in the

C2 monoclinic space group. Crystallographic data and

structural parameters are listed in Table 1. Information

concerning X-ray data collection and crystal structure

refinement is summarized in Supplementary Table S1, with

the selected bond lengths and bond angles listed in

Suplementary Table S2. An ORTEP perspective view of the

structure is shown in Figure 2, that proved the synthetic

complex with the expected structure, and the obtained bond

lengths and bond angles are similar to other reported related

ruthenium polypyridine complexes (Liu et al., 2001; Singha

et al., 2017). Nevertheless, the most interesting feature of the

crystal structure is the mode of π-π electron interactions

between pyridine rings of adjacent molecules, and the

dihedral angle between ring 1 (N8–N9) and ring 2

(C46–C48) is only 14.28°, showing they are nearly parallel

(Supplementary Figure S3). The distance between ring one

and ring two is 3.710 Å, suggesting that weak intermolecular

p-π stacking interactions are involved in stabilizing the

monomer structure.

The antibacterial activity studies

The minimum inhibitory concentration (MIC) and the

minimum bactericidal concentration (MBC) of three

complexes against S. aureus were determined. As shown in

Table 1, all designed TPA modified complexes showed

interesting antibacterial activity, among which Ru-3 exhibited

the best antibacterial activity (MIC = 4 μg ml−1, MBC =

32 μg ml−1). Meanwhile, the MBC values of Ru-1 and Ru-2

are 16 μg ml−1 and 128 μg ml−1. On the other hand, free TPA

ligands and RuCl3·3H2O showed no antibacterial activity

(>256 μg ml−1). Therefore, the antibacterial results showed that

the combination of the ligands and Ru was essential for

complexes’ antibacterial activities. In addition, the %

hemolysis at 256 μg/ml values of the Ru-3 was only 4%.

Therefore, in terms of activity and toxicity, Ru-3 exhibited the

most promising antibacterial behavior among them. Herein,

different auxiliary ligands affect the physicochemical

properties of the complexes, especially hydrophilicity and

lipophilicity, which were considered to be closely related to

the antibacterial ability (Chopra et al., 2015). The distribution

coefficient data show that Ru-3 (logD o/w of ca. 1.7885)

displayed more apparent lipophilicity than Ru-1 (logD o/w of
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ca. 1.1445) and Ru-2 (logD o/w of ca. 0.9681). Meanwhile,

complexes with two positive charges are favorable for the

interaction with negatively charged substances on the bacterial

cell membrane, and further lead to destroy the membrane and

cause bacterial death. Therefore, herein the polarity of Ru-3

containing 4,4 ′- dimethyl-2,2′- bipyridine ligands probably

contribute to the antibacterial activity against Staphylococcus

aureus.

TABLE 1 In vitro Antimicrobial Activities Against S. aureus and Hemolytic Activities of compounds.

Compounds MIC µg/mL MBC µg/mL % Hemolysis at 256 μg/ml LgP

Ru-1 16 128 8 1.14

Ru-2 8 16 16 0.97

Ru-3 4 32 4 1.79

PMA >256 — — —

RuCl3·3H2O >256 — — —

Vancomycin 2 — — —

FIGURE 2
Thermal ellipsoid plot of Ru-3 in ORTEP view.

FIGURE 3
The inhibitory effect of Ru-1, Ru-2 and Ru-3 on Staphylococcus aureus. The bacterial culture was cultured in a plate reader at 37°C with orbit
shaking at 180 rpm. The OD600 was recorded at 30 min intervals.
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Then, the effects of ruthenium complexes on the growth of

Staphylococcus aureus was explored by measuring the growth

curve of Staphylococcus aureus. As shown in Figure 3, the growth

curve of three Ru complexes showed a dose-dependent inhibitory

effect on Staphylococcus aureus. Further quantitative analysis was

carried out by colony forming units (CFU) on agar plate to evaluate

the activity of the complexes against Staphylococcus aureus. As shown

in Figure 4, the antibacterial behaviors ofRu-1—Ru-3were obviously

dose-dependent, and Ru-3 still showed the best antibacterial effect

among the three complexes, which was consistent with the

experimental results of MIC value determination above.

Inhibit biofilm formation and bacterial
biofilm disruption

Bacterial biofilm is a viscous structure formed by bacterial

aggregation, which can protect bacterial cells from external

influence and effectively resist the action of antibiotics

(Chopra et al., 2015), and more than 80% of clinically

malignant infections are associated with bacterial biofilm

resistance (Conti et al., 2021). According to the above

experiments, Ru-3 was proved as the most effective

complex. To further explore whether this complex can

inhibit the formation of S. aureus biofilm, crystal violet

staining method was carried out. Ru-3 of sub inhibitory

concentration was performed to ensure that it affected the

formation of biofilm rather than kill bacteria. As shown in

Figure 5, biofilm formation in the presence of Ru-3 was

significantly reduced by 27% and 41% at the concentration

of 1 μg ml−1 and 2 μg ml−1, respectively. These results

indicated that Ru-3 can obviously inhibit the formation of

biofilm at sub inhibitory concentratidon.

Then, bacterial biofilm destruction assay was performed to

further explore whether Ru-3 can destroy biofilm, and the results

were shown in Figure 6. It was clear thatRu-3 displayed a significant

effect on killing Staphylococcus aureus in biofilm, and with the

increase of Ru-3 concentration, the number of living bacteria in

biofilm decreased dramatically. The number of the survival

Staphylococcus aureus in the biofilm decreased from the initial

8.62 to 0 log10 colony-forming units per milliliter (CFU/ml) as

the concentration ofRu-3was 32 μg ml−1, whichwas exactly same as

FIGURE 4
Ruthenium complex inhibited the growth of wild-type Staphylococcus aureus for 2 h (A) the plate experiment diagram. (B) the plate counting
diagram.

FIGURE 5
The effect of Ru-3 (1 μg ml−1 and 2 μg ml−1) on the biofilm
formation of Staphylococcus aureus.
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its MBC value. These data indicated that Ru-3 can inhibit not only

the formation of biofilms, but also the already formed bacterial

biofilms, suggesting that the antimicrobial behavior of Ru-3

probably not be prone to drug resistance.

Resistance study

Antibiotic resistance has become an increasingly serious

problem (Laxminarayan et al., 2020). To study the possibility of

drug resistance induced by Ru-3, the drug resistance of

Staphylococcus aureus for 20 generations was carried out at

sublethal concentration. After 20 generations of Staphylococcus

aureus culture, the MIC value of Ru-3 increased only four times,

indicating that Ru-3 was not easy to be resistant to Staphylococcus

aureus. In contrast, the lactam antibiotic ampicillin sodium rapidly

induced bacterial drug resistance, and theMIC value increasedmore

than 1024 times after 20 passages (Figure 7A) under the same

experimental conditions. This result probably related to the rapid

bactericidal effect of Ru-3 and the destruction of bacterial cell

membrane. More importantly, Ru-3 unexpectedly exhibited

apparent antibacterial activity against antibiotics resistant

Staphylococcus aureus, which were obtained by treating with a

variety of antibiotics for 20 generations (Figure 7B). The results

showed that the MIC values of Ru-3 against antibiotic resistant S.

aureus were almost the same as the wild type Staphylococcus aureus.

All the results showed that Ru-3 had strong antibacterial activity

against antibiotic resistant bacteria and had no obvious drug

resistance.

Hemolysis test

The toxin produced by bacteria is also one of the primary

causes of disease. To find whether Ru-3 can inhibit the produced

toxin by Staphylococcus aureus, hemolysis test was carried out. As

shown in Figure 8, after incubation for 24 h, there was barely

different in OD600 values between 1 μg ml−1, 2 μg ml−1 and

control group. Toxin was prominently reduced by 38% and

63% in the presence of Ru-3 of 1 μg ml−1 and 2 μg ml−1

respectively. This showed that Ru-3 could inhibit the toxin

production of Staphylococcus aureus at sub inhibitory

concentration. To verify that the rupture was not caused by

buffer (PBS), a sterile control was also performed. The results

showed that the red blood cells remained intact, indicating that

FIGURE 6
The results of killing the Staphylococcus aureus in the biofilm
and count results of killing Staphylococcus aureus in biofilm.

FIGURE 7
Bacterial resistance study of compound Ru-3 against S. aureus (Ampicillin was selected as a reference drug). (A) Fold changes in MIC values of
compound Ru-3 and ampicillin against Staphylococcus aureus. (B)MIC of Ru-3 on different antibiotic resistant Staphylococcus aureus. Control: Wild
Staphylococcus aureus. Amp: Ampicillin resistant Staphylococcus aureus. Ply (B) Polymyxin B resistant Staphylococcus aureus. Tetra: tetracycline
resistant Staphylococcus aureus. Clin: Clindamycin resistant Staphylococcus aureus.
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the rupture of red blood cells was caused by the secretion of

hemolysin by bacteria, and Ru-3 effectively inhibited the

secretion of hemolysin.

Synergistic effects with antibiotics

Antimicrobial adjuvants are considered as magic weapons

against drug resistant bacteria. To study whether Ru-3 can also

be used as antibacterial adjuvant, the interactions between Ru-3 and

common antibiotics were performed by checkerboard method

(Zhang et al., 2022). Fractional inhibitory concentration index

(FICI) is defined as the sum of the MIC of each drug when used

in combination divided by the MIC of the drug when used alone

(synergism (FICI ≤0.5), preparability (0.5 < FICI ≤1), no difference
(1 < FICI ≤2), antagonistic (FICI >2)) (Chen et al., 2021). As shown
in Figure 9A, Ru-3 had synergistic effects with kanamycin,

gentamicin, chloramphenicol, ampicillin sodium and tetracycline,

which demonstrated that Ru-3 possessed antibacterial synergistic

effect on a variety of antibiotics. To further reveal that synergistic

effect, the incubations of the above antibiotics (gentamicin,

ampicillin sodium, kanamycin, chloramphenicol and tetracycline)

andRu-3 of sublethal concentration (0.25MIC) were used to treat S.

aureus. (Figure 9D). As expected, the antibacterial activity was

significantly enhanced, indicating that there were distinct

synergistic effects between them. Therefore, Ru-3 not only

exhibited obvious direct antibacterial activity, but also was a

potential antibacterial adjuvant, which can effectively increase

antimicrobial activity of some existing antibiotics.

Membrane damage of Staphylococcus
aureus

The poor permeability of traditional antibiotics is one of

the main reasons for the decrease of its therapeutic ability and

the increase of multi drug resistant bacteria (Sun et al., 2021;

Yan and Bassler, 2019; Gafur et al., 2020). Therefore, excellent

membrane damage ability should be an important

characteristic of newly developed antibacterial agents

(Wang et al., 2019). To elucidate whether Ru-3 can destroy

the integrity of the bacterial membrane, the following

experiments were carried out, including membrane

depolarization studies, DAPI/PI staining and fluorescence

microscope, ONPG experiment, leakage of nucleic acid

and SEM.

Firstly, the membrane destruction ability of active molecule

Ru-3 was studied by fluorescence microscopy with 3, 3′-
dipropylthiadicarbocyanine iodide [DiSC3(5)]. DiSC3

accumulates in cells on the polarized membrane, resulting in

fluorescence self-quenching. However, when the integrity of the

cell membrane is damaged by the change of membrane potential,

DiSC3(5) will released from the cell membrane, resulting in a

sharp increase in fluorescence intensity (Guo et al., 2021). As

shown in Figure 10, the negative group showed no fluorescence

in the stained group, while strong green fluorescence occurred in

the Ru-3 treated group. Indicating that compound Ru-3 has

effect on the bacterial cell membranes.

Secondly, 4′, 6-diamino-2-phenylindole (DAPI) and propidium

iodide (PI) as staining agents to further analyze the antibacterial

mechanism of compound Ru-3. DAPI can enter both living and

dead cells and produce blue fluorescence, while PI can only enter

cells with damaged membrane and combine with nucleic acid to

produce red fluorescence (Sun et al., 2021). As shown in Figure 11,

only blue fluorescence was observed in the negative control group,

suggesting intact cell membranes of Staphylococcus aureus. In

contrast, blue and red fluorescence was observed for the Ru-3

groups, indicating that Ru-3 can effectively disintegrate S. aureus

membrane.

Thirdly, once the lipid bilayer of bacteria is physically

destroyed, the cytoplasmic content will overflow

(Rasamiravaka et al., 2015). When the cytoplasmic membrane

is permeable, the non-permeable membrane chromogenic

substrate o-nitrobenzene-β-Galactoside (ONPG) enters the

cytoplasm and is destroyed by β-Galactosidase degraded to

produce o-nitrophenol, showing special absorbance at 415 nm

(Xuan et al., 2021). As shown in Figure 12, the plasma membrane

permeability of Staphylococcus aureus induced by Ru-3 increased

with time and showed a concentration dependent trend.

Compared with vancomycin, Ru-3 exhibited better membrane

permeability. The above results showed that the treatment of Ru-

3 caused damage to Staphylococcus aureus cells, which lead to the

physical destruction of lipid bilayer and cell membrane, resulting

in the serious leakage of cell contents.

FIGURE 8
Experimental results of Ru-3 inhibitory toxin. Effect of
1 μg ml−1 or 2 μg ml−1 Ru-3 on the secretion of Staphylococcus
aureus hemolysin. All experiments had three biological replicates.
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Fourthly, the damage of Ru-3 to the membrane was further

verified by measuring the leakage of nucleic acid. Nucleic acids have

a characteristic UV absorption at 260 nm, therefore, the degree of

cell nucleic acid leakage can be evaluated by observing the change in

absorbance at 260 nm of the bacterial solution (Cui et al., 2015). As

shown in Figure 13, after treating S. aureuswith ruthenium Ru-3 or

FIGURE 9
(A) Heat plots of checkerboard assays for Ru-3 in combination with different antibiotics against Staphylococcus aureus. (B) MIC of antibiotics
and fractional inhibitory concentration indices (FIC) of the combination with Ru-3 against Staphylococcus aureus (C) An isobologram analysis of the
synergistic effects of Ru-3 with Ampicillin, Chloramphenicol, Gentamicin, Kanamycin and Tetracyclines. (D) Logarithmic change of CFU mL−1 (from
time zero) of Staphylococcus aureus after treatment with Ru-3 (2 μg ml−1) and antibiotics with combined effect (0.25 MIC) for 3 h.

FIGURE 10
Effect of membrane depolarization (A) The blank control was bacteria without drug treatment. (B) Staphylococcus aureus treated with Ru-3
(4 μg ml−1) for 2 h.
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polymyxin B, nucleic acid leakage increased significantly from 0% to

20% and 23%, comparing with the blank. The above results

demonstrated that the treatment of Ru-3 caused damage to

Staphylococcus aureus cell membrane, resulting in the leakage of

intracellular proteins. Importantly, Ru-3’s ability to break through

cell membranes was much better than polymyxin B, which was a

typical antibiotic that disrupted bacterial membrane.

Finally, the morphological observation of bacterial samples

provides distinct evidence for the destruction and damage of

bacterial cell membrane. As shown in Figures 14A,B, it was

obvious that the bacteria in the control group showed a complete

and smooth cell surface without rupture. After the treatment with

Ru-3 of a concentration of 4 μg ml−1 for 2 h, most of the bacterial

structures were deformed, collapsed and many ripples were

observed, revealing that the treatment of Ru-3 would lead to the

physical destruction of cell membrane.

Toxicity study

Based on the excellent antibacterial effect of Ru-3 in vitro, its

biosafety was further evaluated. Firstly, the hemolytic activity of

ruthenium complexes on rabbit red blood cells was measured to

study their toxicity. As shown in Figure 15A, Ru-3 displayed

FIGURE 11
Fluorescence images of Staphylococcus aureus control or treated with Ru-3 (4 μg ml−1) for 2 h, which stained with DAPI, PI. Scale bar: 100 μm.

FIGURE 12
Plasma membrane permeability of Staphylococcus aureus
cells treated with Ru-3 (2 μg/ml or 4 μg/ml) and vancomycin
(2 μg/ml).

FIGURE 13
Percentage content of leaked nucleic acid from bacterial
cells with the treatment of Ru-3 (4 μg/ml) or Ply B (Polymyxin B,
100 μg/ml).

Frontiers in Chemistry frontiersin.org12

Jiang et al. 10.3389/fchem.2022.1035741

64

https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fchem.2022.1035741


negligible hemolytic activity, even if the concentration was as high as

256 μg ml−1. In view of its good compatibility with mammalian red

blood cells, the toxicity of Ru-3 to eukaryotes was also studied.

Herein, Ru-3 was tested with Gallery melonella larvae. Because its

physiology and immune system are extremely similar to mammals,

this insect model is widely used as an in vivo model, especially in

toxicity screening, which produces results comparable to more

commonly used mammalian models (Roy et al., 2019). The

results were shown in Figure 15B. When the concentration of

Ru-3 was 64 mg kg−1, the survival rate was still 75%. Therefore, it

indicated that Ru-3 has low toxicity and good biocompatibility.

Finally, the skin irritation of Ru-3 on BALB/c mice was

further studied. Hematoxylin eosin (H&E) staining was used to

study the pathological changes of muscle tissue caused byRu-3 in

Figure 15C (Weber et al., 2016). Comparing the images produced

by the treated and untreated tissues, the tissue sections of the Ru-

FIGURE 14
Scanning electron microscope (SEM) images of the cell membrane of Staphylococcus aureus cells treated with PBS or Ru-3 (A) PBS. (B) Ru-3
(4 μg/ml).

FIGURE 15
Test results of Ru compounds toxicity (A)%hemolysis at 256 μg ml−1 of Ru compounds. (B) Kaplan-Meier survival curves. Determination of Ru-3
toxicity in the insect model Galleria mellonella (Ampcillin’s curve coincides with control’s curve.) Larvae were injected with 5 µL of water (control), or
Ru-3 (4–512 mg kg−1). The larvae were incubated at 37.5°C and live/dead scores were conducted at 120 h (C) H&E staining images of the infected
tissues with different treatments.

Frontiers in Chemistry frontiersin.org13

Jiang et al. 10.3389/fchem.2022.1035741

65

https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fchem.2022.1035741


3 treatment group were very similar to the normal mouse tissues,

indicating that there were no obvious pathological abnormalities.

Therefore, Ru-3 can be considered as a non-irritating complex

and has good antibacterial effect and biocompatibility.

In vivo antibacterial assay

The above results have confirmed that Ru-3 had good

antibacterial activity against Staphylococcus aureus. To further

explore whether Ru-3 has significant antibacterial activity in vivo,

a mouse skin infection model was established. The day before, the

hair of the infected part of the mice was removed, then

Staphylococcus aureus was inoculated to form an abscess on the

skin. Subsequently, all mice were divided into two groups, and one

group used cream with containing Ru-3 (50 μg ml−1) and other

group used only cream, applying 4 times a day to the abscess. As

shown in Figure 16, photos of infected tissue were obtained after

10 days, and subsequent wound healing was used to determine its

antibacterial activity. Figure 16A showed a schematic diagram of

infection and treatment regimen, and Figure 16B shows changes in

wound healing after Ru-3 (50 μg ml−1, and untreated mice as

control) treatment. Obviously, after 4 days of Ru-3 treatment, the

degree of wound healing increased significantly. Which indicates

that Ru-3 also has antibacterial activity in vivo.

Conclusions

In conclusion, functionalized ruthenium complex with

triphenylamine (TPA) had good antibacterial activity against

Staphylococcus aureus. Ru-3 inhibited the formation of biofilm

at sublethal concentration and killed the bacteria in the formed

biofilm at eight MIC. According to the results of fluorescence

staining, ONPG, nucleic acid leakage and scanning electron

microscope, it was found that the mechanism of Ru-3 may be

the destruction of bacterial cell membrane. It is exciting to find

that Ru-3 can effectively inhibit the secretion of hemolysin

from Staphylococcus aureus and has a low rate of auto-

hemolysis. More importantly, it has low toxicity and good

biocompatibility to the great wax beetle whose physiology

and immune system are surprisingly same to mammals. The

joint sensitivity test shows that Ru-3 has synergistic effect on a

variety of commonly used antibiotics, and maintains the

original MIC value for some antibiotic resistant bacteria,

which is helpful to formulate clinical medication plan.

Finally, the in vivo infection study on mice showed that Ru-

3 significantly improved the wound healing process after skin

infection with bacteria, and had no irritating effect on the skin.

Obviously, multifunctional Ru complexes modified with TPA

have great potential for the development of anti Staphylococcus

aureus agents.

FIGURE 16
Treatment of Staphylococcus aureus skin infection in vivo (A) Scheme illustration of the procedures including the establishment of the
Staphylococcus aureus infection mouse model and subsequent treatment regime. (B) Representative photos of skin abscesses with/without Ru-3
treatment (C) Change diagram of mouse wond. (D) Plate diagram of mouse wond colony calculation. (E) Colony count of wound in mice.
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The continual resistance to antibiotics and the generation of a series of bacterial

infections has emerged as a global concern, which requires appropriate

measures and therapeutics to address such a menace. Herein, we report on

Silk fibroin (SF) hydrogel with good biocompatibility and biodegradability

fabricated through the crosslinking of the SF of different concentrations with

Gallium nitrate (Ga (NO3)3) against Pseudomonas aeruginosa. However, the SF:

Ga = 500: 1 (w/w) (SF/Ga) demonstrated a good bactericidal and wound healing

effect as a result of the moderate and prolonged release of the Ga3+ following

the gradual degradation of the hydrogel. The Ga3+, known for its innovative

nature acted as a crosslinked agent and a therapeutic agent employing the

“Trojan horse” strategy to effectively deal with the bacteria. Also, the Ga3+, which

is positively charged neutralizes the negative potential value of the SF particles

to reduce the charge and further induce the β-sheet formation in the protein

structure, a characteristic of gelation in SF. The morphology showed a

fabricated homogenous structure with greater storage modulus- G’ with low

loss modulus- G’’modulus demonstrating themechanical performance and the

ability of the SF/Ga hydrogel to hold their shape, at the same time allowing for

the gradual release of Ga3+. A demonstration of biocompatibility,

biodegradability, bactericidal effect and wound healing in in vitro and in vivo

present the SF/Ga hydrogel as an appropriate platform for therapeutic and for

antibacterial wound dressing.
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Introduction

On the one hand, bacterial infections have been on the rise as

a result of the uncertain resistance generated by the bacteria

following the administration of antibiotics. A condition that has

largely been attributed to the misuse and continual use of these

antibiotics. As a consequence of these more than 14 million

individuals are affected each year and continue to be affected with

a substantial rise in the case of morbidity and mortality (Wang

et al., 2017). On the other hand, and to a great degree, skin

injuries occurring from diverse conditions make the body

vulnerable to this bacterial infection and even dehydration

(Wu et al., 2019; Yu et al., 2022). Therefore, the upkeeping of

an organism’s first line of defense from invasion by

microorganisms and even homeostasis easily becomes

compromised (Zhou et al., 2018; He et al., 2020). All these

present the need for a suitable cause of action for the

treatment of bacterial infections and rapid means of managing

wounds.

Employing polymeric hydrogel owing to its soft tissue-like

hydrophilic properties has recently gained prominence when

it comes to wound-related cases (Kirker et al., 2002; Mogoşanu

and Grumezescu, 2014). Therein, the silk fibroin (SF) a natural

protein polymer extracted from the cocoons of the silkworm,

Bombyx mori have also been extensively studied due to their

waterproof nature, biodegradability, gaseous permeation,

mild inflammatory potential and homeostatic properties

(Minoura et al., 1995; Santin et al., 1999; Gil et al., 2013).

These properties allow the SF to easily coordinate between

bacteria strains and the antibacterial substance they are

reinforced with, thus perfect for antibacterial and wound

dressing. Additionally, the modification of the physical

parameters of SF aqueous solution, pH, conditions for

sonication, and dehydration via the addition of ethanol or

polymer can trigger the transformation of SF molecules from

random-coil/α-helix structures to β-sheets, boosting the

physical crosslinking (Hu et al., 2013; Bai et al., 2014;

Kambe and Yamaoka, 2019). It is worth noting that, the

formation of β-sheets triggers the sol-gel transition of silk

fibroin through hydrophobic interaction of molecules, which

results in the stabilization of hydrogels (Matsumoto et al.,

2006; Nultsch and Germershaus, 2017). Though the influence

of mechanical forces and pH on the SF has been extensively

studied, the role of ions in the SF hydrogels remains poorly

understood. Kelly and co-workers reported that some amino

acid residues can emerge as β-turns through chelation with

copper ions and subsequently form stable β-sheet by hydrogen
bonding (Schneider and Kelly, 1995). Also, some studies show

that the folding process of the SF may easily be affected by

some ions such as Ca2+, Zn2+, K+, and Na+ (Zhou et al., 2004;

Zong et al., 2004; Ruan et al., 2008; Ruan and Zhou, 2008).

These studies illustrated that the suitable ions may have the

ability to induce the sol-gel transition of silk fibroin.

What’s more, one crucial nutrient required by the bacteria

for the coordination of DNA synthesis, cellular respiration

and even eluding of the destructive activity through the

generation of ROS is iron (Fe) (Andrews et al., 2003; Hijazi

et al., 2018). On the contrary, Ga3+ is an anti-infective agent

capable of binding to biological complexes containing Fe due

to the resemblance in chemical properties, permitting their

infiltration into such essential Fe3+ binding sites within

protein and enzymes. Consequently, this process can alter

the Fe content in the bacteria’s antioxidant enzymes

disrupting the redox-driven process and making the

bacteria susceptible to oxidants (Bernstein, 1998; Lemire

et al., 2013; Goss et al., 2018; Wang et al., 2019). Ga

(NO3)3 has been reported to have a highly significant

bactericidal effect against P. aeruginosa even at as low

concentrations and is not reduced under physiological

conditions (Kaneko et al., 2007; Minandri et al., 2014;

Chitambar, 2016). However, no prior research has been

reported on the influence of the Ga3+on the SF. In this

study, SF: Ga(III) hydrogels were synthesized through the

electrostatic adherence of Ga (NO3)3 into SF with different

concentrations to form a new type of antibacterial hydrogel

with ideal mechanical properties and for the first time, we

report on the effect against the P. aeruginosa and for wound

healing. The effect of the SF: Ga(III) = 500: 1 (w/w) (SF/Ga)

was investigated in vitro and in vivo. Positively charged Ga3+

could “kill two birds with one stone”, in addition to

antibacterial action, it cause the aggregation of fibroin

molecules into hydrophilic regions, forming a SF hydrogel

through ionic crosslinks. The SF/Ga hydrogel exhibited a

highly effective antibacterial efficiency capacity in the

in vitro with good biocompatibility. This was confirmed by

the in vivo experiments where the SF/Ga hydrogel effectively

disrupted the P. aeruginosa via the slowly and prolonged

release of the Ga3+ at the same time stepping up with the

wound recovery. In all, SF/Ga hydrogel demonstrate great

potential for treating bacterial infections and wound dressing.

Experiment section

Materials

Bombyx mori cocoons were provided by Chongqing

University (China). Gallium nitrate hydrate (99.9% metals

basis) was purchased from MACKLIN. Sodium carbonate

(Na2CO3), Boric acid, and Sodium chloride (NaCl) were

purchased from Sigma. Lithium Bromide salt (LiBr), sodium

hydroxide (NaOH) were purchased from Aladdin. Tryptone

Broth was purchased from Sangon Biotech. Dialysis bag

(MD44, 3.5 K MWCO) was purchased from Solarbio. CCK-8

was purchased from APE×BIO, and DMEMwas purchased from

Life Technologies Corporation.
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Preparation of silk fibroin solution

Bombyx mori cocoons were degummed to remove sericin

proteins; silk cocoons were treated in alkaline water baths

(0.02 mol/L Na2CO3) at 100°C for 2 h. Degummed silk was

washed several times in deionized water and dried at room

temperature to obtain pure SF fibers. The dried SF was

dissolved in 9.3 mol/L LiBr solution and stirred for 1 h at

65 °C. After cooling, the solution was taken out into a dialysis

bag, placed in an alkaline buffer solution (Boric acid 18.54 g,

NaCl 8.775 g dissolved in 1 L of deionized water, pH titration to

9) dialyzed for 1 day to remove the LiBr salt. The solution was

dialyzed against deionized water for 3 days and subsequently

filtered. At last, pure SF aqueous solution was obtained, and the

final concentration was about 5% (w/v), which was stored at 4°C.

Determination of MIC value of gallium
nitrate on P. aeruginosa

Using a 96-well plate, the half-dilution method was used to

obtain 128 μg/ml to 1 μg/mL Ga (NO3)3 solution of 50 μL per

well, and 50 μL of P. aeruginosa bacterial solution with the value

of OD600 = 0.05 added to each well. The plate was incubated at

37°C in a constant temperature incubator for 24 h. OD600 value

was measured with a microplate reader (Thermo scientific).

Preparation of silk fibroin-gallium nitrate
hydrogel

The SF: Ga (III) hydrogels were prepared by mixing Ga

(NO3)3 with SF in solution. The SF solution and Ga (NO3)3 were

mixed in different ratios for use, specifically, the SF solution

concentration was maintained at 5% by changing the blend

volume ratio, and the mass ratios of SF and Ga (NO3)3 were

5000:1, 2500:1, 1000:1, 500:1 and 250:1, which were

ultrasonicated for 1 h after mixing, and the state of gelation

observed after standing. Based on the gel formation time and

properties, SF: Ga(III) = 500: 1 (w/w) is expected to be the best

ratio.

SEM and EDS characterizations

The scanning electron microscope (SEM; HITACHI SU8010,

Japan) was used to analyze the dried gel morphology. The SF

hydrogel and SF/Ga hydrogel were quickly frozen in liquid

nitrogen for 10 min, and after, placed in a vacuum freeze

dryer (BIOCOOL, China) and freeze-dried at −50°C for 72 h.

The sample was pasted on the round sample stage with a

conductive double-sided adhesive. Before the test, the sample

was processed with gold spray. The thickness of the gold spray

was between 20 and 30 nm, and the test was conducted at a

temperature of 20°C and relative humidity of 65%.

CD and FTIR characterizations

CD spectra of samples were measured on an Applied

Photophysics (Chirascan Plus, England) spectrometer under

an N2 atmosphere. Approximately 20 μL of the samples were

evenly placed on a 1 mm thick quartz cuvette and scanned from

180 to 260 nm. Three groups of samples (SF solution, SF solution

after 1 h of ultrasound, SF solution, and Ga (NO3)3 were mixed at

a mass ratio of 500:1. The samples for the Fourier transform

infrared spectrometer (FTIR, Bruker Tensor II, Germany) were

also freeze-dried. The wave number range was 2000–1000 cm−1,

the spectral resolution was 4 cm−1, and the scanning range was

4000–400 cm−1.

Rheological test

The mechanical and rheological analyses were carried out

using (TA Instrument, New Castle, DE). The elasticity (storage

modulus- G’) and viscosity (loss modulus- G’’) were evaluated at

a shear frequency of 1 Hz within a linear viscoelastic region. All

frequency sweeps were collected within a frequency range of

0.1–10 Hz rad/s at 25°C. All samples were stabilized and

measured, and the process was repeated three times.

Zeta potential

The samples [Mixed Ga (NO3)3 with SF solution (0.05% wt)

at 1000:1, 500:1 (w/w), and SF solution only] were characterized

with a nanometer particle size analyzer (Malvern, Zetasizer Nano

ZS ZEN3600, England) to determine the change of Zeta potential,

and each sample was measured three times repeatedly.

Cell culture and cytotoxicity assay

Human lung fibroblasts (MRC-5) cells were cultured in

DMEM medium supplemented with 100 U ml−1 penicillin,

0.1 mg ml−1 streptomycin, and 10% FBS at 37°C in a

humidified incubator under 5% CO2. After reaching 80%

confluence, cells were harvested and seeded in 96-well plates

(2 × 104 cells/well). At the same time, 1 ml PBS solution, SF, and

SF/Ga hydrogel were separately put into the 6-well plate,

sterilized under UV for 30 min and 5 ml DMEM, was added

to each well for co-cultivation. After 24 h, the culture medium

was replaced with hydrogel leaching solution for each group and

cells were cultured for 1 day. The cytotoxicity was measured by

the CCK-8 method.
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Antibacterial property

The antibacterial activities of the SF/Ga hydrogel against P.

aeruginosa bacteria were evaluated using the oscillation method.

LB culture medium was used to dilute P. aeruginosa solution

which was recovered for 24 h, OD600 = 0.05. The bacterial

solutions (4 ml) were added to 15 ml shake tubes and later

divided into 3 groups: 1 ml of SF hydrogel, SF/Ga hydrogel,

and Ga (NO3)3 solution. The samples were cultured in a 37°C

constant temperature incubator, and Shaked for 7 days. The

samples (100 μL) were taken out every day and the OD600 was

measured.

Wound healing

To evaluate the potential of the SF/Ga hydrogel for wound

dressing, an in vivo experiment was conducted using a rat model

with a P. aeruginosa-infected wound. (He et al., 2022a; He et al.,

2022b). Six 3-month-old healthy Sprague–Dawley (SD) rats were

randomly divided into 2 groups (PBS and SF/Ga hydrogel

treatments) and anesthetized with chloral hydrate. The back

fur of the mice was shaved, cleaned, and disinfected with 75%

alcohol and an 8-mm biopsy punch was used to create circular

wounds of full thickness, 8 mm in diameter on each rat. The

wounds were infected with 100 μL of 108 CFU/mL P. aeruginosa

solution. Images of the wound area at 0, 1, 2, 3, and 6 days were

taken with a digital camera, and the percentage of wound size was

calculated using ImageJ software.

Statistical analysis

All the experiments were performed with sample sizes greater

than three, and the experimental results were expressed as the

mean value ±standard deviation. The difference between the

groups was determined using a one-way analysis of variance, and

a p-value smaller than 0.05 was considered a statistically

significant difference.

Result and discussion

Susceptibility ofP. aeruginosa toGa (NO3)3

The release of Ga3+ is not able to appropriately replace the

Fe3+ within the protein binding site of bacteria since the Ga3+

transition to Ga+ requires much energy compared to the

transition of Fe electrons from 3 + to 2 + or vice versa (Ma

et al., 2013; Nikolova et al., 2016; Best et al., 2020). Hence the

disruption of the crucial processes by Ga3+ after replacing the Fe3+

and the subsequent antibacterial action. The susceptibility of P.

aeruginosa was investigated to screen the concentration of Ga

(NO3)3 used in the SF: Ga (III) hydrogel fabrication. As shown in

Figure 1A, the Minimum inhibition concentration (MIC) of Ga

(NO3)3 was recorded as 16 μg/ml which was sufficient to

completely disrupt the P. aeruginosa. Also, a measure of the

toxicity of the different concentrations of Ga (NO3)3 on the

human lung fibroblast (MRC) using the MTT assay, Figure 1B

showed that an increment in the concentration of Ga (NO3)3
from 16 μg/ml to 1024 μg/ml yielded cell viability which was

above 80%. This indicated the negligible toxicity of the

concentration of Ga (NO3)3 within this interval.

Preparation of the SF: Ga (III) hydrogels

The SF: Ga (III) hydrogels were successfully fabricated after

sonication for 1 h and standing for 23 h to form a hydrogel with

increased stability, the presence of amino and carboxyl groups

allowed for the easy chemical modification. Thus, the addition of

Ga (NO3)3 solution of varying concentrations (12.5 µg, 25 μg,

50 μg, 100 μg, and 200 µg) and the subsequent induction of the

gelation of the mixed solution via sonication, Figure 2A. The

even dispersion of Ga (NO3)3 within the SF formed a hydrogel

network SF: Ga (III) resulting from the self-crosslinking. As

shown in, Figure 2B, the uniform dispersion allowed SF: Ga (III)

to release bioactive Ga3+ at the same time providing a moist

environment and enoughmechanical support while holding their

shapes. The antibacterial effect and the gelation time led to the

selection of the 100 μg/ml, Ga (NO3)3, combined with the SF

hydrogel to give SF: Ga (III) = 500: 1 (w/w) (SF/Ga), Figure 2C.

The time for the gelation is dependent on the concentration of

the gelatine and gel strength also significantly increases with an

increase in the gelation concentration. Considering the varying

ratio of SF: Ga (III), gelation was expected to decrease from the

highest concentration (5000–250) to the lowest with time.

However, on average the hydrogels demonstrated a shorter

gelation time. Hence, a positive correlation in SF/Ga with

their crosslinking and other physical properties.

Morphological analysis of the SF/Ga
hydrogel

A high proportion of the SF is bound to increase the viscosity

of the hydrogel solution, inducing a short gelation time which

can restrict the crosslinking and at the same time affect the

porosity (Xu et al., 2021). The SEM evaluation of the influence of

Ga (NO3)3 on the micromorphological structure of the hydrogel

after dried freezing revealed a lamellar interconnected pores size

for SF hydrogel, Figure 3A, and a smaller but increased pore size

for Ga (NO3)3 crosslinked hydrogel SF/Ga, Figure 3B. In all, the

morphological evaluation shows the hydrogel was three-

dimensionally porous. Elemental analysis of SF/Ga hydrogels

with an X-ray energy spectrometer (EDS) attached to the high-

Frontiers in Chemistry frontiersin.org04

Zheng et al. 10.3389/fchem.2022.1017548

72

https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fchem.2022.1017548


resolution electron microscope, confirmed the presence of C, N,

O, and Ga elements in the fabricated SF/Ga hydrogel, where C, N,

and O are components of silk fibroin and, Ga amixed component

of Ga (NO3)3, Figure 3C. The changes in the protein secondary

structure of the SF/Ga were explored using circular dichroism

(CD) and compared with those of unsonicated SF solution and

FIGURE 1
Susceptibility of P. aeruginosa to Ga (NO3)3. (A) Minimum inhibition concentration of Ga (NO3)3 against P. aeruginosa, (B) Cytotoxicity of Ga
(NO3)3 to MRC-5 (mean ± SD, n = 3).

FIGURE 2
Synthesis of hydrogels. (A) Schematic illustration of the preparation of SF and SF: Ga (III) hydrogels, (B) Digital images of (I) SF: Ga (III) = 5000: 1
(w/w), (II) SF: Ga (III) = 2500: 1 (w/w), (III) SF: Ga (III) = 1000: 1 (w/w), (IV) SF: Ga (III) = 500: 1 (w/w) (SF/Ga) and (V) SF: Ga (III) = 250: 1 (w/w) hydrogels,
(C) Digital image of SF solution (I, II) and SF: Ga (III) = 500: 1 (w/w) (SF/Ga) hydrogel (III, IV) before and after sonication and standing for 23 h.
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ultrasonicated SF within 180–260 nm. As shown in Figure 3D,

CD spectrum of the unsonicated SF solutions revealed a negative

intensity peak close to 195 nm, this indicates a typical random

coil structure. In addition, the CD spectrum of the sonicated SF

solution showed a negative and positive intensity peak at 217 nm

and 198 nm respectively, which is more typical of a characteristic

peak within β-sheet conformation. Interestingly addition of Ga

(NO3)3 to the SF demonstrated a change that accompanied the

SF/Ga switching from a random coil structure to a β-sheet
conformation which was consistent with the change in the

conformation of the SF after adding Ga (NO3)3. Emphasizing

that the β-sheet is the dominant secondary structure in the SF/

Ga. Figure 3E shows the FTIR spectra which investigated the

interaction between Ga (NO3)3 and the SF, and this reveals a

spectra peak of amide I (1700–1600 cm−1) and amide II

(1600–1500 cm−1) regions for the SF. The SF conformation

comprises a random coil, α-helix, β-sheet, and β-turn. A

characteristic peak with the interval of 1625–1640 cm−1 (amide

I) and 1515–1525 cm−1 (amide II) indicated that the secondary

structure is related to the β-sheet. Similarly, the peaks of

1640–1660 cm−1 (amide I) and 1535–1550 cm−1 (amide II)

indicated that the secondary structure of the protein is

dominated by the α-helix and random coil. However, peaks

identified at 1700–1600 cm−1 (amid I) and amide II

(1600–1500 cm−1) of SF represented relative maturity.

Figure 3E, also showed that 1649 cm−1, 1625 cm−1, and

1519 cm−1 are characteristic absorption peaks of SF amide I,

amide I, and amide II, respectively, indicating that pure silk

fibroin has a random coil structure. But the addition of Ga

(NO3)3 to the SF, shifted the position of the characteristic peak of

the SF to the right, that is, it changed to the silk II conformation,

showing an antiparallel β-sheet. Hence, the β-sheet structure is a

significant characteristic of SF, giving SF a good mechanical

property. This also shows the successful incorporation of Ga

(NO3)3 in the SF/Ga hydrogel.

Mechanical and rheological properties of
SF/Ga

Some reports indicate that the β-sheet is directly responsible
for a silk hydrogel mechanical property as a result of improved

crosslinks (Hu et al., 2010; Guziewicz et al., 2011; Xu et al., 2021).

Hence crosslinking coordinates and improves the mechanical

performance of a hydrogel further enabling resistance to easy

deformation (Rammensee et al., 2006; Zawko et al., 2009; Jeon

et al., 2014). The influence of Ga (NO3)3 on the SF hydrogels and

the viscosity difference were evaluated via a dynamic oscillatory

rheological measurement of the storage modulus- G’ and loss

modulus- G’’ of sample SF and SF/Ga against time and frequency.

Mechanical spectra of SF and SF/Ga showed that the storage

modulus- G’ highly exceeded the loss modulus- G’’. An

indication of a well-obtained hydrogel network, Figures 4A,B.

However, a time sweep at a frequency of 1 Hz showed that the SF/

Ga had significant stability compared to the SF which could be

attributed to Ga (NO3)3 concentration and the presence of the β-
sheet conformation from the cross-linking. The Zeta potential is

the magnitude of change that determines the stability of a

colloidal suspension. As shown in Figure 4C, the SF revealed

a negative Zeta potential value of about −30 mV. However, an

increase in the content of Ga (NO3)3 in the hydrogel significantly

decreases the value of the Zeta potential. An indication of

possible electrostatic adsorption between the positively

charged Ga3+, of Ga (NO3)3, and the negatively charged SF.

FIGURE 3
Morphological and secondary structural characterization. (A,B) SEM images of the surface pore of SF and SF/Ga hydrogel, (C) Elemental
mapping of SF/Ga hydrogel, (D)CD spectrum of unsonicated SF, ultrasonicated SF, and sonicated SF/Ga solutions, (E) FTIR of SF and SF/Ga hydrogel.
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Also, this demonstrated that the configuration of the SF and SF:

Ga (III) = 1000: 1 (w/w) were random coils, whereas the

neutralization process by the positively charged Ga3+ yielded a

β-sheet in the SF/Ga.

In vitro antibacterial activity and
biocompatibility

Gallium compounds have been employed in many areas in

the biomedical field for the treatment of many infectious diseases

and even in cancer treatment (Rudnev et al., 2006; Rzhepishevska

et al., 2011; Deliormanlı, 2015). Thus, we investigated the

antibacterial efficiency of the SF/Ga against P. aeruginosa. The

effect of 100 μg/mL Ga (NO3)3 solution, 50 mg/ml pure SF

solution, and SF/Ga on the growth of P. aeruginosa showed a

lower OD value for Ga (NO3)3 group compared to the SF/Ga

group and a high OD value for the SF group, Figure 5A. The

significant antibacterial activity observed in Ga (NO3)3 could be

attributed to the release of Ga3+ while the high OD value in the SF

hydrogel group, indicated the insignificant antibacterial effect.

Results from the second day showed the gradual degradation of

the hydrogel in the SF/Ga group with a gradual decline in the OD

value. The gradual decline in the OD value demonstrated the

gradual release of Ga3+ as the hydrogel gradually degrades.

Extension of time to the 7th day demonstrated a significantly

reduced OD value in the SF/Ga group compared to the other two

groups. Intriguingly a critical observation of the OD value

showed that the bacteria suspension in the Ga (NO3)3 group

began to rise steadily from the 3rd day. This can be ascribed to

the hydrolysis of Ga (NO3)3 which reduces the activity of Ga

(NO3)3 and permitted the bacteria regrowth. This also proves

the SF/Ga hydrogel can present a prolonged and efficient

antibacterial effect. Also, apart from the antibacterial activity,

biocompatibility serves as a direct prerequisite for a biomedical

purposes. The in vitro cytocompatibility was examined using

human lung fibroblast (MRC -5) cells in a CCK-8 assay. As

shown in Figure 5B, cells inoculated with SF and SF/Ga hydrogels

leaching solution for 24 h demonstrated a cell activity of

about 100% relative to the control group, indicating negligible

cytotoxicity. However, cells in the SF hydrogels group

demonstrated an obvious cell proliferation effect. SF/Ga

hydrogel proves good biocompatibility with an efficient

antibacterial effect.

FIGURE 4
(A,B)Rheological characterization and (C) Zeta-potentials (B) of SF and SF/Ga hydrogel (mean ± SD, n = 3).

FIGURE 5
In vitro antibacterial activity (A) and biocompatibility (B) of SF/Ga hydrogel (mean ± SD, n = 3).
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In vivo antibacterial activity

The result from the in vitro antibacterial activity and

biocompatibility inspired us to further investigate the in vivo

antibacterial activity of SF/Ga hydrogel. A P. aeruginosa

infection model in the SD rats was created by making skin

incisions on the back of the rats, PBS solution, and SF/Ga

hydrogel were applied separately, Figure 6A. The wound

recovery in the control group was very slow. In contrast, the SF/

Ga group demonstrated a better and more pronounced wound

recovery effect Figure 6B. Images of wounds taken at a separate time

interval from 0,1,2,3 to 6 days showed that the wound treated with

SF/Ga hydrogel exhibited a wound area of about 70% relative to the

control group on the 3rd day, an indication of the release of Ga3+ for

bactericidal effect in the SF/Ga group and with time the wound size

began to decrease Figure 6C. On the 6th day, the wound scar rate

and closure of the wound in the SF/Ga group were observed to be

better compared to the other group, indicating the SF/Ga hydrogel

which contains Ga (NO3)3 wielded the potential to effectively

disrupt bacterial activity and at the same time accelerating the

wound healing process. This confirms results from the in vitro

antibacterial activity and presents SF/Ga as an appropriate

biomaterial for antibacterial effects and wound healing.

Conclusion

In summary, we successfully prepared SF/Ga hydrogel and

systematically investigated the therapeutic and wound healing

ability against P. aeruginosa. The SF/Ga hydrogel showed a good

water content, biocompatibility, mechanical strength, and

biodegradability. The hydrogel allowed the gradual and

prolonged release of Ga3+ which in turn gradually disrupted

the bacteria. Besides SF/Ga hydrogel demonstrated negligible

toxicity towards human lung fibroblast (MRC-5) cells affirming

their biocompatibility. More importantly, the SF/Ga hydrogel

effect on P. aeruginosa infected wound exhibited effective

recovery confirming its ability to disrupt bacteria and at the

same time induce wound healing. Therefore SF/Ga hydrogel can

serve as an excellent multifunctional candidate for wound

dressing with a prolonged antibacterial effect.

Data availability statement

The original contributions presented in the study are

included in the article/supplementary materials, further

inquiries can be directed to the corresponding author.

Ethics statement

The animal study was reviewed and approved by Animal

Ethics Association of Wenzhou Institute of Industry & Science.

Author contributions

Credit Author Statement HZ and ZH: Conceptualization,

Methodology, Software. GB: Data curation, Writing-Original

draft preparation. YS: Visualization, Investigation. HG:

Supervision, Funding acquisition, Project administration. SC:

FIGURE 6
In vivo antibacterial activity of SF/Ga hydrogel. (A) Schematic illustration of SF/Ga hydrogel promotion of healing of a P aeruginosa-infected
wound, (B)Digital images of P. aeruginosa infected wound coveredwith PBS, and SF/Ga hydrogel (C)Quantitative curve of wound area for treatment
groups, PBS and SF/Ga hydrogel (mean ± SD, n = 6).

Frontiers in Chemistry frontiersin.org08

Zheng et al. 10.3389/fchem.2022.1017548

76

https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fchem.2022.1017548


Software, Validation. TC, HZ, and HG: Writing—Reviewing and

Editing.

Funding

This work was financially supported by Wenzhou Science

and Technology Plan Project (ZG2021035).

Conflict of interest

Authors TC andGBwere employed by Ruibang Laboratories.

The remaining authors declare that the research was conducted

in the absence of any commercial or financial relationships that

could be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

References

Andrews, S. C., Robinson, A. K., and Rodríguez-Quiñones, F. (2003). Bacterial
iron homeostasis. FEMS Microbiol. Rev. 27, 215–237. doi:10.1016/s0168-6445(03)
00055-x

Bai, S., Zhang, X., Lu, Q., Sheng, W., Liu, L., Dong, B., et al. (2014). Reversible
hydrogel–solution system of silk with high beta-sheet content. Biomacromolecules
15, 3044–3051. doi:10.1021/bm500662z

Bernstein, L. R. (1998). Mechanisms of therapeutic activity for gallium.
Pharmacol. Rev. 50, 665–682.

Best, M. G., Cunha-Reis, C., Ganin, A. Y., Sousa, A., Johnston, J., Oliveira, A. L.,
et al. (2020). Antimicrobial properties of gallium(III)- and iron(III)-Loaded
polysaccharides affecting the growth of Escherichia coli, Staphylococcus aureus,
and Pseudomonas aeruginosa, in vitro. ACS Appl. Bio Mat. 3, 7589–7597. doi:10.
1021/acsabm.0c00811

Chitambar, C. R. (2016). Gallium and its competing roles with iron in biological
systems. Biochimica Biophysica Acta -Mol. Cell Res. 1863, 2044–2053. doi:10.1016/j.
bbamcr.2016.04.027

Deliormanlı, A. M. (2015). Synthesis and characterization of cerium- and
gallium-containing borate bioactive glass scaffolds for bone tissue engineering.
J. Mater. Sci. Mater. Med. 26, 1–13.

Gil, E. S., Panilaitis, B., Bellas, E., and Kaplan, D. L. (2013). Functionalized silk
biomaterials for wound healing. Adv. Healthc. Mater. 2, 206–217. doi:10.1002/
adhm.201200192

Goss, C. H., Kaneko, Y., Khuu, L., Anderson, G. D., Ravishankar, S., Aitken, M. L.,
et al. (2018). Gallium disrupts bacterial iron metabolism and has therapeutic effects
in mice and humans with lung infections. Sci. Transl. Med. 10, eaat7520. doi:10.
1126/scitranslmed.aat7520

Guziewicz, N., Best, A., Perez-Ramirez, B., and Kaplan, D. L. (2011).
Lyophilized silk fibroin hydrogels for the sustained local delivery of
therapeutic monoclonal antibodies. Biomaterials 32, 2642–2650. doi:10.
1016/j.biomaterials.2010.12.023

He, X., Dai, L., Ye, L., Sun, X., Enoch, O., Hu, R., et al. (2022). A vehicle-free
antimicrobial polymer hybrid gold nanoparticle as synergistically therapeutic
platforms for Staphylococcus aureus infected wound healing. Adv. Sci. 9,
2105223. doi:10.1002/advs.202105223

He, X., Hou, J.-T., Sun, X., Jangili, P., An, J., Qian, Y., et al. (2022). NIR-II photo-
amplified sonodynamic therapy using sodium molybdenum bronze nanoplatform
against subcutaneous Staphylococcus aureus infection. Adv. Funct. Mat. 32,
2203964. doi:10.1002/adfm.202203964

He, X., Liu, X., Yang, J., Du, H., Chai, N., Sha, Z., et al. (2020). Tannic acid-
reinforced methacrylated chitosan/methacrylated silk fibroin hydrogels with
multifunctionality for accelerating wound healing. Carbohydr. Polym. 247,
116689. doi:10.1016/j.carbpol.2020.116689

Hijazi, S., Visaggio, D., Pirolo, M., Frangipani, E., Bernstein, L., and Visca, P.
(2018). Antimicrobial activity of gallium compounds on ESKAPE pathogens. Front.
Cell. Infect. Microbiol. 8, 316. doi:10.3389/fcimb.2018.00316

Hu, X., Lu, Q., Sun, L., Cebe, P., Wang, X., Zhang, X., et al. (2010). Biomaterials
from ultrasonication-induced silk Fibroin−Hyaluronic acid hydrogels.
Biomacromolecules 11, 3178–3188. doi:10.1021/bm1010504

Hu, X., Tang-Schomer, M. D., Huang, W., Xia, X. X., Weiss, A. S., and Kaplan, D.
L. (2013). Charge-tunable autoclaved silk-tropoelastin protein alloys that control
neuron cell responses. Adv. Funct. Mat. 23, 3875–3884. doi:10.1002/adfm.
201202685

Jeon, O., Samorezov, J. E., and Alsberg, E. (2014). Single and dual crosslinked
oxidized methacrylated alginate/PEG hydrogels for bioadhesive applications. Acta
biomater. 10, 47–55. doi:10.1016/j.actbio.2013.09.004

Kambe, Y., and Yamaoka, T. (2019). Biodegradation of injectable silk fibroin
hydrogel prevents negative left ventricular remodeling after myocardial infarction.
Biomater. Sci. 7, 4153–4165. doi:10.1039/c9bm00556k

Kaneko, Y., Thoendel, M., Olakanmi, O., Britigan, B. E., and Singh, P. K. (2007).
The transition metal gallium disrupts Pseudomonas aeruginosa iron metabolism
and has antimicrobial and antibiofilm activity. J. Clin. Invest. 117, 877–888. doi:10.
1172/jci30783

Kirker, K. R., Luo, Y., Nielson, J. H., Shelby, J., and Prestwich, G. D. (2002).
Glycosaminoglycan hydrogel films as bio-interactive dressings for wound healing.
Biomaterials 23, 3661–3671. doi:10.1016/s0142-9612(02)00100-x

Lemire, J. A., Harrison, J. J., and Turner, R. J. (2013). Antimicrobial activity of
metals: Mechanisms, molecular targets and applications. Nat. Rev. Microbiol. 11,
371–384. doi:10.1038/nrmicro3028

Ma, H., Darmawan, E. T., Zhang,M., Zhang, L., and Bryers, J. D. (2013). Development
of a poly(ether urethane) system for the controlled release of two novel anti-biofilm
agents based on gallium or zinc and its efficacy to prevent bacterial biofilm formation.
J. Control. Release 172, 1035–1044. doi:10.1016/j.jconrel.2013.10.005

Matsumoto, A., Chen, J., Collette, A. L., Kim, U.-J., Altman, G. H., Cebe, P., et al.
(2006). Mechanisms of silk fibroin Sol−Gel transitions. J. Phys. Chem. B 110,
21630–21638. doi:10.1021/jp056350v

Minandri, F., Bonchi, C., Frangipani, E., Imperi, F., and Visca, P. (2014). Promises
and failures of gallium as an antibacterial agent. Future Microbiol. 9, 379–397.
doi:10.2217/fmb.14.3

Minoura, N., Aiba, S.-I., Higuchi, M., Gotoh, Y., Tsukada, M., and Imai, Y. (1995).
Attachment and growth of fibroblast cells on silk fibroin. Biochem. biophysical Res.
Commun. 208, 511–516. doi:10.1006/bbrc.1995.1368

Mogoşanu, G. D., and Grumezescu, A. M. (2014). Natural and synthetic polymers
for wounds and burns dressing. Int. J. Pharm. 463, 127–136. doi:10.1016/j.ijpharm.
2013.12.015

Nikolova, V., Angelova, S., Markova, N., andDudev, T. (2016). Gallium as a therapeutic
agent: A thermodynamic evaluation of the competition between Ga3+ and Fe3+ ions in
metalloproteins. J. Phys. Chem. B 120, 2241–2248. doi:10.1021/acs.jpcb.6b01135

Nultsch, K., and Germershaus, O. (2017). Silk fibroin degumming affects scaffold
structure and release of macromolecular drugs. Eur. J. Pharm. Sci. 106, 254–261.
doi:10.1016/j.ejps.2017.06.012

Rammensee, S., Hümmerich, D., Hermanson, K. D., Scheibel, T., and Bausch, A.
R. (2006). Rheological characterization of hydrogels formed by recombinantly
produced spider silk. Appl. Phys. A 82, 261–264. doi:10.1007/s00339-005-3431-x

Ruan, Q. X., Zhou, P., Hu, B. W., and Ji, D. (2008). An investigation into the effect
of potassium ions on the folding of silk fibroin studied by generalized two-
dimensional NMR-NMR correlation and Raman spectroscopy. FEBS J. 275,
219–232. doi:10.1111/j.1742-4658.2007.06191.x

Frontiers in Chemistry frontiersin.org09

Zheng et al. 10.3389/fchem.2022.1017548

77

https://doi.org/10.1016/s0168-6445(03)00055-x
https://doi.org/10.1016/s0168-6445(03)00055-x
https://doi.org/10.1021/bm500662z
https://doi.org/10.1021/acsabm.0c00811
https://doi.org/10.1021/acsabm.0c00811
https://doi.org/10.1016/j.bbamcr.2016.04.027
https://doi.org/10.1016/j.bbamcr.2016.04.027
https://doi.org/10.1002/adhm.201200192
https://doi.org/10.1002/adhm.201200192
https://doi.org/10.1126/scitranslmed.aat7520
https://doi.org/10.1126/scitranslmed.aat7520
https://doi.org/10.1016/j.biomaterials.2010.12.023
https://doi.org/10.1016/j.biomaterials.2010.12.023
https://doi.org/10.1002/advs.202105223
https://doi.org/10.1002/adfm.202203964
https://doi.org/10.1016/j.carbpol.2020.116689
https://doi.org/10.3389/fcimb.2018.00316
https://doi.org/10.1021/bm1010504
https://doi.org/10.1002/adfm.201202685
https://doi.org/10.1002/adfm.201202685
https://doi.org/10.1016/j.actbio.2013.09.004
https://doi.org/10.1039/c9bm00556k
https://doi.org/10.1172/jci30783
https://doi.org/10.1172/jci30783
https://doi.org/10.1016/s0142-9612(02)00100-x
https://doi.org/10.1038/nrmicro3028
https://doi.org/10.1016/j.jconrel.2013.10.005
https://doi.org/10.1021/jp056350v
https://doi.org/10.2217/fmb.14.3
https://doi.org/10.1006/bbrc.1995.1368
https://doi.org/10.1016/j.ijpharm.2013.12.015
https://doi.org/10.1016/j.ijpharm.2013.12.015
https://doi.org/10.1021/acs.jpcb.6b01135
https://doi.org/10.1016/j.ejps.2017.06.012
https://doi.org/10.1007/s00339-005-3431-x
https://doi.org/10.1111/j.1742-4658.2007.06191.x
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fchem.2022.1017548


Ruan, Q. X., and Zhou, P. (2008). Sodium ion effect on silk fibroin conformation
characterized by solid-state NMR and generalized 2D NMR–NMR correlation.
J. Mol. Struct. 883-884, 85–90. doi:10.1016/j.molstruc.2007.11.055

Rudnev, A. V., Foteeva, L. S., Kowol, C., Berger, R., Jakupec, M. A., Arion, V. B.,
et al. (2006). Preclinical characterization of anticancer gallium(III) complexes:
Solubility, stability, lipophilicity and binding to serum proteins. J. Inorg. Biochem.
100, 1819–1826. doi:10.1016/j.jinorgbio.2006.07.003

Rzhepishevska, O., Ekstrand-Hammarström, B., Popp, M., Björn, E., Bucht, A.,
Sjöstedt, A., et al. (2011). The antibacterial activity of Ga 3+ is influenced by ligand
complexation as well as the bacterial carbon source. Antimicrob. Agents Chemother.
55, 5568–5580. doi:10.1128/aac.00386-11

Santin, M., Motta, A., Freddi, G., and Cannas, M. (1999). In Vitro Evaluation of the
Inflammatory Potential of the Silk Fibroin. J. Biomed. Mater. Res. 46. 382–389.

Schneider, J. P., and Kelly, J. W. (1995). Templates that induce .alpha.-Helical,
beta.-sheet, and loop conformations. Chem. Rev. 95, 2169–2187. doi:10.1021/
cr00038a015

Wang, Y., Han, B., Xie, Y., Wang, H., Wang, R., Xia, W., et al. (2019).
Combination of gallium(iii) with acetate for combating antibiotic resistant
Pseudomonas aeruginosa. Chem. Sci. 10, 6099–6106. doi:10.1039/c9sc01480b

Wang, Z., Dong, K., Liu, Z., Zhang, Y., Chen, Z., Sun, H., et al. (2017). Activation
of biologically relevant levels of reactive oxygen species by Au/g-C3N4 hybrid
nanozyme for bacteria killing and wound disinfection. Biomaterials 113, 145–157.
doi:10.1016/j.biomaterials.2016.10.041

Wu, J., Chen, A., Zhou, Y., Zheng, S., Yang, Y., An, Y., et al. (2019). Novel H2S-
Releasing hydrogel for wound repair via in situ polarization of M2 macrophages.
Biomaterials 222, 119398. doi:10.1016/j.biomaterials.2019.119398

Xu, Z., Chen, T., Zhang, K. Q., Meng, K., and Zhao, H. (2021). Silk fibroin/
chitosan hydrogel with antibacterial, hemostatic and sustained drug-release
activities. Polym. Int. 70, 1741–1751. doi:10.1002/pi.6275

Yu, Y., Yang, B., Tian, D., Liu, J., Yu, A., and Wan, Y. (2022). Thiolated
hyaluronic acid/silk fibroin dual-network hydrogel incorporated with bioglass
nanoparticles for wound healing. Carbohydr. Polym. 288, 119334. doi:10.1016/
j.carbpol.2022.119334

Zawko, S. A., Suri, S., Truong, Q., and Schmidt, C. E. (2009). Photopatterned
anisotropic swelling of dual-crosslinked hyaluronic acid hydrogels. Acta Biomater.
5, 14–22. doi:10.1016/j.actbio.2008.09.012

Zhou, P., Xie, X., Knight, D. P., Zong, X. H., Deng, F., and Yao, W. H. (2004).
Effects of pH and calcium ions on the conformational transitions in silk fibroin
using 2D Raman correlation spectroscopy and 13C solid-state NMR. Biochemistry
43, 11302–11311. doi:10.1021/bi049344i

Zhou, Q., Kang, H., Bielec, M.,Wu, X., Cheng, Q., Wei, W., et al. (2018). Influence
of different divalent ions cross-linking sodium alginate-polyacrylamide hydrogels
on antibacterial properties and wound healing. Carbohydr. Polym. 197, 292–304.
doi:10.1016/j.carbpol.2018.05.078

Zong, X. H., Zhou, P., Shao, Z. Z., Chen, S. M., Chen, X., Hu, B. W., et al. (2004).
Effect of pH and copper(II) on the conformation transitions of silk fibroin based on
EPR, NMR, and Raman spectroscopy. Biochemistry 43, 11932–11941. doi:10.1021/
bi049455h

Frontiers in Chemistry frontiersin.org10

Zheng et al. 10.3389/fchem.2022.1017548

78

https://doi.org/10.1016/j.molstruc.2007.11.055
https://doi.org/10.1016/j.jinorgbio.2006.07.003
https://doi.org/10.1128/aac.00386-11
https://doi.org/10.1021/cr00038a015
https://doi.org/10.1021/cr00038a015
https://doi.org/10.1039/c9sc01480b
https://doi.org/10.1016/j.biomaterials.2016.10.041
https://doi.org/10.1016/j.biomaterials.2019.119398
https://doi.org/10.1002/pi.6275
https://doi.org/10.1016/j.carbpol.2022.119334
https://doi.org/10.1016/j.carbpol.2022.119334
https://doi.org/10.1016/j.actbio.2008.09.012
https://doi.org/10.1021/bi049344i
https://doi.org/10.1016/j.carbpol.2018.05.078
https://doi.org/10.1021/bi049455h
https://doi.org/10.1021/bi049455h
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fchem.2022.1017548


Synthesis, biological evaluation,
and molecular docking of novel
hydroxyzine derivatives as
potential AR antagonists
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Prostate cancer (PCa) is a malignant tumor with a higher mortality rate in the

male reproductive system. In this study, the hydroxyazine derivatives were

synthesized with different structure from traditional anti-prostate cancer drugs.

In the evaluation of in vitro cytotoxicity and antagonistic activity of PC-3,

LNCaP, DU145 and androgen receptor, it was found that the mono-

substituted derivatives on the phenyl group (4, 6, 7, and 9) displayed strong

cytotoxic activities, and compounds 11–16 showed relatively strong

antagonistic potency against AR (Inhibition% >55). Docking analysis showed

that compounds 11 and 12mainly bind to AR receptor through hydrogen bonds

and hydrophobic bonds, and the structure-activity relationship was discussed

based on activity data. These results suggested that these compoundsmay have

instructive implications for drug structural modification in prostate cancer.

KEYWORDS

hydroxyzine derivatives, cytotoxic activity, antagonistic activity, docking study, AR
antagonists

1 Introduction

Targeted anti-tumor drugs are the focus of modern anti-cancer research, because of

their special targeting, they can greatly reduce the toxicity to normal cells (Falciani et al.,

2010). In addition, cells in rapid division were more sensitive to the most drugs due to the

differences in cell dynamics (Tannock, 1978). Therefore, targeted antitumor drugs can

simultaneously inhibit the proliferation and differentiation of tumor cells and greatly

accelerate the death of tumor cells (Vinaya et al., 2011). Prostate cancer (PCa) is a

malignant tumor with a higher mortality rate in the male reproductive system (Greenlee

et al., 2001). Prostate cancer is driven by the androgen receptor (Yap et al., 2016; Dai et al.,

2017), and is directly associated with nuclear steroidal AR (Bentel and Tilley, 1996; Culig

et al., 2002; Gelmann, 2002). Androgens bind to the AR and form a hormone-receptor

complex, which can bind to the DNA and induce downstream biological effects (Dehm

and Tindall, 2007). This complex also induces the proliferation of prostate cells, and
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ultimately causes tumorigenesis (Heinlein and Chang, 2004).

Although some current treatments (hormonotherapy, radical

prostatectomy, chemotherapy, or local radiotherapy) can treat

androgen-dependent prostate cancer (Frydenberg et al., 1997).

However, drug resistance problems hinder its therapeutic

efficacy. Therefore, early detection and elimination of both

types of prostate cancer cells are very important for

decreasing prostate cancer-related death (Feldman and

Feldman, 2001).

Piperazine moieties play an important role in many drugs

(Chaudhary et al., 2006), and piperazine derivatives also have

exhibited biological importance, such as receptor high-affinity

properties (Leopoldo et al., 2007; Romeiro et al., 2011; Chen

et al., 2012; Ananthan et al., 2014; Baran et al., 2014) and anti-

proliferative properties (Berardi et al., 2008; Lee et al., 2010;

Abate et al., 2011; Cao et al., 2013; Liu et al., 2013; Arnatt et al.,

2014; Guo et al., 2015). Hydroxyzine (Figure 1) has

antihistamine effect and can be quickly absorbed and

distributed by oral or muscle injection. The arylpiperazine

derivatives were reported to exhibit significant antagonism

against AR with an IC50 of 0.11 μM, whereas the IC50 of

bicaluramide is 50 μM. Results of animal experiments have

shown that the mass of prostate in rats is significantly reduced,

and the concentration of serum testosterone is not

significantly changed (Kinoyama et al., 2004; Kinoyama

et al., 2005; Gupta et al., 2016). However, there have been

few studies on hydroxyzine derivatives. Based on the results of

our group’s previous anti-prostate cancer study (Chen et al.,

2016; Chen et al., 2017; Chen et al., 2018a; Chen et al., 2019a;

Chen et al., 2019b; Qi et al., 2022), we tried to design and

synthesize a series of novel hydroxyzine derivatives (Scheme

1) with 2-p-tolylethanol group instead of 2-ethoxyethanol

group in hydroxyzine. Unexpectedly, some derivatives

exhibited strong anti-cancer activities and antagonistic

FIGURE 1
Structures of hydroxyzine.

SCHEME 1
Reagents and conditions: (i) BH3.S(CH3)2, THF, 0°C for 1 h, and room temperature for 10 h; (ii) Piperazines, K2CO3, CH3CN, reflux, 16 h.
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activities. These results can provide valuable information for

further designing hydroxyzine derivatives as potential prostate

cancer therapeutics.

2 Materials and methods

2.1 Materials and instruments

Reagents and solvents were of analytical purity and dried and

using standard procedures. The melting point was measured

using the Shanghai electrical optical SGW X-4 micromelting

point instrument. The HRMS mass spectrometry was measured

using the LCQ DECA XP LC-MS. The NMR spectra were

measured using the Bruker AV-400 NB, with TMS as the

internal standard, and DMSO-d6 or CDCl3 as the solvent.

Column chromatography silica gel was the 300–400 mesh

silicone of Qingdao Marine Chemical Plant.

2.2 Synthesis of 2-[4-(bromomethyl)
phenyl]ethanol (2)

The borane–dimethyl sulfide (20.0 ml, 0.038 mol, 2 M in

THF) was added to the tetrahydrofuran (THF, 100 ml)

solution, supplemented with carboxylic acid 1 (5 g, 0.021 mol),

and stirred at 0°C for 1 h. Then stirred at r. t. for 10 h. Extracted

with ethyl acetate (100 ml) and water (20 ml). Concentrated

organic phase, the resulting residue was directly used without

further purification.

2.3 Preparation of derivatives 3–17

Piperazines (1.3 equiv), potassium carbonate (5.5 equiv),

acetonitrile (CH3CN, 10 ml), and 2 (50 mg, 0.11 mmol) were

successively added to the flask, stirred with reflux for 10 h. The

reaction solutionwas filtered and concentrated, and purified by silica

gel column chromatography (ethyl acetate/petroleum ether = 1/5).

2.3.1 2-(4-((4-benzhydrylpiperazin-1-yl)methyl)
phenyl)ethan-1-ol (3)

White solid (ethyl acetate), yield: 85% (from compound 1);

M.p. 122°C–123°C; 1H NMR (400 MHz, DMSO-d6) δ in ppm:

7.75–7.10 (m, 14H), 4.26 (br s, 2H), 3.64 (br s, 10H), 3.56 (t, J =

6.9 Hz, 2H), 2.70 (t, J = 6.9 Hz, 2H); MS (ESI, m/z): 387.1 [M+1]+;

HRMS (EI) calcd for C26H29ClN2O, 386.2358; found, 386.2354.

2.3.2 2-(4-((4-(phenyl(p-tolyl)methyl)piperazin-
1-yl)methyl)phenyl)ethan-1-ol (4)

White solid (ethyl acetate), yield: 82% (from compound 1);

M.p. 125°C–126°C; 1H NMR (400 MHz, DMSO-d6) δ in ppm:

7.80–7.11 (m, 13H), 4.27 (br s, 2H), 3.66 (br s, 10H), 3.57 (t, J =

6.9 Hz, 2H), 2.72 (t, J = 6.9 Hz, 2H); 2.34 (s, 3H), MS (ESI, m/z):

401.2 [M+1]+; HRMS (EI) calcd for C27H32N2O, 400.2515;

found, 400.2510.

2.3.3 2-(4-((4-(di-p-tolylmethyl)piperazin-1-yl)
methyl)phenyl)ethan-1-ol (5)

White solid (ethyl acetate), yield: 82% (from compound 1);

M.p. 128°C–129°C; 1H NMR (400 MHz, DMSO-d6) δ in ppm:

7.75 (br s, 4H), 7.45 (d, J = 8.0 Hz, 2H), 7.23 (d, J = 8.0 Hz, 2H),

7.16 (t, J = 8.1 Hz, 4H), 4.25 (br s, 2H), 3.64 (br s, 10H), 3.56 (t, J =

6.9 Hz, 2H), 2.71 (t, J = 6.9 Hz, 2H); 2.36 (s, 6H), MS (ESI, m/z):

415.1 [M+1]+; HRMS (EI) calcd for C28H34N2O, 414.2671;

found, 414.2668.

2.3.4 2-(4-((4-((4-methoxyphenyl)(phenyl)
methyl)piperazin-1-yl)methyl)phenyl)ethan-1-
ol (6)

White solid (ethyl acetate), yield: 87% (from compound 1);

M.p. 116°C–117°C; 1H NMR (400 MHz, DMSO-d6) δ in ppm:

7.76–7.13 (m, 13H), 4.25 (br s, 2H), 3.77 (s, 3H), 3.67 (br s, 10H),

3.54 (t, J = 6.9 Hz, 2H), 2.74 (t, J = 6.9 Hz, 2H), MS (ESI, m/z):

417.1 [M+1]+; HRMS (EI) calcd for C27H32N2O2, 416.2464;

found, 416.2462.

2.3.5 2-(4-((4-((4-fluorophenyl)(phenyl)methyl)
piperazin-1-yl)methyl)phenyl)ethan-1-ol (7)

White solid (ethyl acetate), yield: 87% (from compound

1); M.p. 116°C–117°C; 1H NMR (400 MHz, DMSO-d6) δ in

ppm: 7.70–7.11 (m, 13H), 4.27 (br s, 2H), 3.64 (br s, 10H), 3.57

(t, J = 6.9 Hz, 2H), 2.72 (t, J = 6.9 Hz, 2H), MS (ESI, m/z):

405.1 [M+1]+; HRMS (EI) calcd for C26H29FN2O, 404.2264;

found, 404.2260.

2.3.6 2-(4-((4-(bis(4-fluorophenyl)methyl)
piperazin-1-yl)methyl)phenyl)ethanol (8)

White solid (ethyl acetate), yield: 70% (from compound 1);

M.p. 133°C–134°C; 1H NMR (400 MHz, DMSO-d6) δ in ppm: 1H

NMR (400 MHz, DMSO-d6) δ 7.70 (br s, 4H), 7.46 (d, J = 8.0 Hz,

2H), 7.22 (d, J = 8.0 Hz, 2H), 7.18 (t, J = 8.2 Hz, 4H), 4.27 (br s,

2H), 3.66 (br s, 10H), 3.55 (t, J = 6.9 Hz, 2H), 2.68 (t, J = 6.9 Hz,

2H); MS (ESI, m/z): 423.2 [M+1]+; HRMS (EI) calcd for

C26H28F2N2O, 422.2170; found, 422.2168.

2.3.7 2-(4-((4-((4-chlorophenyl)(phenyl)methyl)
piperazin-1-yl)methyl)phenyl)ethanol (9)

White solid (ethyl acetate), yield: 75% (from compound

1); M.p. 130°C–131°C; 1H NMR (400 MHz, DMSO-d6) δ in

ppm: 7.89–7.13 (m, 13H), 4.29 (br s, 2H), 3.66 (br s, 10H), 3.57

(t, J = 6.9 Hz, 2H), 2.71 (t, J = 6.9 Hz, 2H); MS (ESI, m/z):

421.1 [M+1]+; HRMS (EI) calcd for C26H29ClN2O, 420.1968;

found, 420.1962.
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2.3.8 2-(4-((4-(bis(4-chlorophenyl)methyl)
piperazin-1-yl)methyl)phenyl)ethan-1-ol (10)

White solid (ethyl acetate), yield: 72% (from compound 1);

M.p. 127°C–128°C; 1H NMR (400 MHz, DMSO-d6) δ in ppm:

7.67 (br s, 4H), 7.42 (d, J = 8.0 Hz, 2H), 7.23 (d, J = 8.0 Hz, 2H),

7.16 (t, J = 8.0 Hz, 4H), 4.23 (br s, 2H), 3.68 (br s, 10H), 3.57 (t, J =

6.9 Hz, 2H), 2.66 (t, J = 6.9 Hz, 2H); MS (ESI, m/z): 455.2 [M+1]+;

HRMS (EI) calcd for C26H28Cl2N2O, 454.1579; found, 454.1575.

2.3.9 2-(4-((4-benzylpiperazin-1-yl)methyl)
phenyl)ethan-1-ol (11)

White solid (ethyl acetate), yield: 82% (from compound 1);

M.p. 119°C–120°C; 1H NMR (400 MHz, CDCl3) δ in ppm: 7.43

(d, J = 8.0 Hz, 2H), 7.32 (t, J = 8.0 Hz, 2H), 7.24 (d, J = 8.0 Hz,

2H), 7.05 (d, J = 7.8 Hz, 2H), 6.98 (t, J = 7.6 Hz, 1H), 4.25 (s, 2H),

3.76 (t, J = 6.8 Hz, 2H), 3.62 (s, 2H), 3.54 (t, J = 5.0 Hz, 4H), 2.72

(t, J = 6.8 Hz, 2H), 2.68 (t, J = 5.0 Hz, 4H); MS (ESI, m/z):

311.1 [M+1]+; HRMS (EI) calcd for C20H26N2O, 310.2045;

found, 310.2040.

2.3.10 2-(4-((4-(1-phenylethyl)piperazin-1-yl)
methyl)phenyl)ethan-1-ol (12)

White solid (ethyl acetate), yield: 78% (from compound 1);

M.p. 114°C–115°C; 1H NMR (400 MHz, CDCl3) δ in ppm:

7.58–7.09 (m, 9H), 4.23 (q, J = 6.6 Hz, 1H), 3.64 (br s, 8H),

3.62 (t, J = 6.8 Hz, 2H), 3.55 (s, 2H), 2.68 (t, J = 6.8 Hz, 2H), 1.12

(d, J = 6.6 Hz, 3H); MS (ESI, m/z): 325.2 [M+1]+; HRMS (EI)

calcd for C21H28N2O, 324.2202; found, 324.2200.

2.3.11 2-(4-((4-(4-methylbenzyl)piperazin-1-yl)
methyl)phenyl)ethan-1-ol (13)

White solid (ethyl acetate), yield: 75% (from compound 1);

M.p. 112°C–113°C; 1H NMR (400 MHz, CDCl3) δ in ppm: 7.41

(d, J = 8.0 Hz, 2H), 7.30 (t, J = 8.0 Hz, 2H), 7.22 (d, J = 8.0 Hz,

2H), 7.02 (d, J = 8.0 Hz, 2H), 4.27 (s, 2H), 3.74 (t, J = 6.8 Hz, 2H),

3.66 (s, 2H), 3.56 (t, J = 5.0 Hz, 4H), 2.70 (t, J = 6.8 Hz, 2H), 2.64

(t, J = 5.0 Hz, 4H); MS (ESI, m/z): 325.1 [M+1]+; HRMS (EI)

calcd for C21H28N2O, 324.2202; found, 324.2200.

2.3.12 2-(4-((4-(4-methoxybenzyl)piperazin-1-
yl)methyl)phenyl)ethan-1-ol (14)

White solid (ethyl acetate), yield: 82% (from compound 1);

M.p. 117°C–118°C; 1H NMR (400 MHz, CDCl3) δ in ppm: 7.43

(d, J = 8.0 Hz, 2H), 7.31 (t, J = 8.0 Hz, 2H), 7.23 (d, J = 8.0 Hz,

2H), 7.00 (d, J = 8.0 Hz, 2H), 4.25 (s, 2H), 3.81 (s, 3H), 3.72 (t, J =

6.8 Hz, 2H), 3.67 (s, 2H), 3.54 (t, J = 5.0 Hz, 4H), 2.72 (t, J =

6.8 Hz, 2H), 2.62 (t, J = 5.0 Hz, 4H); MS (ESI, m/z): 341.0 [M+1]+;

HRMS (EI) calcd for C21H28N2O2, 340.2151; found, 340.2149.

2.3.13 2-(4-((4-(4-fluorobenzyl)piperazin-1-yl)
methyl)phenyl)ethan-1-ol (15)

White solid (ethyl acetate), yield: 70% (from compound 1);

M.p. 114°C–115°C; 1H NMR (400 MHz, CDCl3) δ in ppm: 7.42

(d, J = 8.0 Hz, 2H), 7.32 (t, J = 8.0 Hz, 2H), 7.21 (d, J = 8.0 Hz,

2H), 7.03 (d, J = 8.0 Hz, 2H), 4.26 (s, 2H), 3.70 (t, J = 6.8 Hz, 2H),

3.64 (s, 2H), 3.55 (t, J = 5.0 Hz, 4H), 2.70 (t, J = 6.8 Hz, 2H), 2.63

(t, J = 5.0 Hz, 4H); MS (ESI, m/z): 329.1 [M+1]+; HRMS (EI)

calcd for C20H25FN2O, 328.1951; found, 328.1948.

2.3.14 2-(4-((4-(4-chlorobenzyl)piperazin-1-yl)
methyl)phenyl)ethan-1-ol (16)

White solid (ethyl acetate), yield: 72% (from compound 1);

M.p. 109°C–110°C; 1H NMR (400 MHz, CDCl3) δ in ppm: 7.43

(d, J = 8.0 Hz, 2H), 7.33 (t, J = 8.0 Hz, 2H), 7.20 (d, J = 8.0 Hz,

2H), 7.01 (d, J = 8.0 Hz, 2H), 4.24 (s, 2H), 3.72 (t, J = 6.8 Hz, 2H),

3.67 (s, 2H), 3.56 (t, J = 5.0 Hz, 4H), 2.72 (t, J = 6.8 Hz, 2H), 2.66

(t, J = 5.0 Hz, 4H); MS (ESI, m/z): 345.1 [M+1]+; HRMS (EI)

calcd for C20H25ClN2O, 344.1655; found, 344.1653.

2.3.15 2-(4-((4-(9H-thioxanthen-9-yl)piperazin-
1-yl)methyl)phenyl)ethan-1-ol (17)

White solid (ethyl acetate), yield: 78% (from compound 1),

M.p. 121°C–122°C; 1H NMR (400 MHz, DMSO-d6) δ in ppm:

7.73–7.08 (m, 12H), 4.24 (br s, 2H), 3.67 (br s, 10H), 3.57 (t, J =

6.9 Hz, 2H), 2.74 (t, J = 6.9 Hz, 2H); MS (ESI, m/z): 417.1 [M+1]+;

HRMS (EI) calcd for C26H28N2OS, 416.1922; found, 416.1920.

2.4 Biological evaluation

2.4.1 Cell culture
LNCaP, PC-3 and WPMY-1 cells were cultured in Ham’s F-

12K (PM150910) supplemented with 10% FBS (164210-50) and

1% P/S (PB180120). DU145 cells were cultured in MEM

(PM150410) supplemented with 10% FBS (164210–50) and

1% P/S (PB180120). The cells were incubated at 37°C with 5%

CO2 (Qi et al., 2022).

2.4.2 Assessment of antitumor activity by CCK-8
assay

Cell proliferation was measured using the CCK-8 assay kit

(Kaspers et al., 1997; Kaspers et al., 1998; Ding et al., 2010). Cells

were seeded into 96-well plates (>5*104) with approximately

100 ul of cell suspension per well and incubated in 37°C incubator

for 4 h. Various concentrations of the compounds were then

added and incubated for a further 24 h in a 37°C incubator.

Finally, 10 ul CCK8 was added and incubated for 0.5–4 h,

absorbance at 450 nm was determined. (Guo et al., 2021; He

et al., 2022a; Hu et al., 2022).

2.5 AR reporter gene assay

Firefly and Renilla luciferase activities, were determined

using the Dual-Glo™luciferase assay kit. RLUs were

determined using the GloMax®96-Microplate Luminometer.
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IC50 was calculated using the GraphPad Prism 5.0 (He et al.,

2022b; Qi et al., 2022).

2.6 Molecular docking simulation

Binding mechanism experiments performed docking

analysis of the three active pockets (LBP, AF2 and BF3)

(Axerio-Cilies et al., 2011; Lack et al., 2011) in AR receptors

using AutoDock software (Trott and Olson, 2010). Its PDB

protein data (2OZ7, 2YHD and 2YLO) was downloaded from

the protein data bank (PDB) (Rose et al., 2011), and the proteins

were optimized by the addition of hydrogen atoms and the

removal of foreign ligands before docking. A docking space of

40 Å × 40 Å × 30 Å was constructed centered on the ligand of the

AR active pocket, with compounds 11 and 12 as template

molecules, docked into the optimized cavity and repeated

10 times to find a conformation of the one with the lowest

binding free energy.

3 Results and discussions

3.1 Chemistry

Compounds 3–17 were synthesized by the following two-

step method as depicted in Scheme 1. The compound 1 was

reduced to compound 2 with BH3.S(CH3)2. Then, the compound

2 was heated at reflux with various piperines in an alkaline

environment for 16 h.

3.2 Cytotoxic activity and AR antagonist
activity

The in vitro cytotoxic activity results of the synthesized

derivatives 3–17 against human prostate cancer lines (PC-3,

LNCaP, and DU145) and the human prostate epithelial cell

line (WPMY-1) were evaluated, as shown in Table 1.

The compounds 3–10 and 12–17 showed strong cytotoxic

activity against PC-3 cells and were more potent than finasteride;

the compounds 3–12 and 17 showed strong cytotoxic activity

against LNCaP cells; the compounds 3–11 and 17 showed strong

cytotoxic activity against DU145 cells. In addition, mono-

substituted derivatives on the phenyl group (4, 6, 7, and 9)

displayed strong cytotoxic activities against all the tested cancer

cells. And these compounds exhibited low cytotoxicity to normal

human prostate epithelial WPMY-1 cells.

Structure-activity relationship investigation was focused on

the effects of changes in different substituents on the phenyl

group. For instance, compared to compound 3, the compounds

with mono-substituted group on the phenyl group (4, 6, 7, and 9)

exhibited potent anticancer activity against LNCaP, DU145, and

PC-3 cells. However, Dimethyl-substituted derivative 5 displayed

moderate activity against PC-3 and DU145 cells, compounds 8

TABLE 1 In vitro cytotoxicity of derivatives 3–17.

Compd. IC50 (μM)a

PC-3 LNCaP DU145 WPMY-1

3 8.13 ± 0.12 6.14 ± 0.58 11.12 ± 0.76 >50
4 2.56 ± 0.32 4.67 ± 1.02 6.14 ± 0.24 >50
5 12.14 ± 0.29 3.73 ± 0.58 9.82 ± 0.24 37.51 ± 0.37

6 3.15 ± 0.48 6.17 ± 1.02 2.17 ± 0.72 >50
7 1.87 ± 0.22 5.17 ± 0.63 2.17 ± 1.12 48.26 ± 0.41

8 10.12 ± 0.08 4.92 ± 0.29 12.35 ± 0.16 35.53 ± 0.13

9 1.53 ± 0.16 4.13 ± 0.06 7.63 ± 0.12 >50
10 15.24 ± 0.14 7.14 ± 0.29 10.78 ± 1.14 >50
11 20.36 ± 0.48 11.24 ± 0.14 11.26 ± 0.27 >50
12 13.67 ± 1.12 7.76 ± 0.19 16.28 ± 0.63 >50
13 15.36 ± 0.42 22.13 ± 0.76 17.17 ± 1.02 47.14 ± 0.42

14 11.13 ± 0.67 16.16 ± 0.53 24.14 ± 0.47 >50
15 10.46 ± 1.14 18.45 ± 0.16 16.17 ± 0.62 >50
16 14.42 ± 0.35 16.41 ± 0.19 31.46 ± 1.21 >50
17 6.42 ± 0.52 5.61 ± 0.86 8.35 ± 0.28 >50
Finasteride 17.80 13.53 14.55 —

Naftopidil 42.10 ± 0.79 22.36 ± 0.61 34.58 ± 0.31 >50

aIC50 values are taken as means ± standard deviation from three experiments.

TABLE 2 AR antagonist activity of compounds 3–17.

Compd. AR antagonistic activity % (10 μM)

3 40.17 ± 0.24

4 32.46 ± 0.65

5 22.68 ± 0.72

6 30.75 ± 0.17

7 38.67 ± 0.83

8 25.16 ± 0.71

9 28.42 ± 0.25

10 20.47 ± 0.18

11 65.15 ± 0.57

12 68.62 ± 0.38

13 64.18 ± 0.45

14 58.88 ± 0.23

15 64.35 ± 0.17

16 60.25 ± 0.35

17 36.49 ± 0.79

R1881 N.Ea

Enzalutamide 84.7 ± 1.4

aN.E, no antagonistic effect.
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and 10 also had the similar properties. Moreover, compound 6

with electron-donating group also demonstrated strong cytotoxic

activities against all the tested cancer cells. In order to compare

the cytotoxic activity of compounds 3–10, the compounds 11–16

were synthesized, and the substitution of R1 and R2 groups with

two phenyl groups showed high cytotoxic activity against the

tested cancer cells. In summary, the introduction of this

piperazine moiety contributes to its activity. Both PC-3 and

TABLE 3 The binding affinities (kcal/mol) of compounds 11 and 12 in
three binding sites of AR.

Binding site Compound 11 Compound 12

LBP (PDB ID: 2OZ7) −8.1 −8.5

AF2 (PDB ID: 2YHD) −5.9 −6.0

BF3 (PDB ID: 2YLO) −6.5 −6.6

FIGURE 2
(A,B) The docking of compound 11 to the AR receptor; (C,D) The docking of compound 12 to the AR receptor.
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DU145 cells are androgen-insensitive cell lines, but the

compounds have different inhibitory activities against PC-3

and DU145 cells. The p53 is one of the most commonly

mutated genes in human cancer, and the expression of

p53 gene may be a key determinant of derivatives sensitivity

in prostate cancer DU145 cells (Liu et al., 2013b). The literatures

have reported that the p53 in DU145 cells were significantly

activated by drugs, but in PC-3 cells the expression of the

p53 gene was undetectable (Isaacs et al., 1991; Mashimo et al.,

2000). So the compounds have different inhibitory activities

against PC-3 and DU145 cells, and PC-3 cells are insensitive

to derivatives.

The antagonistic activity of these derivatives against AR was

assessed using luciferase assays (Xu et al., 2014; Xu et al., 2015;

Zuo et al., 2017; Xu et al., 2018). As shown in Table 2, the

compounds 3–10 exhibited weak antagonistic potency against

AR. However, compounds 11–16 demonstrated relatively potent

antagonistic potency (>55% inhibition).The above results were

be contrary to the tested cancer cells antiproliferation activity.

The results indicated that a small group introduction to the

piperazine ring may be helpful for antagonistic activity

against AR.

3.3 Docking study

In order to better understand the binding site of derivatives

targets, the docking simulation into the three binding sites of

AR (LBP, AF2, and BF3) of compounds 11 and 12 were

performed using AutoDock Vina software, as shown in

Table 3.

As displayed in Table 3, the binding free energies of the

compounds 11 and 12 to all three sites of the AR were calculated,

both of the LBP sites had the lowest binding free energy, as

measured at −8.1 and −8.5 kcal/mol, respectively. As shown in

Figure 2, both compounds 11 and 12 could form hydrophobic

interactions with over a dozen amino acid residues, such as

Gln711, Met745, and Ala877. More importantly, they were all

able to form hydrogen bonds with the amino acid residue

Phe697, at a distance of between 3.5 Å.

4 Conclusion

In summary, in this study a series of novel hydroxyazine

derivatives were synthesized and evaluated for antagonistic

activity against AR and cytotoxic activity against human

prostate cancer cells. The results showed that the derivative 4,

6, 7, and 9 displayed strong cytotoxic activities against the

LNCaP, DU145 and PC-3 cells, and compounds 11–16

showed strong AR antagonism (Inhibition% >55). The SAR

results suggested that mono-substituted derivatives on the

phenyl group contributed to improve the cytotoxic activity

against human prostate cancer cells. These hydroxyzazine

piperazine derivatives may be instructive for structural

modification of novel anti-prostate cancer drugs.
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To overcome the limitations of traditional therapeutics, nanotechnology offers

a synergistic therapeutic approach for the treatment of bacterial infection and

biofilms that has attracted attention. Herein, we report on a ZnO@Ag

nanocomposite with good biocompatibility synthesized by doping ZnO NPs

with silver nanoparticles (Ag NPs). ZnO@Ag nanocomposites were synthesized

with varying ratios of Ag NPs (0.5%, 2%, 8%). Under the same experimental

conditions, ZnO@8%Ag exhibited outstanding properties compared to the

other nanocomposites and the pristine ZnO NPs. ZnO@8%Ag demonstrated

excellent photothermal and photodynamic properties. Also, ZnO@8%Ag

demonstrated over 99% inhibition of Staphylococcus aureus (S. aureus)

under photothermal therapy (PTT) or photodynamics therapy (PDT) as a

result of the excessive generation of reactive oxygen species (ROS) by the

Ag+ released, while the pristine ZnO showed an insignificant inhibition rate

compared to the PBS group (control). Furthermore, ZnO@8%Ag completely

disrupted S. aureus biofilm under a combined PTT/PDT treatment, a synergetic

trimodal therapy, although the molecular mechanism of biofilm inhibition

remains unclear. Hence, the excellent photothermal, photodynamic,

biocompatibility, and bactericidal properties of ZnO@8%Ag present it as an

appropriate platform for bacterial and biofilm treatment or other biomedically

related applications.

KEYWORDS

ZnO@Ag nanocomposite, photothermal therapy, photodynamic therapy, synergistic
effect, anti-infective therapy

1 Introduction

Bacterial infection is a principal problem of great concern to public health as a result

of the inability of traditional antibacterial therapies to completely or efficiently eliminate

bacterial infections that form biofilm over time. The approach was a therapeutic practice

in the 1930s (Boucher et al., 2009; Courtney et al., 2016; Jia et al., 2017), but its current
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ineffectiveness has been attributed to environmental pollution

and the uncontrolled use of antibiotics that have contributed to

the resistance mounted by bacteria. As a result, a global crisis is

facing the world with billions of dollars of estimated annual costs

(Stewart and Costerton, 2001; Darouiche, 2004; Wright, 2011).

Hence, researchers are responding to an urgent call for an

alternative therapy to address the shortcomings of the

traditional antibacterial approach. The nanotechnology-based

antibacterial approach has presented a novel strategy for

eradicating bacteria and, in so doing, attracted much

attention, owing to its antibacterial activity and stability

(Pelgrift and Friedman, 2013; Duncan et al., 2015; Liu et al.,

2016). Their material presents unique characteristics such as

adjustable size, shape, and structure that offer an antibacterial

advantage. Not all nanomaterials have the intrinsic ability to kill

bacteria. However, silver nanoparticles (Ag NPs) bear this ability

and are capable of influencing cell membrane integrity,

respiration, and the ATP production of the bacteria due to

their shape, size, and surface charge (Morones et al., 2005;

Vikesland and Wigginton, 2010; Hassan et al., 2012; Rajavel

et al., 2014; Tian et al., 2014). Ag NPs exhibit tremendous

effectiveness against a wide variety of microbes that are

Gram-positive and Gram-negative inclusive through the

release of silver ions (Ag+). This results in the generation of

reactive oxygen species (ROS) and, at the same time, facilitates

wound healing through the induction of metalloproteinase

activity and enhanced neutrophil apoptosis (Kirsner et al.,

2001; Chaloupka et al., 2010; Chernousova and Epple, 2013;

Zheng et al., 2016; Sarfraz and Qayyum, 2018).

Zinc oxide nanoparticles (ZnO NPs) have acquired great

attention and have extensively been studied due to their physical,

chemical, high reflective index, and easy means of synthesis.

However, their wide bandgap (3.37 eV), large exciton binding

energy (around 60 MeV), low charge separation efficiency, and

fast recombination rate present limitations, making ZnO NPs an

inactive photocatalyst within a visible light spectrum but active in

the UV region (Huang et al., 2001; Kudo and Miseki, 2009;

Grumezescu et al., 2014; Ali et al., 2019). Intriguingly,

modification of the ZnO NPs with noble metals such as Au,

Ag, Ru, and Pt helps circumvent these drawbacks (Zheng et al.,

2008; Yuan et al., 2010; Zhang et al., 2010). Studies indicate that

modification of the ZnO NPs with noble metals allows the

formation of a Schottky barrier to promote photogenerated

charge separation, subsequently improving the material’s

photocatalytic activity and making it an appropriate choice.

Although UV may be required for ROS generation, the

insufficient penetration depth and possible tissue damage calls

off UV light for an alternative approach to a photo-responsive

approach for antibacterial therapy (Kuriakose et al., 2014; Lu

et al., 2016; Sun et al., 2019).

Photothermal therapy (PTT) and photodynamic therapy

(PDT) are the photo-responsive bacteria-killing methods that

have been used in recent years. The near-infrared (NIR) range

from 700 to 1000 nm (biological window) may present a

controllable cause of tissue damage and an efficient

therapeutic effect, depending on their mode of usage (Chang

et al., 2013; Hou et al., 2015; Li et al., 2018). However, the single-

modal use therapy of the former has been reported to pose a high

risk of thermal damage or inflammation (Yang et al., 2017; Zhang

et al., 2018; Liu et al., 2019a; Gao et al., 2019), making the PTT-

based multimodal therapy with NP dosage the best alternative

due to reduced irradiation time and improved antibacterial

efficiency. In such instances, the enhanced ROS generation

contributes to the multimodal therapy approach for bacteria

eradication (Hou et al., 2012; Liu et al., 2019b; Wang et al., 2019).

The synergism of the PTT and PDT also presents a great

advantage and is considered a trimodal therapy.

In this study, we fabricated ZnO NPs and ZnO@Ag

nanocomposite doped with different molar ratios of Ag (0.5%, 2%,

8%), using silver nitrate (AgNO3) as the precursor for improving the

charge transfer and ROS generation. For the first time, we report on

the bacterial inhibition response. ZnO@8%Ag was later selected due

to its excellent photo-responsiveness under NIR irradiation and

biocompatibility. The previous research report indicates that the

best photocatalytic activity of Ag in ZnO@Ag was evident when

the Ag content was 8% (Nie et al., 2020). ZnO@8%Ag’s excellent

performance under PTT and PDT together with the biocompatibility

performance was investigated. Also, the synergistic effect of ZnO@8%

Ag in combination with PTT and PDT against Staphylococcus aureus

(S. aureus) in vitro and in vivo was investigated. In vitro experiments

revealed that, under NIR irradiation (808 nm), ZnO@8%Ag exhibited

a tremendous bactericidal effect against S. aureus. The effect was

similar under PDT treatment of ZnO@8%Ag. Both displayed a

bacterial inhibition of over 99%, revealing the synergistic effect for

rapid and improved release of Ag+. However, the impact of each

multimodal treatment of ZnO@8%Ag was the same even after the

combination of both PTT and PDT in a trimodal approach.

Intriguingly, the biofilm test proved ZnO@8%Ag could disrupt a

junk portion of S. aureus biofilm even at a low concentration but

revealed the complete disruption of biofilm under PTT + PDT

trimodal treatment. This finding revealed that a prolonged time is

required to release Ag+ upon irradiation. In vivo examination

confirmed that ZnO@8%Ag could effectively compromise S.

aureus in an infected wound while accelerating the wound healing.

In all, ZnO@8%Ag’s outstanding biocompatibility and synergistic

effect in combination with PTT and PDT for the release of Ag+ and

wound healing demonstrate an efficient and potential platform for the

treatment of bacteria-infected wounds.

2 Experimental section

2.1 Materials and reagent

Zinc nitrate (Zn(NO3)2 6H20) >99.0 purity, silver nitrate

(AgNO3) > 99% purity, sodium hydroxide (NaOH) > 99%, and
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citric acid (C6H8O7) >99.0 purity were purchased from Sigma-

Aldrich. All other chemicals and reagents were purchased from

Aladdin Chemical Reagent Co., Ltd. (Shanghai, China). All

working solutions were used in their originally received state

without further modification. Other preparations were made

with deionized water.

2.2 Synthesis of ZnO and ZnO@Ag (0.5%,
2%, and 8%)

ZnO was prepared as reported by Bai et al. (2017) and Nie

et al. (2020). During the synthesis process, citric acid was used as

fuel. Zinc nitrate and silver nitrate served as the oxidizing

reactant, and sodium hydroxide was used to adjust the

pH between 12 and 13. A stoichiometric ratio of oxidizers

(zinc nitrate) to the citric acid was added to a petri dish and

mixed with 40 ml H2O. Themixture was stirred for a fewminutes

to develop uniformity. The dish containing the mixture was

introduced into a muffled furnace maintained at 400°C. The

mixture was made to undergo dehydration and decomposition

under the smoldering combustion reaction to give a

nanocrystalline ZnO within 5–7 min. The product was further

calcined at 500°C for 3 h. A similar procedure was used in the

synthesis of the ZnO@Ag with the mole ratio of 1 ZnO to 0.005,

0.02, and 0.08 of Ag to give ZnO@0.5%Ag, Zno@2%Ag, and

ZnO@8%Ag.

2.3 Characterization

The morphology of the samples was characterized with a

Tecnai G2 F20 microscope to obtain the high-resolution

transmission electron microscopy (HRTEM) images. The

X-ray diffraction patterns (XRD) were determined with a

D/MAX 2005 Rigaku X-ray diffractometer (Japan). The XPS

was determined with a Thermo Fisher X-ray photoelectron

spectrophotometer K-alpha (United States), and the UV-Vis

spectroscopy was performed with a CARY

5000 spectrophotometer (Agilent Technologies, United States).

2.4 Photothermal and photodynamic
properties

Detection of 1O2 and the peroxidase-like activity after PTT

treatment was conducted using 1,3-diphenylisobenzofuran

(DPBF) and o-phenylenediamine (OPD) as chemical probes.

The steady-state kinetic assay for PBS, ZnO, and ZnO@8%Ag

with/without PTT treatment was determined after coincubation.

A measure of 10 µL (100 μg/ml) of DPBF and OPD were

separately added to the samples and subsequently analyzed

with the UV-Vis spectrophotometer. The absorbances of

DPBF and OPD were collected at 410 and 492 nm,

respectively. The results were analyzed and plotted with

GraphPad Prism 8.0.

2.5 Photothermal performance and
photothermal conversion efficiency

A gradient concentration of the ZnO@8%Ag aqueous

solution (100 µL) in a 0.5-ml Eppendorf tube was irradiated

with NIR laser light (808 nm) at power densities of 0.5, 1.0, and

2.0 W/cm2. The temperature of the solution was monitored and

recorded with a thermal imager. The temperature of the PBS and

ZnO were also monitored and recorded using the same approach

following the irradiation of the different laser power densities

used (0.5, 1.0, and 2.0 W/cm2). The turn-off/cooling cycle for

ZnO@8%Ag (100 μg/ml) using a 2.0 W/cm2 laser was

accomplished with an irradiation time of 10 min, repeated five

times. The photothermal conversion efficiency of ZnO@8%Ag

was determined as follows.

η � hs(Tmax − T0)/(I(1 − 10−Aλ))

where η represents the photothermal conversion co-efficient; A is

the surface area of the container; Tmax is the maximum steady

temperature, T0 is the minimum steady temperature; I is the laser
power, and Aλ is the value of absorbance of ZnO@8%Ag at

808 nm.

τs � ∑mCp/hAmeanwhile hA � ∑mCp/τs

where τs represents the slope of the fitting line between t and

−Inθ, m is the mass of ZnO@8%Ag, and Cp is the specific heat

capacity.

θ � T − Tsur/Tmax − T0

T represents the corresponding cooling time temperature.

2.6 Cell culture and cytotoxicity

Murine fibroblast cells (L929) purchased from America Type

Culture Collection (ATCC) were used to evaluate the cytotoxicity

of the nanocomposite. Cells were cultured with Dulbecco

modified Eagle medium (DEME) at 5% CO2 and 37°C with

10% fetal bovine serum (FBS), penicillin (100 units m/L), and

streptomycin (100 mg/ml). L929 cells at a density of 5 × 103/well

were seeded into a 96-well plate and cultured for 24 h. Different

concentrations of ZnO@8%Ag (0, 50, 100, and 200 μg/ml) were

suspended in DEME, added to the 96-well plate, and irradiated

with 2 W/cm2 lasers for 5 min. Following 48 h of incubation,

10 µL of MTT solution (5 mg/ml) was added to the solution, and

PBS was used as a control. A microplate (Varioskan LUX

multimode microplate reader, Thermo Fisher Scientific Co.,
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United States) was used to measure the absorbance at 570 nm

after 4 h of incubation. The viability of the control cells was

estimated at 100% to determine the relative viability of the other

cells.

Cell Viability(%) � Ae

Ao
× 100%,

where Ae and Ao denote the experimental and the control

groups, respectively.

2.7 In vitro antibacterial test

S. aureus (Newman strain) was used as a model strain for the

evaluation of the antibacterial properties of the nanomaterials. S.

aureus was grown in a sterilized tryptic soy broth (TSB) and solid

broth (SB). A mixture of bacteria concentration of 50 µL define

by the O.D600 = 0.05 with 50 µL of ZnO, ZnO@8%Ag, and PBS

were separately added to a 96-well plate. Following 30 min of

incubation at 37°C, the mixtures in the plate were irradiated with

an 808 nm laser (2.0 W/cm2) for 10 min and then incubated for

2 h. After serially diluting the mixtures with sterile LB, 100 µL of

each sample was spread on an agar plate. Following 12 h

incubation at 37°C, colonies formed were counted for further

evaluation.

Survival rate(%) � CFU e

CFUo
× 100%,

where CFUe and CFUo represent the number of colonies

formed in the experimental and control groups, respectively.

2.7.1 Bacteria morphology study
The morphologies of the bacteria treated with PBS and

the nanomaterials (ZnO and ZnO@8%Ag) with/without PTT

were examined with SEM. These varying solutions of bacteria

were fixed with 2% glutaraldehyde for 4 h and subsequently

dehydrated with a series of ethanol solutions (50%, 70%, 90%,

95%, and 100%), 10 min for each dehydration step. Samples

were blown dried under nitrogen gas; silicon wafers were

coated with ultrathin gold by sputtering, and the morphology

of the bacteria was imaged at 3.0 kV with a Hitachi Su

8010 instrument, Japan.

2.7.2 In vitro antibacterial evaluation with
confocal microscopy

Bacterial suspension treated with different materials was

collected by washing with PBS and centrifugation. Aliquots

(10 µL each) of calcein acetoxymethyl ester (calcein-Am,

10 μg/ml, Solarbio) and propidium iodide (PI, 10 μg/ml,

Solarbio) were incubated with 20 µL of the collected bacterial

suspension in room temperature for 15 min. Fluorescent images

of bacteria samples were captured by confocal microscopy

(Nikon A1 Confocal Laser Scanning Microscope, Japan) and

analyzed with NIS—Element viewer, Nikon.

2.8 In vitro anti-biofilm test

S. aureus suspension in TSB was cultured for 48 h at 37°C in a

6-well plate overnight to form a static biofilm. Bacterial cultures

were diluted with tryptic soy LB OD600 = 0.05 and incubated in a

96-well plate for 24 h at 37°C. Following incubation, the bacterial

suspension was removed, and the well was rinsed three times

with PBS. Aliquots (50 µL each) of PBS and the materials (ZnO,

ZnO@8%Ag) were added to the wells and treated with/without

PTT or PDT for 10 min. After the wells were rinsed three times

with deionized water (ddH2O), crystal violet (0.05%, 50 µL) was

added to each well and incubated for 15 min. The dye was

discarded and unbounded by rinsing with PBS three times.

Acetic acid (33%, 200 µL) was added to each well to release

the dye bound to the remaining biofilm for quantification.

Quantification was performed with a Thermo Fisher Scientific

Multiskan Sky microplate reader, OD550. Each experiment was

performed in triplicate.

2.8.1 Anti-biofilm evaluation with confocal
microscopy

A coverslip was dropped at the bottom of a 24-well plate. A

20 µL aliquot of the S. aureus bacteria OD600 = 0.05 was added to

the well, followed by 1000 µL of TSB, and the samples were

incubated for 24 h. The coverslip was removed and rinsed with

PBS three times, following treatment of the coverslip with PBS,

ZnO, and ZnO@8%Ag with/without PTT/PDT. The biofilm was

rinsed once again with PBS, and the coverslip was stained with

2 µM calcein-Am and 1 µM propidium for 15–20 min.

Fluorescent images of bacteria were captured with a Nikon

A1 confocal laser scanning microscope, and the images were

analyzed with NIS—Element viewer, Nikon. Bacteria with intact

and damaged membranes appeared green and red, respectively.

2.9 Hemolysis assay

A hemolysis assay was performed with the fresh blood of a

healthy mouse by collecting blood from the eyeballs. The

blood was centrifuged (12,000 rpm, 5 min) and rinsed with

PBS (0.02 M, pH = 7.4) three times. The red blood cells (RBC)

obtained were diluted to a 4:5 volume ratio with PBS, water,

and varying concentration of ZnO@8%Ag (20, 25, 75, 100,

125, and 200 μg/ml). The PBS and water acted as the positive

and negative controls, respectively. The mixtures were

carefully suspended and incubated at 37°C for 1 h. Samples

were centrifuged at 3000 rpm for 5 min. The supernatant was

collected, and the absorbance was determined at OD595. The
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hemolysis rate was calculated according to the following

equation:

Hemolysis rate(%) �� ODe − OD−
OD+ − OD−

× 100%

where ODe, OD−, and OD+ represent the OD of the

treatment group, the OD of the negative control group, and

the OD of the positive control group, respectively.

2.10 In vivo antibacterial and wound
healing

All animal experiments were performed according to the

guidelines and rules approved by the Animal Ethics

Committee of Wenzhou Medical University (SYXK-2021-

0020).

To further evaluate the practical application of ZnO@8%

Ag, BALB/c mice at 7–8 weeks were divided into five groups:

PBS, ZnO, ZnO + PTT, ZnO@8%Ag, and ZnO@8%Ag +

PTT. Following anesthesia, a wound (4 mm in diameter) was

created at the back of the mice and injected with (20 μL, 1 ×

108 CFU m/L) of S. aureus to establish the mouse model. The

surface of the wound was covered with PBS and the

nanomaterials and further exposed to NIR irradiation for

10 min. This process was monitored and recorded with a

thermal imager. Images of the nature and state of the wound

were taken for 0, 2, 4, 6, and 10 days. ImageJ was used to

monitor the different treatments for the groups.

2.11 Tissue toxicological analysis

A histological examination of the skin and other internal

organs (lung, liver, kidneys, and heart) was conducted after

10 days. These organs were fixed with 4% paraformaldehyde;

organs were sectioned and stained with hematoxylin and

eosin (H&E). Samples were observed with an Olympus

BX51 fluorescence imaging microscope. Fluorescence

imaging was conducted with an Olympus BX51

fluorescence microscope (Olympus Co., Ltd., Japan).

2.12 Statistical analysis

Experimental data were expressed as mean ± standard

deviation (SD). Statistical analysis among groups was

evaluated with Student’s t-test, with the difference being

statistically significant when p < 0.05 and highly significant

when p < 0.01. The graph plots and analysis were performed

using GraphPad Prism 8.0 (Graph Pad Software,

United States).

3 Result and discussion

3.1 Synthesis and characterization of
nanomaterials

The nanocomposites were successfully prepared, and the TEM

images showed themorphology and structures of ZnOandZnO@8%

Ag. This shows that the ZnO is characterized by a size range of

74.18–161.20 nm with an average size of 109.26 nm (Figure 1A).

Similarly, Figure 1B shows that the ZnO@8%Ag has an average size

of 43.33 nm with a range of 31.01–55.91 nm, exhibiting the good

deposition of the Ag on the surface of ZnO without agglomeration

and growing in the direction that is misaligned from the normal

direction. The HRTEM of ZnO shows an interplanar spacing of

0.18 and 0.07 nm in the direction of ZnO along (110) and Ag along

(220), respectively (Figures 1C,D). The crystallinity, structural phase,

and purity of ZnO and ZnO@8%Ag nanocomposites were identified

by the XRD patterns for ZnO indexed to a hexagonal wurtzite

structure (JCPDS 36-1451), where the diffraction peaks

corresponding to (100), (002), (101), (102), (110), (103) (112),

(201), and (202) appeared at the 2θ with values of 31.66°, 34.45°,

36.24°, 47.60°, 56.57°, 62.74°, 67.93°, 69.12°, and 77.29° (Figure 1E). In

addition, the doping of ZnO unveiled distinct peaks marked with (*)

in the ZnO@8%Ag at 38.23°,44.21°, and 64.34° that corresponded to

(111), (200), and (220). The presence of well-defined peaks

demonstrated the absence of impurities in the nanocomposites.

The appearance of new peaks in the ZnO@8%Ag

nanocomposite demonstrated that the Ag+ with a high atomic

radius had displaced the Zn2+, showing the successful

incorporation of Ag+ into ZnO. XPS was employed to further

evaluate the surface structure and chemical compositions of the

nanocomposites. The full XPS spectrum shows the presence of

Zn, O, Ag, and C elements, further demonstrating the successful

synthesis of the nanocomposite without impurities (Figure 1F).

The XPS spectrum of Zn 2p reveals binding energy peak

positions of Zn2p with 1021.05 and 1044.12 eV in ZnO and

1021.13 and 1044.12 eV in ZnO@8%Ag. These peaks resemble

each other, further confirming Zn in the nanocomposites

(Figure 1G). This phenomenon was evident in element O, and

the presence of element C could be attributed to the XPS

instrument (Figure 1H). All of these match findings of other

earlier reports (Fageria et al., 2014; Jaramillo-Páez et al., 2017).

Similarly, the binding energy peak positions of 368.01 eV (3d5/2)

and 373.05 eV (3d3/2) were in tandem with what had been

reported earlier as the binding energies of Ag (Figure 1I)

(Pande et al., 2007; Ahmad et al., 2011).

Elemental mapping confirmed the presence of Zn and O in

the ZnO nanocomposite and ZnO and Ag in the ZnO@8%Ag

nanocomposites (Supplementary Figures S1A,B). This

demonstrated the perfect distribution of the Ag in the

different regions. Supplementary Figure S1C displays the UV-

Vis absorption spectra of the nanocomposites. The peaks

corresponding to ZnO absorption demonstrated a strong
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absorption in the UV region for the ZnO@8%Ag, with the Fermi

level being established due to the transfer of free radicals from Ag

to ZnO. This result further demonstrates how ZnO@8%Ag can

be active in both the UV and the visible light region.

3.2 Photothermal and photodynamic
performance

The photothermal effect was explored under 808 nm laser

irradiation with power densities of 0.5, 1, and 2 W/cm2 for 5 min,

as shown in (Figures 2A–C). Temperature higher than 50°C but

lower than 60°C can destroy proteins and enzymes as well as

crucial intracellular reactions (Wu et al., 2013; Pan et al., 2016;

Liu et al., 2018). Upon irradiation at 808 nm, 2 W/cm2 for 5 min,

the temperature of the solutions was elevated as follows: PBS

(17–34°C), ZnO (17–32°C), ZnO@0.5%Ag (17–40°C), ZnO@2%

Ag (17–44°C), and ZnO@8%Ag (17–50.5°C) at a concentration

100 μg/ml (Figure 2C). The rapid temperature elevation in

ZnO@8%Ag reveals the superior photothermal property and

safety that it will render to normal cells. The cooling circles

(Figure 2D) and also the photothermal conversion efficiency

exhibited no significant attenuation of the temperature, which

reveals high photothermal stability (Figures 2E,F). In contrast,

PBS, ZnO, and ZnO@2%Ag reached maximum temperatures of

less than 50°C under the same conditions. Therefore, the superior

photothermal performance exhibited by ZnO@8%Ag makes it

promising for eradicating bacteria cells. Based on the different

laser power, the enhanced temperature for an equal

concentration of ZnO@8%Ag proved that the temperature rise

also depended on the kind of laser power employed.

Finally, we investigated the photodynamic property through

the NIR-triggered ROS generation with DBPF and OPD. Upon

exposure to single NIR (808 nm, 2 W/cm2) irradiation, DPBF

absorption for ZnO@8%Ag gradually decreases due to the

presence of 1O2 (Figure 2H), as the absorbance of the OPD

increases due to the peroxidase-like activity (Figure 2I). This

indicated that the Ag incorporation in ZnO increased the ROS

generation of the nanocomposite. Ag in the nanocomposite acted

as an efficient sink with photogenerated electrons flowing from

the ZnO to Ag to prevent recombination with holes (Figure 3).

Surface modification of oxides of a semiconductor influences

FIGURE 1
Characterization of ZnO and ZnO@8%Ag. (A,B) TEM images, (C,D) HRTEM images, (E) X-ray diffraction (XRD) patterns, (F) full XPS survey
spectrum of ZnO and ZnO@8%Ag, (G) XPS spectra of Zn 2p region, (H) O1s region, (I) Ag 3d region.
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FIGURE 2
Activatable NIR photothermal and photodynamic properties of ZnO@8%Ag. (A) Temperature elevation curves of ZnO and ZnOAg with varying
ratios of Ag (0.2%, 0.5%, and 8%) under NIR irradiation (808 nm, 0.5 W/cm2, 5 min), (B) photothermal evolution curves of ZnO and ZnO@Ag with
varying ratios of Ag (0.2%, 0.5%, and 8%) under NIR irradiation (808 nm, 1 W/cm2, 5 min), (C) temperature variations of ZnO and ZnO@Agwith varying
ratios of Ag (0.2%, 0.5%, and 8%) under NIR irradiation (808 nm, 2 W/cm2, 5 min), (D) recycling heating profiles of ZnO@8%Ag under irradiation
for five on/off cycles, (E) heating and cooling of ZnO@8%Ag under NIR irradiation (808 nm, 2 W/cm2, 5 min), (F) linear correlation of the cooling time
of ZnO@8%Ag, (G) thermal images of PBS, ZnO, and ZnO@8%Ag under NIR irradiation (808 nm, 2 W/cm2, 5 min),(H) UV spectra following the
absorption of DPBF in PBS, ZnO, and ZnO@8%Ag with/without NIR irradiation (808 nm, 2 W/cm2, 5 min), and (I) spectra of changes for the
absorption of OPD in PBS, ZnO, and ZnO@8%Ag with/without NIR irradiation (808 nm, 2 W/cm2, 5 min).

FIGURE 3
Schematic representation of the movement of electrons in ZnO@Ag under visible light.
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photocatalysis, creating an electron-hole pair within the bandgap

as holes are generated in the valence band and electrons in the

conduction band (Hu et al., 2010; Adarakatti and Malingappa,

2016; Nagaraju et al., 2017). Photon energy that is equal to or

greater than the bandgap is absorbed as an electron is promoted

from the valence band to the conduction band and creating an

equivalent number of holes in the valence band. However, the

difference in the energy level of the conduction band of ZnO and

the Fermi level of Ag presents the Ag as an efficient sink with the

photogenerated electrons flowing from the ZnO to Ag to prevent

recombination with the holes (Figure 3) (Nagaraju et al., 2017).

These photogenerated electrons and holes can react with O2 and

H2O2 molecules to form superoxide anion and hydroxyl radicals,

respectively (Arsana et al., 2012; Kuriakose et al., 2014). This

process is an indication of the role played by Ag+ in the enhanced

generation of ROS.

3.3 In vitro antibacterial activity assay

As shown in Figures 2C–I, ZnO@8%Ag exhibited excellent

PTT and PDT ability. An Ag-based nanocomposite

demonstrated effective antibacterial capacity compared to

some antibiotics (Singh et al., 2017; Francis et al., 2018; Hu

et al., 2018). Ag release can also be dependent on temperature,

causing the photogenerated free radicals to penetrate cell walls to

induce cell death. The material is also reported to rapidly and

strongly bind to the thiol groups in enzymes and proteins located

on the surface of bacteria, subsequently inducing cell death (Liu

and Hurt, 2010; Shao et al., 2015). However, a higher amount of

Ag can result in resistance, cytotoxicity, and aggregation of the

Ag, which can further result in the instability of the nanomaterial

and its ability to effectively deal with bacteria (Wiesenthal et al.,

2011; Zhang et al., 2014; El Yamani et al., 2017). Nie et al. (2020)

indicated that the best photocatalytic activity of Ag in ZnOAg

nanocomposite was evident when the Ag content was 8%. ZnO@

8%Ag (100 μg/ml) was, therefore, chosen for further future

studies considering the cytotoxicity, photothermal,

photodynamic, and bactericidal effects (Supplementary Figures

S2, S3). Due to the aforementioned results, we evaluated the

in vitro antibacterial effect of ZnO and ZnO@8%Ag with/without

single NIR (808 nm, 2 W/cm2) for 10 min (Figure 4A) against S.

aureus using the colony-forming count approach. After different

treatments and cultures there was no significant reduction in the

FIGURE 4
In vitro antibacterial activity of ZnO@8%Ag. (A) Bactericidal effect of PBS, ZnO, and ZnO@8%Ag against S. aureus with/without NIR irradiation
(808 nm, 2 W/cm2, 10 min), (B) temperature elevation curve corresponding to (A), (C) survival rate of S. aureus corresponding to (B) **p < 0.01, (D)
SEM images of S. aureus treated with PBS, ZnO, and ZnO@8%Ag under NIR irradiation (808 nm, 2 W/cm2, 10 min), and (E) live/dead staining assay of
S. aureus corresponding to (D).
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number of bacteria in the PBS, ZnO, Figure 4A. They exhibited

negligible antibacterial activity with a bacterial viability rate of

about 90%, although ZnO@8%Ag showed some bactericidal

effect from the release of Ag+. Upon NIR irradiation, the

colony count decreased but with a significant reduction in the

ZnO@8%Ag + PTT group (Figure 4C). Results were the same for

groups with/without PDT (Supplementary Figures S4A–C).

These findings revealed that the release of Ag+ and its

subsequent enhancement by the NIR irradiation proved a

synergistic therapeutic effect efficient against S. aureus,

making neither PTT nor the Ag+ solely responsible for killing

the bacteria completely. Intriguingly, in the ZnO + PTT group,

the survival rate of bacteria was substantial, indicating the

negligible impact of the heat stability exhibited by ZnO,

confirmed in (Figure 4B). ZnO@8%Ag exposure to a

combination of PTT and PDT for 5 and 10 min against S.

aureus (Supplementary Figures S5A,B) exhibited similar

results as those observed in Supplementary Figures S3, S4A

during a multimodal treatment with either PTT or PDT. To

further explore the in vitro antibacterial effect mentioned earlier,

the SEM observation and live/dead staining assay were employed.

Like the control group (PBS treatment), the morphology of

bacteria treated with ZnO and ZnO + PTT retained a smooth

structure and remained intact. However, after treatment with

ZnO@8%Ag and ZnO@8%Ag + PTT, some shrinks and wrinkles

appeared on the surface of S. aureus (Figure 4D). The results

from the live/dead staining assay confirmed these observations.

Bacteria with intact membranes were stained with green

fluorescence by calcein-Am, while those with damaged

membranes were stained with red fluorescence by PI

(Figure 4E). The intense green, evident in the PBS, ZnO, and

ZnO + NIR, demonstrated that PTT alone was not sufficient to

impact bacterial viability. Small red fluorescence indicated weak

antibacterial activity, and strong red fluorescence in ZnO@8%Ag

+ PTT group indicated that the integrity of the bacteria cell

membrane was greatly compromised and appeared damaged and

shrunken as a result of ROS induced by the Ag+ released from

PTT treatment. Mei et al. and others have reported that NIR

promoted the effective release of Ag+ in killing bacteria (Tsuchido

et al., 1985; Gao et al., 2018; Mei et al., 2020). Thus, the

effectiveness is demonstrated by the synergistic role of Ag+

and PTT or PDT.

3.4 Biofilm inhibition test

Aggregation of sessile microbial particles and the

subsequent formation of the extracellular matrix

comprising a protein and polysaccharides grant

microorganisms the ability to persist and survive in

adverse environments (Donlan and Costerton, 2002;

Vadyvaloo and Martínez, 2014; Fonseca et al., 2019). This

condition makes them drug-resistant and gives them the

capability to induce chronic bacterial infections. The anti-

biofilm capability will validate the recognition of

antibacterial materials as promising clinical translations.

To study the biofilm capability, the conventional crystal

violet method was employed and further confirmed with a

live/dead staining assay. As shown in Figure 5A, biofilms in

ZnO, ZnO + PDT group were densely distributed compared

with ZnO@8%Ag and ZnO@8%Ag + PDT group. About 20 %

biofilm in the ZnO@8%Ag group which was obviously due to

Ag+ release and about 50 % in ZnO@8%Ag + PDT group

which may be due to the ability of Ag+ under-PDT of which

ZnO lacks that ability. This demonstrated the antibacterial

efficacy exhibited through the release of Ag+. Under the

biofilm treatment, in most cases, the NPs themselves are

incapable of entirely eradicating the biofilm matrix and

require an alternative mechanical process to deal with the

biofilm matrix (Jiang et al., 2013; Fonseca et al., 2019).

Compared with the ZnO + PTT group, the ZnO@8%Ag +

PTT group exhibited a significantly lower biofilm rate due to

the excellent photothermal ability of ZnO@8%Ag

(Figure 5B). Surprisingly, all biofilms were completely

eradicated in the ZnO@8%Ag + PTT + PDT group, but

some significant amount of biofilm remained in the ZnO

+ PTT + PDT group, which indicated the effectual disruption

of biofilm by the ZnO@8%Ag + PTT + PDT, a trimodal

synergism. The live/dead staining assay further confirmed

the antibiofilm capability of the ZnO@8%Ag + PTT + PDT

(Figure 5C). Biofilm in this group was completely disrupted.

In contrast, the ZnO@8%Ag + PTT group exhibited a good

antibacterial effect from the PTT treatment with potential

biofilm inhibition application, as the effect in the remaining

groups can be considered negligible. The antibiofilm

capability was performed with the same concentration

used in the antibacterial test (100 μg/ml). This

demonstrated that even at the low concentration, ZnO@

8%Ag + PTT could effectively eradicate a significant

portion of bacteria. However, the molecular mechanism of

the antibiofilm activity of the ZnO@8%Ag + PTT + PDT

group remains to be studied.

3.5 In vitro cytotoxicity test and hemolysis

Biocompatibility is a crucial concern for nanoparticles

and a prerequisite for in vivo applications. Hence,

biocompatibility was evaluated using the cytotoxicity test

and hemolysis. L929 cells were co-cultured with varying

concentrations of ZnO@8%Ag with/without PTT/PDT

treatment for 5 min (25, 50, 75, 100, and 200 μg/ml) for

24 h. The cellular compatibility of ZnO@8%Ag was

determined using an MTT assay. The viability of cells was

over 70% even at the highest concentration of ZnO@8%Ag

when exposed to PTT/PDT, indicating that ZnO@8%Ag or
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ZnO@8%Ag + PTT + PDT irradiation did not induce toxicity

in healthy tissues. This result is shown in Figure 6A.

Similarly, hemolytic evaluation of mouse erythrocytes

confirmed that the ddH2O (positive control) group caused

the release of erythrocytes from the hemoglobin, showing the

induction of hemolysis. In contrast, after 30 min, ZnO@8%

Ag induced negligible hemolysis with no significant

difference compared to the PBS (positive control) group,

even after increasing the concentration (Figure 6B).

Intriguingly, ZnO@8%Ag did not induce any significant

damage to the erythrocyte even after 1 h (Figure 6C),

demonstrating the biosafety of ZnO@8%Ag in blood

circulation and indicating good biocompatibility.

3.6 In vivo antibacterial activity and
biosafety evaluation

Inspired by the in vitro antibacterial and biocompatibility

results of ZnO@8%Ag, we further studied the in vivo

FIGURE 5
Inhibition of S. aureus biofilm. (A) Representative images of biofilm treated with ZnO, ZnO@8%Ag, ZnO + PDT, ZnO@8%Ag + PDT, ZnO + PTT,
ZnO@8%Ag + PTT, ZnO + PTT + PDT, and ZnO@8%Ag + PTT + PDT, (B) quantitative analysis corresponding to (A) **p < 0.01, and (C) live/dead
staining assay of S. aureus in biofilms corresponding to (A).

FIGURE 6
Biocompatibility of ZnO@8%Ag. (A) Cytotoxicity of ZnO@8%Ag under PTT/PDT in L929 cells, hemolysis rate of ZnO@8%Ag under PTT/PDT,
inserted image of blood treated with varying concentrations of ZnO@8%Ag (25, 50, 75, 100, and 200 μg/ml) aqueous solutions ddH2O (positive
control) and PBS (negative control), (B) after 30 min, (C) after 1 h.
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FIGURE 7
In vivo antibacterial activity of ZnO@8%Ag. (A) Schematic illustration of the fabricated ZnO@8%Ag and the corresponding antibacterial effect in
vivo under PTT and PDT, (B) thermal images of PBS, ZnO, and ZnO@8%Ag under NIR irradiation (808 nm, 2 W/cm2, 5 min), (C) temperature variation
curve corresponding to (B), (D)representative images of S. aureus infected wound after treatment, (E) quantitative curve of the wound size over time
for the treatment groups, (F) bodyweight variation curve for the different treatment groups over time, and (G) tissue slices of major organs (the
heart, liver, spleen, lung and kidney) stained with H&E, after treatment, scale bar 100 µm.
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bactericidal activity by developing an S. aureus infection

model in BALB/c mice and evaluated the effect of ZnO@

8%Ag on wound healing under NIR irradiation. The PBS and

nanocomposites (ZnO, ZnO@8%Ag) were applied to the

dorsal excisional (4 mm) wound inoculated with S. aureus

(1 × 108 CFU m/L, 20 µL) (Figure 7A). After 5 min of

irradiation, the temperature of the wound region of the

mice rose from 18°C to 52°C, without a rise in the

temperature of the normal skin, compared to the PBS and

ZnO groups (Figures 7B,C), demonstrating the potential of

ZnO@8%Ag as a photothermal therapeutic agent. The wound

healing process was monitored with digital camera, and the

weight of mice within each group was recorded with a

Sartorius balance. Images of the wound were taken at

separate time intervals of 0, 2, 4, 6, and 10 days. As shown

in Figure 7D, on day 2, all treatment groups showed scars

except for the PBS group. The scar rate of the ZnO@8%Ag and

ZnO@8%Ag + PTT groups was observed to be better than the

other groups. On day 10, the scar in the ZnO@8%Ag + PTT

group was absent, and the wound was obviously healed,

demonstrating the excellent bactericidal effect of Ag from

ZnO@8%Ag under NIR irradiation that enables it to facilitate

wound healing by preventing wound infection (Figure 7E). In

contrast, the scar remained visible in other groups with

decreasing wound area in the following order: ZnO@8%Ag,

ZnO + PTT, ZnO, and PBS, indicating a low bactericidal

effect. Also, the weight of mice increased rapidly after day 2 of

S. aureus infection in the ZnO@8%Ag + PTT group

(Figure 7F). This may be due to the effect of the wound

infection on the mice’s physiological activity and the

subsequent normalization of the physiological activity by

ZnO@8%Ag + PTT. However, in the control group (PBS

treatment), the weight of the mice increased very slowly with

time, indicating the disruption of the physiological activity,

which may have led to the loss of appetite in those groups.

The key organs (the heart, liver, spleen, lung, kidney and skin)

sections were examined using H & E staining to evaluate the

inflammatory and tissue repair response of the treatment groups

under PTT treatment (Figure 7G). The results showed the

number of inflammatory cells and serious infections in the

control groups (PBS treatment), ZnO, and ZnO + PTT

groups. The image exhibited disorganized tissue granulation

with loose and irregular epithelial cells. Also, ZnO@8%Ag

induced tissue regeneration, emphasizing the wound-healing

ability of Ag. Remarkably, the wound treated with ZnO@8%

Ag exhibited negligible inflammation, with the epithelial layer

and the dermis appearing to be well organized on day 10. This

phenomenon was observed in the multimodal treatment with

PDT (Supplementary Figures S6A–D). This demonstrated that

ZnO@8%Ag under PTT or PDT poses no long-term histological

toxicity, and the material’s excellent bactericidal effect under

PTT or PDT further accelerates wound healing.

4 Conclusion

In summary, we have successfully designed a nanocomposite

(ZnO@8%Ag) with good biocompatibility and an efficient

antimicrobial, antibiofilm and wound-healing effect that can

combine solely with either PTT or PDT. The nanocomposite

combinational use of NIR raises the temperature and unleashes

ROS induction from the Ag+. In contrast, the trimodal treatment

(ZnO@8%Ag + PTT + PDT) against S. aureus demonstrated a

similar effect when employed multimodally, either as ZnO@8%

Ag + PTT or as ZnO@8%Ag + PDT, although the PTT effect

appears to be more pronounced. However, ZnO@8%Ag + PDT +

PTT showed a remarkable and complete disruption of biofilm.

Wound healing results further confirm the effective ability of the

ZnO@8%Ag to induce negligible inflammation with accelerated

tissue regeneration and wound healing under PTT or PDT.

Cytotoxicity results demonstrated the biocompatibility of

ZnO@8%Ag without any adverse histological toxicity to

mammalian cells, even under NIR irradiation and PDT

treatment. Therefore, ZnO@8%Ag under PTT/PDT presents a

promising application in antibacterial biofilm and wound healing

therapies.
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Types of nanozymes can produce free radicals and/or reactive oxygen species

(ROS) to serve as broad spectrum antibacterial materials. Developing

nanozyme-based antibacterial materials with good biocompatibility exhibits

promising application prospects. In this study, we doped Mo to ZIF-8 (both

components have good biocompatibility) to prepare a new nanozyme, Mo@

ZIF-8, which can produce hydroxyl radicals (•OH) triggered by a low dosage of

hydrogen peroxide (H2O2), exhibiting effective antibacterial capability against

both Gram-negative bacteria (Escherichia coli) and Gram-positive bacteria

(Staphylococcus aureus). This work provides a reference for the design of

antibacterial nanozymes with good biocompatibility.

KEYWORDS

peroxidase-like nanozyme, metal organic framework, ZIF-8, molybdenum,
antibacterial therapy

1 Introduction

Bacterial-related diseases has been one of public safety issues that greatly threaten the

health of humankind. (Reverter et al., 2020; Yu et al., 2022; Ding et al., 2022). Antibiotics

have been the most widely accepted treatment for bacterial infection diseases. (Stracy

et al., 2022). However, the abuse of antibiotics attribute to the emergence of drug-resistant

bacteria, which may threaten the global health and environment. (Lakemeyer et al., 2018;

Serwecińska, 2020). Therefore, effective and broad-spectrum antibacterial agents are

urgently needed.

Currently, types of materials, such as metals (Gu et al., 2020; Tian et al., 2021), metal

oxides (Li et al., 2018; Dong et al., 2022), carbon materials (Bi et al., 2022), single-atom

materials (Cai et al., 2022) and MXenes (Yu et al., 2022b), have been verified to have

peroxidase (POD)-like activity when they are fabricated to nanoscale. These nanozymes

can convert H2O2 into OH radicals to effectively kill bacteria.

Metal organic frameworks (MOFs) have large surface area and pore structures, which

provides scaffold for the enzymatic (catalytic) performance. (Ma et al., 2020). Here, we

developed a new type of antibacterial nanozyme (Mo@ZIF-8) by doping Mo to ZIF-8.
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Briefly, the prepared hexahedron-shaped ZIF-8 (150 nm) was

refluxed with Na2MoO4 solution and subsequent pyrolyzed at

600°C. The prepared Mo@ZIF-8 exhibited promising capability

producing •OH and killing both Gram-negative (E. coli) and

Gram-positive (S. aureus) bacteria at a low dosage of H2O2

(10−5 M). Due to the high biocompatibility of Mo and ZIF-8,

this rationally designed nanozyme has the potential to be an

effective antibacterial agent.

2 Experimental

2.1 Synthesis of hollow Mo@ZIF-8
nanostructures

0.595 g Zn(NO3)2·6H2O was dissolved in 20 mL methanol

(solution A). 0.656 g 2-methylimidazole (2-MIM) was dissolved

in 20 mL methanol (solution B). Then solution B was rapidly

added into solution A under vigorous for 15 min stirring at room

temperature. The mixed solution was stand for 3 h at room

temperature. After washing with methanol for three times, the

white powder was collected by centrifugation and dried at 40°C.

To prepare Mo@ZIF-8 nanostructures, 0.075 g of as-prepared

ZIF-8 was dispersed in 30 mL ethanol. Then 15 mL of Na2MoO4

solution (containing 0.0375 g Na2MoO4·2H2O) was mixed with

ZIF-8 solution, then the mixed suspension refluxed at 82°C for 2 h.

The precipitation was collected and wash by methanol for three

times. The product was dried at 40°C and further annealed in Argon

atmosphere at 600°C for 2 h with the rate of 5°C/min.

2.2 Enzyme-like activity and catalytic
kinetics studies

The peroxidase-like activity of Mo@ZIF-8 nanostructures

was tested by 3,3′,5,5′-tetramethylbenzidine (TMB) as substrate

in the presence of H2O2. First, the Mo@ZIF-8 catalysts were

dispersed in water with ultrasonication. Then, 1 mg/mL (50 µl)

suspension was added to 450 µl NaAc–HAc buffer (0.1 M pH

3.0) containing 1 mM TMB and 2 mMH2O2. After incubation at

room temperature for 20 min, the UV-vis absorption of the

mixture was recorded. The influence of pH (2–9) and

temperature (20–80°C) on the catalytic performance of Mo@

ZIF-8 were also evaluated.

FIGURE 1
Characterizations of nanostructures from electron microscopy technique. (A) SEM image of ZIF-8. (B,C) TEM images of ZIF-8 at different
magnifications. (D) SEM image of Mo@ZIF-8. (E,F) TEM images of Mo@ZIF-8 at different magnifications. (G) EDX analysis of Mo@ZIF-8. The images
indicated that Mo had been doped to the nanostructures.
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The steady-stated kinetic experiments were carried out in

500 µL NaAc–HAc buffer (0.1 M pH 3.0) containing 100 μg/mL

Mo@ZIF-8, 1 mM TMB and H2O2 ranging from 0 to 2.0 mM, or

containing 100 μg/mL Mo@ZIF-8, 2 mM H2O2 and TMB

ranging from 0 to 2.0 mM. The absorbance changes at 652 nm

were constantly monitored in time-scan mode. The kinetic

parameters were determined by the following equation:

1
v
� (

Km

Vmax
)(

1

[S]) + 1
Vmax

(1)

where v was the initial velocity, Vmax was the maximal reaction

velocity, Km was the Michaelis–Menten constant and [S] was the

substrate (TMB or H2O2) concentration, respectively.

2.3 Antibacterial experiments

Gram-positive S. aureus and Gram-negative E. coli were used

for the antibacterial experiments. Typically, the experiments for

each bacterium were divided into four groups: 1) bacteria, 2)

bacteria +H2O2, 3) bacteria +Mo@ZIF-8, 4) bacteria +Mo@ZIF-

8 + H2O2. The concentration of H2O2 used in the process was

10−5 M and the concentration of Mo@ZIF-8 was 2, 5 and 10 μg/

mL. The bacteria were incubated with above solution for 4 h, then

30 μl of the suspension (1.0 × 107 CFU/mL S. aureus or E. coli)

were spread on Luria-Bertani (LB) solid medium. These plates

were kept at 37°C for 18 h, and bacterial colonies were counted.

Scanning electron microscopy (SEM) was used to observe the

morphological change of the bacteria after antibacterial

experiments. Groups: 1) control (bacteria without any

treatment), 2) 10−5 M H2O2, 3) 5 μg/mL Mo@ZIF-8, 4) 5 μg/

mL Mo@ZIF-8 + 10−5 M H2O2. After incubated for 4 h, the

bacterial suspensions were collected and dropped onto silicon

slides. Subsequently, bacterial cells were prefixed with 2.5%

glutaraldehyde for 4 h, and dehydrated by a graded series of

ethanol (30%, 50%, 70%, 80%, 90%, and 100%, respectively). The

bacteria were finally dried for observation by scanning electron

microscope.

3 Results and discussion

3.1 Structure characterizations

The SEM and TEM characterizations showed a hexahedron

shape for ZIF-8 with the size of about 150 nm. (Figures 1A–C).

FIGURE 2
Characterizations of Mo@ZIF-8. (A) The FT-IR spectra of ZIF-8 and Mo@ZIF-8. The stretching peaks in the ZIF-8 and Mo@ZIF-8 were labeled.
(B–D) XPS spectra of Mo@ZIF-8. (B) Survey spectrum. High-resolution XPS spectra of (C) Mo 3d, (D) Zn 2p.
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Meanwhile, TEM images showed the smooth surface of the ZIF-8

crystals (Figures 1B,C). After refluxing with Na2MoO4, the product

became rounded and the corner disappeared. The size of the product

was smaller than ZIF-8, which was about 100 nm. (Supplementary

Figure S1A,B). The product was annealed at 600°C in Argon

atmosphere and Mo@ZIF-8 formed. The Mo@ZIF-8 exhibited

rough surfaces and hollow structures, shown in Figures 1D–F.

TEM revealed their hollow and spongy structure, and the

average diameter of the Mo@ZIF-8 was about 100 nm. (Figure 1F).

The incorporation of Mo element into ZIF-8 was confirmed

by Energy Dispersive X-Ray Spectroscopy (EDX). The element

distribution of Mo@ZIF-8 was shown in Figure 1G,

demonstrating a homogeneous distribution of Zn, O, Mo, C,

N elements in the nanocomposites.

FT-IR spectra of ZIF-8 and Mo@ZIF-8 were performed to

demonstrate the successful incorporation of Mo, as shown in

Figure 2A. The FT-IR spectra of ZIF-8 and Mo@ZIF-8 exhibited

the characteristic peaks of 953–1,511 cm−1 and 1,582 cm−1, which

corresponded to the signals of the imidazole ring stretching and

C=N bond of ZIF-8. (Wang et al., 2016; Zhang and Park, 2019). This

revealed that the introduction of Mo did not destroy the imidazole

ring. For the Mo@ZIF-8, new peaks appeared at 857 cm−1 and

916 cm−1, which might be attributed to the stretching vibration of

Mo-O and Mo=O bond, respectively. (Lin et al., 2020).

Furthermore, X-ray photoelectron spectroscopy (XPS) was

explored the chemical composition and element valence state of

Mo@ZIF-8 nanocomposites. Wide-scan XPS spectrum (Figure 2B)

indicated the presence of C, O, N, Zn, and Mo in the Mo@ZIF-

8 nanocomposites, confirming that Mo was successfully loaded on

ZIF-8. Figure 2C was the high-resolution XPS spectrum of Mo 3d.

Three bands at 235.9 , 232.6, and 229.2 eV could be assigned to Mo

3d doublets. The fitted Mo 3d peaks positioned at 229.2 and

232.5 eV were corresponding to Mo (IV). While, the doublet

peaks at 232.8 and 235.9 eV were indexed to Mo (VI). (Zheng

et al., 2017; Lian et al., 2022). As displayed in Figure 2D, the binding

energy for Zn 2p3/2 and 2p1/2 were 1,021.8 and 1,044.8 eV,

respectively. (Hua et al., 2019).

3.2 The peroxidase mimetic activity of
Mo@ZIF-8

TMB, a classical chromogenic substrate, was used to test the

peroxide-like activity of Mo@ZIF-8 nanocomposites in the

presence of H2O2. (Wang et al., 2019). As shown in

Figure 3A, Mo@ZIF-8 exhibited highest absorbance at

652 nm, illustrating the high peroxidase-like activity. However,

ZIF-8 showed negligible enzymatic activity under the same

FIGURE 3
The peroxidase-like activity of the Mo@ZIF-8. (A) Absorbance spectra of TMB in different systems. (B) pH (red) and temperature (blue)
dependence of Mo@ZIF-8 peroxidase activity. (C) H2O2 concentration dependence of the peroxidase-like activity of Mo@ZIF-8. (D) Concentration
dependence of peroxidase activity of Mo@ZIF-8. In (B–D), data are presented as mean ± SD (n = 3).
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condition, (Supplementary Figure S2), which indicated that the

introduction of Mo element played a key role during the catalytic

process. In contrast, H2O2 alone did not show significant

absorption at 652 nm. The catalytic performance of enzyme

was highly dependent on pH, temperature, concentration of

H2O2 and nanozyme. Experiments were carried out at

different pH (2–9) and temperature (20–80°C), and the

optimum condition for the peroxide-like activity of Mo@ZIF-

8 was found to be pH 3 and 60°C. (Figure 3B). Notably, Mo@ZIF-

8 exhibited high catalytic activity in a broad temperature range,

illustrating its low sensitivity towards temperature. Furthermore,

the catalytic activity of Mo@ZIF-8 was directly enhanced by the

increasing concentration of H2O2 (Figure 3C). And there was

almost a linear relationship between the concentration of Mo@

ZIF-8 and its relative catalytic activity (Figure 3D).

The kinetic analysis ofMo@ZIF-8was further investigated using

steady-state kinetic experiments. The data were collected by using a

series of TMB concentrations with constant H2O2 concentration

and vice versa. The Michaelis–Menten constant (Km) and the

maximum initial velocity (Vmax) could be calculated from

Lineweaver–Burk double reciprocal plots, which showed a good

linear-ship between v−1 and [S]−1. (Figure 4). The Km values of Mo@

ZIF-8were 0.62 and 0.86 mMwithH2O2 andTMB as the substrates,

respectively, and the corresponding Vmax values were 26.64 nM s−1

and 50.15 nM s−1.

The mechanism of Mo@ZIF-8 peroxidase-like activity was

investigated. Assuming that Mo@ZIF-8 could convert H2O2 into

hydroxyl radicals (•OH) through the POD-like activity,

terephthalic acid (TA) was used to confirm the production of

•OH during the catalytic progress. TA was a nonfluorescent

molecule, but it could easily react with •OH to generate highly

fluorescent 2-hydroxy terephthalic acid. (Wang et al., 2018). As

shown in Supplementary Figure S3, the enhancement in

fluorescence intensity was significant when compared with the

control group, confirming the production of hydroxyl radicals by

Mo@ZIF-8 in the presence of H2O2. All the results indicated that

Mo@ZIF-8 showed POD enzyme mimicking activity and was

suitable and efficient for killing bacteria.

3.3 Antibacterial experiments

The antibacterial effect of the Mo@ZIF-8 nanocomposites was

evaluated with the assistance of H2O2. The bacterial viability was

measured by counting the colonies forming units. During the

antibacterial experiments, the concentration of H2O2 was 10
−5 M,

which hardly affect the survival of both E. coli and S. aureus. Figure 5

showed the images of bacteria colonies on LB agar with various

treatments. As shown, Mo@ZIF-8 alone showed a dose-dependent

inhibition effect. However, Mo@ZIF-8 combined with low

FIGURE 4
Steady-state kinetic analysis for Mo@ZIF-8-catalyzed TMB oxidation. (A,B) Michaelis−Menten model analysis. (C,D) Lineweaver−Burk models
analysis. Data are presented as mean ± SD (n = 3).
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concentration H2O2 (10
−5 M) exhibited excellent antibacterial effect,

and the inhibition efficiency towards E. coli and S. aureus reached to

99.2% and 99.4%, respectively, when the concentration of Mo@ZIF-

8 was 10 μg/mL. These results illustrated that Mo@ZIF-8 could be

used as an efficient antibacterial agent.

The morphological changes of E. coli and S. aureus were

investigated after various treatment by SEM. In Figure 5C, as for

E. coli, no obvious morphological change was observed in the

control, H2O2 and Mo@ZIF-8 groups, and E. coli cells showed

rod-shape, with intact and smooth cell walls. As for the groups

with treatment of both Mo@ZIF-8 and H2O2, E. coli cells lost

their cellular integrity, with noticeable holes on its cell wall. For S.

aureus, the results were similar. S. aureus in the control, H2O2

and Mo@ZIF-8 groups exhibited a sphere shape, a well-defined

and even cell wall. Nevertheless, the morphology of S. aureus cells

incubated with Mo@ZIF-8 and H2O2 were changed. In this

group, S. aureus cells were damaged, even with intracellular

components leaked. These results demonstrated excellent

antibacterial capability of Mo@ZIF-8 with the assistant of H2O2.

4 Conclusion

In summary, we fabricated a new nanozyme, Mo@ZIF-

8 nanocomposites through refluxing Na2MoO4 solution with

ZIF-8 and pyrolyzing at 600°C. This nanocomposite exhibited

peroxide-like activity and achieved a wide range of antibacterial

capability against both Gram-negative (E. coli) and Gram-

FIGURE 5
Antibacterial capability of Mo@ZIF-8. Bacterial proliferation and the corresponding images of bacterial colonies on LB agar at different
concentration with and without H2O2. (A) Antibacterial capability of Mo@ZIF-8 to E. coli (Gram-negative). (B) Antibacterial capability of Mo@ZIF-8 to
S. aureus (Gram-positive). In (A) and (B), data are presented as mean ± SD (n = 3). (C) Representative morphologies of bacteria in different groups
imaged by SEM.
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positive (S. aureus) bacteria through producing •OH. Due to the

high biocompatibility of the selected components, Mo and ZIF-8,

the Mo@ZIF-8 nanozyme has the potential to be an effective

antibacterial agent applied in biomedical field.
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Peroxidase-like MoS2/Ag
nanosheets with synergistically
enhanced NIR-responsive
antibacterial activities
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Pathogenic microbial infections have been threatening public health all over the
world, which makes it highly desirable to develop an antibiotics-free material for
bacterial infection. In this paper, molybdenum disulfide (MoS2) nanosheets loaded
with silver nanoparticles (Ag NPs) were constructed to inactive bacteria rapidly and
efficiently in a short period under a near infrared (NIR) laser (660 nm) in the
presence of H2O2. The designed material presented favorable features of
peroxidase-like ability and photodynamic property, which endowed it with
fascinating antimicrobial capacity. Compared with free MoS2 nanosheets, the
MoS2/Ag nanosheets (denoted as MoS2/Ag NSs) exhibited better antibacterial
performance against Staphylococcus aureus by the generated reactive oxygen
species (ROS) from both peroxidase-like catalysis and photodynamic, and the
antibacterial efficiency of MoS2/Ag NSs could be further improved by increasing
the amount of Ag. Results from cell culture tests proved that MoS2/
Ag3 nanosheets had a negligible impact on cell growth. This work provided
new insight into a promising method for eliminating bacteria without using
antibiotics, and could serve as a candidate strategy for efficient disinfection to
treat other bacterial infections.

KEYWORDS

two-dimensional, silver nanoparticles, photo-responsive, peroxidase-like activity,
synergistic antibacterial

1 Introduction

Bacterial infection, a major case resulting in pathological disorder, remains challenging
to treat in terms of its highly horrible morbidity and mortality (Fisher et al., 2017; Qi et al.,
2017). With the discovery and application of penicillin, human health and care present
prosperous prospects in the field of fighting against microbes. However, bacteria continue to
evolve and the abuse of anti-biotic leads to rapid and widespread drug resistance (Roope
et al., 2019; Li et al., 2023a), which results in the increasingly difficult treatment of bacterial
infections. Antibiotics administration against the bacterial infections can no longer catch up
with the pace of bacterial evolution (Chen et al., 2023). According to statistics,
600 to −700 species of microbes have been identified on the planet, and with the
bacteria still evolving and mutating, bacterial infections remain one of the greatest
challenges to human health (Bakkeren et al., 2020; Li et al., 2021). It is imperative to
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develop a novel and favorable antimicrobial strategy with desired
properties such as antibiotic-free, and biocompatible.

Due to the minimal likelihood of developing drug resistance and
indeed the reliance on photo-responsive materials to carry out the
operation (Zhu et al., 2020; He et al., 2022b), the photodynamic
antibacterial method has drawn tremendous attention in
microbiological applications (Yang et al., 2018; Chauhan et al.,
2019; Chen et al., 2019; Han et al., 2020; Zhao et al., 2022b).
Numerous cutting-edge substances, including nano-metal oxides
(Ning et al., 2017; Jin et al., 2019; He et al., 2022a), two-dimensional
(2D) materials (Liu et al., 2016; Zhao et al., 2023), and other
photosensitive substances (Liu et al., 2019), can produce electron-
hole pairs when exposed to certain wavelengths of light. The ejected
electrons can then be captured by the oxygen in the environment to
create reactive oxygen species (ROS), which can cause the death of
pathogenic or diseased cells (Chen et al., 2022a; Zhou et al., 2022b;
Hu et al., 2023). In particular, versus traditional chemotherapy,
photodynamic therapy (PDT) manages to avoid the progression of
drug resistance by primarily acting its biocidal activity through the
oxidative damage of biological macromolecules such as lecithin,
enzymes, nutrients, and DNA in cell membranes (Zhang et al.,
2022b; Xiu et al., 2022).

MoS2 has been utilized in the departments of catalysis (Wu et al.,
2022), drug delivery (Zhang et al., 2019a), and biomedicine (Yadav
et al., 2019; Hu et al., 2022b) for the sake of its superior
biocompatibility, high specific surface area, ultrathin atomic layer
structure in two dimensions (2D) (Huang et al., 2022). Additionally,
the photo-responsive properties of MoS2 from UV to near-infrared
light, and the human-friendly elements of sulfur and molybdenum
make it available for photodynamic therapy (Zhou et al., 2022a;
Sethulekshmi et al., 2022). However, the small band gap of MoS2

makes it easier for electron-hole pairs to combine, which can reduce
its photodynamic activity (Zhu et al., 2020). Hence, it is required to
identify other appropriate materials to combine with MoS2. By
accelerating the movement of electrons, the combination of
precious metals with semiconductor materials can considerably
enhance the photodynamic characteristics of semiconductor
materials (Xia et al., 2015; Raza et al., 2017). The superior
conductivity and inherent antibacterial properties of Ag make it
a suitable precious metal material (Li et al., 2022b). More
importantly, the Ag also have the effect of surface plasmon
resonance, which allows electrons to escape from the outermost
surface and be captured by the surrounding oxygen to produce ROS
(Zhu et al., 2020). The local 1O2 produced by MoS2 with 660 nm
laser irradiation can create a highly oxidized environment for the
activation of metal nanoparticles, resulting in highly toxic metal ions
that can induce oxidative stress to kill bacteria (Wei et al., 2021; Hu
et al., 2022a; Li et al., 2022a; Xue et al., 2023). Another advantage of
MoS2 is that it can produce ROS when reacts with hydrogen
peroxide (H2O2) (Li et al., 2023b), hastening the death of
bacteria (Zhao et al., 2015). Therefore, combining the
characteristics of photodynamic and peroxidase, nanocomposites
based onMoS2 nanosheets could provide a promising alternative for
resistant bacterial infections.

Herein, MoS2/Ag nanosheets (denoted as MoS2/Ag NSs) with
rapidly adjustable antibacterial properties was constructed by a
simple chemical exfoliation and xenon lamp reduction method
(Scheme 1). Ag NPs and MoS2 together increased the energy
evolution routes and electron transport at the interface,
considerably raising the photodynamic activity of MoS2 and, as a
result, the amount of ROS produced when irradiated by 660 nm
near-infrared light. Meanwhile, a low concentration of H2O2 could

SCHEME 1
The schematic diagram for the preparation and synergistic antibacterial of MoS2/Ag nanosheets.
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be catalyzed into detrimental ROS by the intrinsic peroxidase-like
property of MoS2/Ag NSs, which was vital in attacking the bacterial
membranes. As a result, this work displayed remarkable promise in
the practical treatment of inflammatory diseases while also offering a
promising strategy for swift and efficient sterilization.

2 Experimental details

2.1 Chemicals

Molybdenum disulfide (MoS2) layered bulk crystals,
n-Butyllithium (2.5 M in cyclohexane) were purchased from
Sigma Aldrich (United States). Polyvinylpyrrolidone (PVP) with
the average MW 58000 was purchased from Aladdin Reagent
Company (China). AgNO3 was obtained from Macklin. Ag
nanoparticles were successfully grown on MoS2 nanosheets by
300 W xenon lamp (PLS-SXE100) irradiation. 3-(4,5-
Dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT)
was provided from Sigma Biochemical Technology Co., Ltd.
(Shanghai, China). LIVE/DEAD™ Baclight™ Bacterial Viability
Kit (L7012) was purchased from Invitrogen (China). Cell
counting Kit-8 (CCK-8) was purchased from Beyotime (China).
Staphylococcus aureus and L929 cells were supplied by the Henan
Eye Institute.

2.2 Characterization

Scanning electron Microscope (SEM) images were captured
Field Launch Scanning Electron Microscope (Zeiss Sigma 500,
Germany). Transmission electron microscope (TEM) images
taken on by field emission transmission electron microscope
(JEM-2100F, Japan). The diameter of particles and zeta potential
of MoS2/Ag NSs were detected by Malvern ZEM 3700 equipment.
The antibacterial property of samples with MTT was investigated by
2,104 Multilabel Microplate Reader (PerkinElmer). UV-Vis-NIR
spectra were detected with a spectrophotometer from Agilent
Technologies (Cary 5,000). Fluorescence pictures of microbial
were observed with a Nikon 80i fluorescence microscope.

2.3 Synthesis of MoS2 nanosheets

The similar approach outlined in the prior research was used to
prepare the MoS2 nanosheets (Chen et al., 2022b). The specific steps
were as follows: the grinded MoS2 crystals (100 mg) were immersed
in a solution of n-butyllithium (2.5 M in cyclohexane, 5 mL) and
kept in glove boxes for 48 h to obtain lithium intercalation
compounds. The precipitate at the bottom was washed three
times with hexane after taking of the upper layer of
n-butyllithium, followed by adding 50 mL of water and sonicated
for 30 min to produce a homogeneous suspension. The large-size
nanosheets were removed by centrifuging at 5,000 rpm for 10 min.
The supernatant was further centrifugation products at
5,000–12000 rpm were collected and washed three times with DI
water to obtain MoS2 nanosheets.

2.4 Preparation of MoS2/Ag NSs

40 mg PVP was added to 20 mL of synthesized MoS2 suspension
in triplicate, and the AgNO3 (1 mg/mL) solution with various
volumes (0.5, 1, and 2 mL) was added to the mixture. After
stirring evenly, the mixture was lit under a xenon lamp at 300 W
for 30 min. The crude products with different silver content were
denoted as MoS2/Ag1, MoS2/Ag2, and MoS2/Ag3 and were washed
two times with DI water to get the MoS2/Ag nanosheets with
different silver contents.

2.5 Cytotoxicity tests

Using the Cell Counting Kit-8, the cytotoxicity of MoS2/
Ag3 NSs was determined (CCK-8, Beyotime). Each well plate was
injected with 7 to 8 103 L929 cells for 24 h in a thermostatic
incubator set to 37°C with 5% CO2, and then the wells were filled
with 100 μL of the MoS2/Ag3 NSs solution for another 24 h.
Subsequently, a fresh medium (100 μL) containing 10% CCK-8
agentia was added. This medium was then cultured for 4 h in a
thermostatic incubator. Enzyme labeling (PerkinElmer Envision,
England) was used to detect the optical density and cell viability
at 450 nm.

2.6 Antibacterial test

Staphylococcus aureus (S. aureus) was used as the bacterial
model. Frozen strains were first resuspended and transferred to
columbia blood agar plates to be incubated overnight in a 37°C
incubator, and then took a single colony by inoculation loops and
transferred it to 4 mL LBmedium and incubated for 12 h at 220 rpm
on a shaker. Bacterial suspension was diluted to 107 CFU/mL for
inhibition experiments. Microdilution, plate counting, fluorescence
staining, and scanning electron microscopy were used to examine
the antibacterial activity and mechanism of MoS2/Ag nanosheets
against S. aureus.

2.6.1 Plate colony counting assay
The plate colony counting assay was employed to investigate the

antibacterial performance. Firstly, S. aureus was mixed with
different concentrations (10, 20, 30, 40, 50 μg/mL) of sample
groups MoS2, MoS2/Ag1, MoS2/Ag2, MoS2/Ag3 in 96-well plates,
respectively. All groups were irradiated with a 660 nm laser for
10 min and treated with hydrogen peroxide (H2O2) at a final
concentration of 100 μM. Furthermore, S. aureus treated with
H2O2 under laser irradiation was taken as the control. To further
determine the effect of H2O2 or laser on the antimicrobial properties
of the materials, four groups of each kind of material: I) bacteria
control, II) bacteria + H2O2, III) bacteria + material, IV) bacteria +
material + H2O2 were treated without or with NIR laser (660 nm)
irradiation for 10 min. All experiments were carried out according to
the following procedure, after culturing at 37°C for 3 h, 100 µL of
diluted bacterial suspension was taken out and evenly spread on the
blood agar plates and placed at 37°C for 12 h. The antibacterial
ability of the material was determined by the colonies that grew on
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the blood agar plates. Each experiment was conducted at least three
times.

2.6.2 The cell viability of S. aureus assay
The premise of the test is that tetrazole is converted to blue

crystalline methionine by the enzyme succinate dehydrogenase
of live cells (Cheng et al., 2022). The percentage of living cells is
proportional to the amount of blue-purple crystalline
methionine produced. By using a microplate equipment to
evaluate the optical density (OD600) of various holes, the
bacterial survival rate was examined by comparing the optical
density data.

Briefly, MTT solution (10 μL, 5 mg/mL) was mixed with S.
aureus treated with the material and hatched in a constant
temperature incubator at 37°C for 4 h. The survival rate of S.
aureus was obtained by detecting the value of optical-density at
600 nm for 0 and 4 h with a micropore meter.

2.6.3 Live/dead S. aureus staining experiment
SYTO™-9 is a green fluorescent nucleic acid dye that can

penetrate cell membranes. PI is a nuclear stain that can penetrate
the damaged cells, making the nucleus red. PBS or MoS2/
Ag3 nanosheets (30 μg/mL) were mixed with a suspension of S.
aureus treated by laser or H2O2 (100 μM), respectively. After being
exposed to a 660 nm laser for 10 min, the cells were placed in an
incubator at a constant temperature for 3 h, and the combination

was then incubated at ambient temperature for 15 min without
illumination. The stained S. aureus suspension (10 μL) was put on a
slide, covered with the coverslip, and the excess dye was removed.
Finally, bacterial staining images were observed by using a
fluorescence microscope.

2.6.4 Micromorphology of bacteria
S. aureus under different conditions were collected by

centrifugation (4,000 rpm, 5 min). The S. aureus was fixed with
2.5% glutaraldehyde for 12 h and washed twice with PBS at room
temperature. Next, the bacteria were treated with 10%, 25%, 50%,
75%, and 100% ethanol successively and gradually dehydrated for
15 min. For SEM observation, the final bacterial solution was
dropped onto a silica substrate and sprayed with gold.

3 Results and discussion

3.1 Preparation and characterization of
MoS2/Ag NSs

The synthesis process of MoS2/Ag nanosheets was schematically
stated in Scheme 1. The MoS2 nanosheets were fabricated and
obtained according the previous procedure (Chen et al., 2022b).
To load the silver nanoparticles (Ag NPs) onto the surface of MoS2
nanosheets, AgNO3 was first mixed with MoS2 nanosheets solution

FIGURE 1
(A, B) SEM, (C) TEM, and (D) HR-TEM images of MoS2/Ag3 nanosheets. Inset in (D) is the SAED pattern of MoS2/Ag3 nanosheets.
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and then reduced under the irradiation of a Xenon lamp, the highly
dispersed Ag NPs could be obtained. The scanning electron
microscope (SEM) images clearly showed that the MoS2/Ag3 NSs
exhibited the uniform nanosheet morphology with a size around
200–400 nm (Figures 1A, B). The TEM images disclosed that the Ag
NPs were successfully dispersed on the surface of MoS2 nanosheets
(Figure 1C), and its high-resolution transmission electron
microscopy (HRTEM) image (Figure 1D) further presented that
the lattice fringes of 0.27 and 0.15 nm belonged to planes of MoS2
(100) and Ag (220), respectively, indicating Ag NPs were
successfully loaded onto the surface of nanosheets. Promisingly,
the selected area electron diffraction (SAED) pattern of MoS2/
Ag3 NSs was characterized by the presence of bright diffraction
spots with regular hexagon (inset of Figure 1D), signifying its single-
crystalline nature.

Both the MoS2 andMoS2/Ag3 NSs were further characterized by
X-ray photoelectron spectroscopy (XPS). The XPS survey spectra
revealed the presence of six elements (C, N, O, S, Mo, and Ag) in
MoS2/Ag3 NSs (Figure 2A), while the MoS2 nanosheets were found
to lack the Ag element (Supplementary Figure S1A). Compared with
the XPS Ag 3d spectrum ofMoS2 nanosheets (Supplementary Figure
S1B), that of MoS2/Ag3 NSs exhibited two distinct peaks at
372.98 eV and 366.98 eV corresponding to Ag 3d3/2 and Ag 3d5/2
of Ag (0) (Figure 2B) (Qiao et al., 2017; Li et al., 2022a), which
indicated the fabrication of MoS2/Ag NSs. As shown in Figure 2C,
the high-resolution XPS Mo 3d spectrum of the MoS2/Ag3 NSs
given two main peaks at 230.68 eV and 227.48 eV, which belonged
to Mo 3d3/2 and Mo 3d5/2 of Mo (IV), respectively (Chen et al.,
2022a). The characteristic peaks at 161.38 eV and 160.48 eV
(Figure 2D) originated from S 2p1/2 and S 2p3/2 of S (II) (Zhou

et al., 2020), respectively. The UV-Vis absorption spectroscopy data
(Supplementary Figure S2) were used to confirm that Ag NPs had
been synthesized without structural alteration of MoS2. Moreover, it
was found that the augmentation of silver content had negligible
effect on particle size and Zeta potential of MoS2/Ag3 NSs
(Supplementary Figure S3).

3.2 Antibacterial activity in vitro

As shown in Figure 3A, we evaluated the cytotoxicity of MoS2/
Ag NSs with the highest silver content (MoS2/Ag3) by CCK-8
experiment in L929 cells. The viability of L929 cells was still
higher than 85% after the treatment with MoS2/Ag3 at the
concentration of 50 μg/mL, showing that excellent
biocompatibility and the great potential for in vivo and in vitro
antibacterial applications.

Considering its great photodynamic performance and
promising peroxidase-like ability (Supplementary Figure S4), the
germproof capacity against S. aureus was further appraised by plate
countingmethod. After co-incubation with the designedmaterials, it
was found that the group of H2O2 or laser irradiation had a
negligible antimicrobial effect against S. aureus (Figure 3B).
Therefore, the optimal inhibitory concentration of all samples
was determined under laser irradiation at the presence of H2O2.
As presented in Figure 3B, the visual colony dramatically decreased
with increasing concentrations of antibacterial agents, which
showed the fascinating concentration-dependent bactericidal
capacity. It was noting that the antibacterial effect was further
enhanced with increasing density of Ag NPs (30 μg/mL),

FIGURE 2
(A) X-ray photoelectron spectra of MoS2/Ag3 NSs. (B) Ag 3d, (C) Mo 3d, and (D) S 2p spectra of MoS2/Ag3 NSs.
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implying that maybe more ROS were activated to grievously destroy
the morphology of bacteria. The antibacterial properties of MoS2
NSs were also determined in terms of MTT assay. The results
demonstrated that only a survival rate of 0.12% was performed
in the group of MoS2/Ag3 with the concentration of 30 μg/mL, but
obvious colonies were observed in other groups (Figures 3B, C).
Interestingly, an impressive bactericidal effect against S. aureus was
observed when the concentration of MoS2/Ag nanosheets was
raised.

In order to intuitively observe the inhibitory effect against S.
aureus under irradiation of laser (660 nm) or in the presence of
H2O2, we kept up with the plate-counting antibacterial
experiment with MoS2/Ag nanosheets at the concentration of
30 μg/mL. It has been reported that H2O2 (100 μM) together with
near-infrared irradiation exhibited hardly inhibitory effect (Wei
et al., 2021). Although the growth of microorganisms was not
completely suppressed, H2O2 or laser irradiation had a more
conspicuous antibacterial effect than only material in other
groups (Figure 3D), suggesting that the ROS was insufficient
to kill S. aureus at the current concentration. Following the
combination of laser irradiation and H2O2 therapy, S. aureus
survival rate continued to decline, indicating synergistically
antibacterial capacity with regard to photodynamic therapy
and peroxidase-like strategy (Li et al., 2020; Zhang et al.,
2022a). Compared to the other groups, MoS2/Ag3 exhibited
the most robust antimicrobial ability and almost all bacteria
were inactivated, demonstrating the antibacterial effectiveness
might be improved with the addition of Ag. Thus, it could be

speculated that the practical bactericidal process under
irradiation was dominated by the synergistic impact of MoS2
and Ag NPs to boost ROS formation.

MoS2/Ag3 NSs (30 μg/mL) was utilized to carry out the live-
dead bacteria staining experiment for the sake of investigating the
antibacterial mechanism. All S. aureus could be stained by green
fluorescence (SYTO™-9) and only damaged S. aureus presented red
fluorescence (PI). Fluorescence images showed (Supplementary
Figure S5) that membranes of S. aureus would not be destroyed
in terms of free H2O2, NIR irradiation (10 min), or combination of
H2O2 and NIR irradiation (10 min). Since the red fluorescence in the
H2O2 condition only was practically identical to that of a single laser
irradiation in Figure 4A, so it is almost harmless to conduct
independent action. But the peroxidase-like activity of MoS2/
Ag3 NSs could kill off large numbers of bacteria in the presence
of H2O2, implying that the synergistic effect made S. aureus unable
to survive.

To further appraise the antimicrobic capacity of MoS2/
Ag3 NSs, surface morphologies of antibacterial with different
treatment were detected by SEM. It was observed that the
bacteria of the PBS group maintained a smooth and unbroken
membrane, meanwhile the S. aureus treated by H2O2 or NIR
revealed no evident difference with the PBS group, suggesting
the intact structure of S. aureus (Figure 4B). However, obvious
wrinkles and destruction of S. aureus were observed in the MoS2/
Ag3, MoS2/Ag3 + H2O2, and MoS2/Ag3 + NIR groups
(Figure 4B). Promisingly, the bacterial membranes shrunk
more seriously and even destroyed (signaled by yellow

FIGURE 3
(A) Cell viability of L929 cells after treated with MoS2/Ag3. (B) S. aureus bacterial colony development after treating with various doses of MoS2,
MoS2/Ag1, MoS2/Ag2, and MoS2/Ag3, respectively. (C) Bacterial survival rate of S. aureus after treatment with several groups. All groups were treated with
H2O2 (100 µM) under the 660 nm irradiation for 10 min (1 W/cm2). (D) S. aureus bacterial colony development after treatment with different groups (PBS,
MoS2, MoS2/Ag1, MoS2/Ag2, MoS2/Ag3) in the conditions of H2O2, NIR, NIR + H2O2, respectively.
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arrows) in the MoS2/Ag3 + H2O2 + NIR group (Figure 4B),
which attributed to the ample ROS synergistically generated by
the catalysis of MoS2/Ag3 under the NIR laser irradiation in the
presence of H2O2.

Inspired by the results of the in vitro antibacterial assays described
above, we hypothesized a multi-level synergistic antibacterial
mechanism (Figure 5). The sterilization mechanism of Ag NPs was
mainly to puncture the cell membrane of their tiny size (Akter et al.,

FIGURE 4
(A) Fluorescent images of S. aureus incubated with different conditions (MoS2/Ag3 (30 μg/mL), MoS2/Ag3 (30 μg/mL) + H2O2 (100 μM), MoS2/Ag3
(30 μg/mL) + H2O2 (100 μM) + NIR (irradiation by a 660 nm laser with 1 W/cm2 for 10 min), Scale bar: 5 μm. (B) SEM pictures of S. aureus after various
treatments, Scale bar: 200 nm.

FIGURE 5
The multi-level synergistic antibacterial mechanism of MoS2/Ag nanosheets.
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2018).When irradiated by a 660 nm laser, the valence band electrons of
MoS2 were stimulated to change into the conduction band and produce
electron-hole pairs (Zhu et al., 2020). Additionally, combining Ag NPs
and MoS2 could facilitate electron transport and prevent the
compounding of electron-hole pairs, generating a significant amount
of photoelectrons and holes (Ma et al., 2016). Virtually, the positively
charged holes had a robust oxidability and could yield 1O2 when reacted
with oxygen (Karkhanechi et al., 2014; Zhang et al., 2020; Zhao et al.,
2022a; Luo et al., 2022). Importantly, H2O2 could be catalyzed to
produce ROS for the sake of the peroxidase-like ability of MoS2 (Wang
et al., 2016). As a result, when bacteria were exposed to near-infrared
laser, the synergistic action assaulted the bacterial membrane, causing
the bacterial metabolic barrier and ultimately causing bacterial
mortality.

4 Conclusion

In conclusion, a facile artificial nanosheet of MoS2/Ag was designed
by a simple method for synergistic photodynamic and peroxidase-like
catalytic antibacterial treatment. The developed MoS2/Ag nanosheets
may effectively inactivate bacteria by producing poisonous ROS
supported to assault the membranes. Importantly, MoS2/
Ag3 nanosheets exhibited an antimicrobial efficiency of 99.88%
against S. aureus within 10 min under 660 nm illumination in the
presence of H2O2. Owing to the modification of PVP, the
biocompatibility of MoS2/Ag3 NSs was significantly improved. This
particular type of photo-responsive material demonstrated prominent
effectivity in antimicrobial treatment with minimal cytotoxicity, which
could serve as a promising candidate of antibiotic-free treatment of
bacterial infections.
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