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The use of nanomaterials to replace antibiotics has developed rapidly in the past decade, among which zinc
oxide nanoparticles (ZnO NPs) have been proven to exhibit antibacterial properties and low toxicity in the
treatment of microbial infections, and have been applied in antibacterial agent preparation. However, one of
the problems of ZnO NPs is that these particles do not disperse well in some media, which reduces their
antibacterial effects. lonic liquids (ILs) are a class of low melting point salts containing organic cations and
organic/inorganic anions; they have good biocompatibility and can not only enhance the dispersion of ZnO
NPs but also have antibacterial properties. Microneedles (MNs) are an emerging transdermal drug delivery
platform, which can effectively establish a transport channel in the epidermis and deliver the drug to a
predetermined depth without causing pain, skin damage or overstimulation. Dissolving microneedles (DMNs)
have developed rapidly because of several advantages. In this study, it is verified that ZnO NPs dispersed in
the imidazolidinyl IL exhibit excellent and enhanced antibacterial effects compared with single ZnO NPs and
a single IL. Therefore, ZnO NPs/IL dispersion showed good antibacterial activity. Then, ZnO NPs/IL
dispersions with synergistic antibacterial properties were used as antibacterial agents to prepare DMNs.
In vitro antibacterial results showed that DMNs also had good antibacterial properties. Furthermore, DMNs
were applied to treat wound infection. Antibacterial DMNs were inserted into the infected wound and then
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1. Introduction

For a long time, a series of infectious diseases caused by bacteria
have been a serious threat to global public health."* Antibiotics are
the most commonly used drugs for treating bacterial infections.’
However, with the abuse of antibiotics, antibiotic drugs cause a lot
of waste, and the related drug resistance, adverse reactions and
other hazards are becoming more and more serious.”” Therefore,
there is an urgent need for effective, durable and safe “ideal
antimicrobials” (which do not involve antibiotics) to deal with
increasingly complex and stubborn bacterial infectious diseases
and overcome the disadvantages of traditional antibiotic
therapy.® With the infiltration and continuous employment of
nanotechnology in the development of antibacterial agents,’
nanomaterials are gradually used to replace antibiotics. The
development of and research on novel antimicrobial agents
based on nanomaterials have developed rapidly in the last
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dissolved and released, resulting in microbial death and acceleration of wound healing.

decade. In addition, ILs with antibacterial properties have also
gradually attracted the attention of researchers in recent years.

ZnO NPs are widely used in the medicine and biomedical
industry. The literature shows that nanometer ZnO exhibits
bactericidal and bacteriostatic activity.””® Moreover, compared
with conventional compounds, metal oxide nanoparticles are
more stable under extreme conditions and also exhibit antibac-
terial activity at low concentrations.” Meanwhile, ZnO NPs have
the advantages of good biocompatibility and low toxicity.'® At
present, the antibacterial mechanisms of ZnO NPs have been
proposed mainly as follows: direct contact between ZnO NPs and
cells results in the loss of bacterial cell integrity;'"'* ZnO NPs
enter cells through diffusion or endocytosis, and interfere with
the function of mitochondria after contact with the cytoplasm,
promoting the release of ROS'?* and Zn**,'*'> which are able to
penetrate cell membranes and reach DNA, causing nuclear
damage and cell death.'® However, one of the main disadvan-
tages of using ZnO NPs as an antibacterial agent is that they have
poor dispersion in general medium, reduced specific surface
area and weakened surface activity, which results in decreased
antibacterial performance of ZnO NPs. To achieve a better
antibacterial effect, the increase of the concentration of ZnO
NPs may pose a threat to normal and healthy cells.

This journal is © The Royal Society of Chemistry 2023
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Recently, a class of solvents called ILs have emerged as
suitable dispersion media for various nanoparticles.'” ILs gener-
ally refer to a variety of salts with the melting point below 100 °C
and consist of defined anions and cations. ILs are pollution-free,
recyclable, stable and non-volatile green solvents.'®' ILs have
asymmetric ions with a delocalized electrostatic charge, which
make them suitable as dispersion medium for metal nano-
particles, carbon nanotubes, cellulose, etc.?® Electrostatic interac-
tions occur when nanoparticles are dispersed in an IL. In these
cases, clusters of positive and negative ions normally found in ILs
surround the surface of the nanoparticles, rather than individual
molecules like water, thus improving the dispersion of
nanoparticles. In addition, ILs exhibits an excellent antibacterial
effect. Imidazole salt, piperidine salt, pyridine salt, pyrrole salt
and other ILs possess the ability to inhibit the growth of patho-
genic and non-pathogenic bacteria and fungi.?* Imidazole ILs
have a flexible, adjustable structure, and good water solubility.
More importantly, imidazole cations can damage the integrity of
bacterial membranes or damage intracellular DNA, which could
lead to high efficiency and broad-spectrum antibacterial activity.”*
Therefore, ZnO NPs are dispersed in an IL to act as an antibacter-
ial agent. On the one hand, both ZnO NPs and IL exhibit an
antibacterial effect; on the other hand, ILs can improve the
dispersion of ZnO NPs, and their combined use shows a syner-
gistic bacteriostatic effect. ZnO NPs/IL dispersion can be used as
an antibacterial agent, but its preparation as MNs has not been
studied. Since the dispersion is in the liquid state and incon-
venient when it is used as a skin antibacterial agent, it is a very
appropriate choice to prepare it in the form of MNs for drug
administration, and this design has not been reported in the
literature to date.

In general, there are many ways to administer drugs for skin
infections. Although topical or transdermal drug delivery sys-
tems are effective against superficial bacterial infections of the
skin, most antimicrobials have poor permeability and cannot pass
through the stratum corneum and epidermis resulting in insuffi-
cient effectiveness against subcutaneous microorganisms.>*
Subcutaneous injections can deliver drugs to the dermis or even
subcutaneous tissues, but they cause problems such as pain,
leading to poor compliance. The emerging MNs technology
provides a continuous and controllable approach. MNs are a
minimally invasive transdermal drug delivery system that can
form micropores on the skin surface, which can deliver drugs or
compounds to specific sites and predetermined depths®>*® while
reducing pain and tissue damage.”” The transdermal drug deliv-
ery system of MNs reduces many of the challenges associated with
injectable drug delivery systems. Antibacterial MNs can be used
directly as a delivery platform against pathogens. There are several
ways to load antimicrobial agents into MNs, including modifying
the polymer matrix with antimicrobial agents such as quaternary
ammonium salts; adding nano-antibacterial materials, such as
Ag, ZnO or CuO NPs to the MNs; wrapping antibiotics/bio-
molecules directly in MNs.”® MNs can be divided into solid,
hollow, coated, dissolving, degradable and swelling MNs.”
Different types of MNs have slightly different uses. Among
them, DMNs have attracted much attention because of their
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advantages such as simple production, low cost, biodegradability
and biocompatibility,** as well as drug release control.*’*> How-
ever, the stability, mechanical strength and drug loading capacity
of DMNSs are major problems. DMNs are usually prepared from
biodegradable and biocompatible polymers, including carbohy-
drates (hyaluronic acid, maltose, and chitosan)**** and so on.
These compounds can be modified and cross-linked to improve
the stability and mechanical strength of DMNs. And the problem
of low drug loading can be solved by developing antibacterial
agents with better antibacterial effects.

In this study, the dispersibility and synergistic bacteriostatic
performance of ZnO NPs in an IL were studied, and they were
prepared in the form of DMNs as an antibacterial agent for
treating wound infection in vitro. Methacrylate hyaluronic acid
(MeHA) was prepared as the matrix of DMNs, and the DMNs
were prepared through UV light crosslinking to improve their
stability and mechanical strength. The DMNs were characterized
and their antibacterial properties were investigated. The results
showed that DMNs with different concentrations of ZnO NPs
exhibited different antibacterial effects. Finally, the wound infec-
tion models were established and treated with DMNs, which
achieved a good antibacterial effect and an improved healing effect.

2. Materials and methods
2.1. Materials

Hyaluronic acid (HA, M,, = 200-400 kDa) was obtained from
Bloomage Biotechnology Co., Ltd. N,N-Dimethylformamide (DMF)
was purchased from Tianjin Fuyu Fine Chemical Co., Ltd.
Methacrylic anhydride was purchased from Shanghai Macklin
Biochemical Co., Ltd. ZnO NPs (99.8%, 50 £ 10 nm), 1-butyl-3-
methylimidazolium chloride (97%) and 1-hydroxycyclohexyl
phenyl ketone (HCPK) were purchased from Shanghai Aladdin
Biochemical Technology Co., Ltd. Mueller Hinton (MH) Broth was
purchased from Haibo Biotechnology Co., Ltd. Agar (powder) was
purchased from KERMEL. S. aureus and E. coli were purchased
from Beijing Preservation Biotechnology Co., Ltd.

Sprague-Dawley (SD) rats were obtained from the Experimental
Animal Center of Shenyang Pharmaceutical University. All animal
experiments throughout the study were approved by the ethics
committee of Shenyang Pharmaceutical University, China and
conformed to the Guidelines for the Care and Use of Laboratory
Animals published by the National Institutes of Health, USA. And
the TACUC number is SYPU-IACUC-2022-0302-058.

2.2. Synthesis of MeHA

MeHA was synthesized according to the literature procedure
with a slight modification.>® Briefly, 2.0 ¢ HA was fully dis-
solved in 100 mL of deionized water (DIW) and stirred over-
night for complete dissolution. Then, 2/3 (v:v) of the water and
DMF were added and stirred well. Methacrylic anhydride was
added dropwise to the mixed solution at a ratio of 1/3 HA
disaccharide unit/MA mole ratio. The pH of the solution was
adjusted to pH 8-9 with 3 N NaOH. The reaction was main-
tained at 4 °C under continuous stirring for 24 hours. After
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stirring, the solution was transferred to a dialysis membrane
(M, = 14 kDa cut-off) and dialyzed for 3 days with DIW. Finally,
the purified product was collected by lyophilization.

2.3. Preparation of ZnO NPs/IL dispersions

The IL used in this paper was 1-butyl-3-methylimidazolium
chloride. Different concentrations of ZnO NPs were suspended
in 10 mmol L' IL and subjected to ultrasonic treatment.
Different amounts of water and times could provide different
ultrasonic energy and affect the degree of dispersion. The
particle sizes and polydispersity index (PDI) were measured
on a Malvern laser particle size analyzer. The ZnO NPs dis-
persed in DIW were treated in the same way.

2.4. Bacterial culture

In this study, the antibacterial properties were tested by using
Gram-negative E. coli and Gram-positive S. aureus as microbial
models. S. aureus and E. coli bacteria were cultured in the MH
liquid medium at 37 °C at the rate of 100 rpm for an appro-
priate time until they reached the exponential growth stage. The
concentration of bacteria could be ensured by measuring the optical
density at 600 nm wavelength (OD600). The OD600 value of the
bacterial suspension was adjusted to 0.1 (equivalent to the concen-
tration of 10° CFU mL ™). Then the bacterial solution was diluted
step by step to 10° CFU mL ™" for the bacteriostatic experiment.

2.5. Synergism analysis of ZnO NPs and IL

2.5.1. MIC and MBC. Minimum inhibitory concentration
(MIC) is the lowest concentration that could inhibit the growth
of bacteria. Minimum bactericidal concentration (MBC) is the
lowest concentration that can kill bacteria in the medium. In
this part, 50 puL of E. coli and S. aureus in the logarithmic phase
at a concentration of 10° CFU mL™* and 50 pL of the medium
were added to each well of the 96-well plate, respectively, and
then 100 pL of different concentrations of the ZnO NPs/DIW
dispersion and different concentrations of IL were added,
respectively. The final concentration of the ZnO NPs/DIW dis-
persion was 0.01, 0.02, 0.04, 0.08, 0.16, 0.32, and 0.64 mg mL ™,
and the final concentration of IL was 1, 2, 4, 8, 16, 32, and
64 mmol L%, and the blank control was set. The solution was
incubated at 37 °C for 24 h. At the end of the culture, the OD
value of each well was measured using a microplate reader. The
concentration of the sample in the well with the OD value less
than or equal to the blank control was the MIC of the sample
against E. coli and S. aureus. 10 pL of each bacterial solution
larger than the MIC was evenly coated on MH plates, and the
plates were placed upside down in an incubator at 37 °C for 24 h.
The minimum concentration of ZnO NPs/DIW and IL without
colony growth was the MBC of ZnO NPs and IL against E. coli and
S. aureus, respectively. The test was repeated three times.

2.5.2. Fractional inhibitory concentration (FIC) index. The
study of synergism analysis was performed by the combined
drug sensitivity test. 50 pL of E. coli and S. aureus in the
logarithmic phase with a concentration of 10° CFU mL ™" and
50 pL of the medium were added to each well of the 96-well
plate. Then different concentrations of ZnO NPs/DIW and IL
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were added to the horizontal and vertical columns of the 96-
well plate by the checkerboard method according to section
2.5.1. The combinations of different concentrations of ZnO
NPs/DIW and IL were placed in each well and mixed evenly
with the bacterial solution, then cultured for 24 h at 37 °C in an
incubator. Blank control was set under the same conditions. At
the end of the culture, the absorbance value of each well was
measured using the microplate reader. Similarly, the concen-
tration of the combination in the well with the absorbance
value less than or equal to the blank control was the MIC of the
combination against the E. coli and S. aureus. The checkerboard
test was repeated three times.

The FIC was calculated as the judgment basis for the
combined drug sensitivity test. And the FIC was calculated
based on the MIC of a single drug of two drugs and the MIC
of the combination of two drugs. The calculation formula was
as follows:

MIC,

FIC — combination MICBCombinznion

MICA, MICB‘

alone alone

FIC < 0.5: synergy effect; 0.5 < FIC < 1: superimposition
effect; FIC > 1: antagonism effect.

2.5.3. Test of the antibacterial effect of ZnO/IL dispersions.
The concentration of IL was set as 10 mmol L™, and the concen-
tration of ZnO NPs was 0.09, 0.10, 0.11, 0.12, 0.13 mg mL
respectively. Using E. coli and S. aureus as models, the antimicrobial
activity of ZnO NPs/IL dispersions was detected by plate counting.
The samples were co-cultured with the bacterial suspension
(10° CFU mL™") in 96-well plates for 24 h at 37 °C. Then, 10 pL
of diluted bacterial suspension was coated on MH plates and the
number of colonies in each plate was observed after 24 h of culture
at 37 °C. In order to ensure the reliability of the experiment, we did
at least three experiments for each group (1 = 3).

2.6. Fabrication of DMNs

MeHA (different concentrations) and HCPK (0.5 mg mL ") were
mixed in the ZnO NPs/IL or ZnO NPs/DIW dispersions thoroughly
and evenly. Then, 500 pL of the mixed pregel was loaded into the
mold and centrifuged in a centrifuge at 3000 rpm for 10 min to
remove air bubbles so that the mixed pregel would thoroughly fill
the DMNs pinholes. After centrifugation, the molds were irra-
diated for 2 min under an ultraviolet lamp at a wavelength of
365 nm, then removed and dried for 24 h at room temperature.
The DMNs were removed from the molds and dried at room
temperature for 48 h and stored in a desiccator until further use.
The preparation procedure of DMNSs is shown in Fig. 1.

2.7. Characterization of DMNs

2.7.1. Morphological analysis. The morphology of the DMNs
array was visualized with different instruments from different
angles under different magnifications, including a camera, a
digital optical microscope, and a scanning electron microscope
(SEM). Each DMN consisted of 121 (11 x 11) complete and
continuous needle arrays, and each needle was in the shape of
a quadrangular pyramid, 800 pm high and 410 pm wide at the
base, and spaced 800 pm apart. In addition, the dispersion of ZnO

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 The preparation procedure of DMNs.

NPs throughout the DMNs prepared by ZnO NPs/IL dispersions
had also been observed by SEM compared with the DMNs
prepared by ZnO NPs/DIW dispersions.

2.7.2. Mechanical properties. The mechanical strength of
DMNs was tested by mechanical compression using a universal
testing machine (CMT6103).

2.7.3. Skin insertion test and skin healing test in vitro. To
evaluate the efficacy of the DMNs in penetrating the skin, the
pigskin was used for tests as an alternative to human skin.*®
The pigskin was rinsed with normal saline and then dried with
filter paper. The skin was then spread on the filter paper with the
dermis facing downward. The DMNs were inserted into the skin by
thumb pressure being applied for 30 s. Then the DMNs were pulled
out. The insertion of the skin after piercing of pigskin by DMNs
were observed and the healing of the insertion site at different
time was recorded. In order to make the insertion holes visible at
the patch application site, 0.2% trypan blue solution was applied
to the application site and left for 5 min. PBS solution was then
used to wash out the trypan blue solution and the skin surface
was dried using filter paper. The stained blue holes that appeared
at the site of insertion on the skin surface were photographed and
recorded. Then the holes left on the surface of the pig skin were
counted, and the insertion rate was calculated (the higher the
insertion rate, the better the mechanical properties). The insertion
rate was calculated according to the following formula:

x 100%

Insertion rate (%) = Number of microholes appeared
/" Number of needles per DMNs (I x11)

2.7.4. Skin puncture test and skin healing test in vivo. To
further explore the puncture ability of DMNSs, a skin puncture
test was carried out on rat skin. And the healing of micropores
after the insertion of DMNs in live rats could be observed at the
same time. After 14 days of normal feeding of SD rats, the hair
removal ointment was evenly applied to the back skin of the rat
for 5 min. The depilatory cream and hair on the back of the rat
were wiped off with warm water and the back skin of the rat was
observed. When the rat skin was in good condition, the DMNs
were inserted vertically into the back skin of the rat with an
appropriate force and the DMNs were removed after 30 s. The
puncture of the skin and the healing process were recorded
with a camera. The healing of micropores on the skin surface of
the rat was observed at 2 min, 5 min and 10 min.

2.7.5. Dissolution study of DMNs. DMNs were vertically
inserted into the skin of live rats and removed after maintaining
for different times. The remaining needles on DMNs were
observed under a light microscope to evaluate the dissolving
behaviors of the MNs in vivo.

This journal is © The Royal Society of Chemistry 2023
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2.8. Antibacterial ability test of DMNs

2.8.1. Co-culture. DMNs with an IL concentration of
10 mmol L' and ZnO NPs concentrations of 0.12, 0.24, 0.36,
and 0.48 mg mL ' were prepared according to the method
described in section 2.4. The antibacterial activity of DMNs was
also detected by the plate counting method. 1 of the DMNs were
added to 100 L of bacterial suspension (10° CFU mL™'), and
500 pL of normal saline was added to prevent DMNs from not
being completely dissolved and release antibacterial agents. The
mixture was co-cultured for 24 hours at 37 °C in a 48-well plate.
Then, diluted bacterial suspension was coated on MH plates. The
number of colonies in each dish was observed after 24 h of
incubation at 37 °C. In order to ensure the reliability of the
experiment, we did at least three experiments for each group (= 3).

2.8.2. Growth curve. The growth curves of DMNs against S.
aureus and E. coli with different concentrations were measured
using a microplate reader at different times. J of the DMNs were
added to 400 pL of bacterial suspension (10° CFU mL '), and
800 pL of normal saline was added to prevent DMNs from not
being completely dissolved and release antibacterial agents.
The control group had only bacteria-containing cultures. In
order to ensure the reliability of the experiment, we repeated
the experiments three times for each group (n = 3).

2.9. Blood compatibility test

The procedure for the hemolysis assay of DMNs followed the
published methods.?” The pregel for making DMNs was pre-
pared, and then the DMNs pregel loaded with different con-
centrations of ZnO NPs was leached with physiological saline to
obtain leaching solutions, respectively, then the leaching
solution was passed through a 0.22 pum filter. Then, the
solution after filtration was incubated with rat red blood cells
(RBC, 2% v/v) for 1 h at 37 °C. The physiological saline-treated
suspension was used as a negative control, while the suspen-
sion treated with DIW was used as a positive control. Three
replicate samples were provided for each group. After incuba-
tion, the samples were centrifuged at 13,000 rpm for 5 min, and
the OD value of the supernatant was measured at 545 nm. The
formula for calculating the hemolysis rate was as follows:

. . OD;, — ODypegati
Hemolysis ratio (%) = sample negative

= x 100%
ODpositive - ODnegative ’

2.10. Wound healing experiment

To further investigate the practical value of DMNs for antibac-
terial, we established infected cutaneous defect rat models.
Rats were depilated. A wound was cut with an area of about
1 cm? on the skin of the back of the rats. 10 uL of the bacterial
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Fig. 2 'H-NMR of MeHA.

solution of S. aureus (10° CFU mL ') was applied to the wound
for 1 min, and then scrubbed with normal saline for 1 min to
complete the establishment of the wound model. The rats
without DMNs treatment were used as the control group, and
the rats treated with DMNs with ZnO NPs concentration of
0.48 mg mL ™" were used as the experimental group (n = 3). All
rats were reared under the same conditions, and the wounds
were photographed on different days. The healing rate of
different days was calculated according to the area of the
wound. Wound healing was determined by the healing rates
and H&E staining at the wound site on day 15. The formula for
the healing rate was as follows:
So— S,

Healing rate (100%) = S—f x 100%
0

Sy is the wound area on day 0; S; is the wound area on day ¢.

3. Results
3.1. Characterization of MeHA

The purified product was obtained by lyophilization and char-
acterized by 'H-NMR spectroscopy (Fig. 2). The degree of
modification was determined to be 22% by integration of

A

1000 4 [ ZnO NPs/IL
] 10 NPs/DIW

Size (d.nm)

0.09 0.1 0.11 0.12 0.13

Concentration (mg/mL)

View Article Online

Paper

methacrylate proton signals at 6.1 and 5.7, to the peak at 1.9
ppm related to the N-acetyl glucosamine of HA. MeHA: "H-NMR
(D,0, 600 MHz, § ppm): 1.80-1.96 (m, 3H, CH,—C(CH;) CO),
1.99 (s, 3H, NHCOCH;), 5.74 (s, 1H, CH,H,~—C(CH;) CO), 6.17
(s, 1H, CH;H,—C(CH;3) CO). The formula for the degree of
modification is as follows:

A(6.1 ppm) + A(5.7 ppm) 3 0
A(1.9 ppm) x5 X 100%

Graft degree (%) =

3.2. Characterization of ZnO/IL dispersions

Through using different amounts of water and time for ultra-
sonication, 2000 mL of water and 5 min were selected for the
ultrasonication of the dispersion (Table S1, ESIT). In order to
analyze the dispersion of ZnO NPs in IL, we measured the size
of the nanoparticles at different concentrations and different
solutions. The variations in the PDI of ZnO NPs were also
measured. In Fig. 3, in terms of sizes and PDI, the dispersion of
ZnO NPs in IL was smaller than that in DIW, which suggested
that ZnO NPs dispersed in IL had much better dispersibility
and a larger surface area.

3.3. Synergism analysis of ZnO NPs and IL

3.3.1. MIC and MBC. The MIC and MBC of ZnO NPs and IL
against E. coli and S. aureus are shown in Table 1. The MBC/
MIC ratio can be used to evaluate the bactericidal potential of
antibiotics. If MBC/MIC is less than or equal to 4, antibacterial
agents are considered to be bactericidal.’®® In this study, the
MBC/MIC of ZnO NPs and IL were all less than 4, which proved
that ZnO NPs and IL had bactericidal activity rather than
inhibitory activity.

3.3.2. FIC. The MIC of the combination of ZnO NPs and IL
are shown in Table 2 through the checkerboard method.
According to the formula in section 2.8, the FIC values of
ZnO NPs and IL for E. coli and S. aureus were calculated, which
were 1 and 3/8, respectively. According to the FIC calculation
results the values were all less than or equal to 0.5, and it could
be judged that ZnO NPs and IL had a synergistic antibacterial
effect.

B
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[ zno NPs/DIW
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Fig. 3 Sizes and PDIs of ZnO NPs/IL and ZnO NPs/DIW with different concentrations (A) sizes; (B) PDls.
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Table 1 The MIC and MBC of ZnO NPs and IL for E. coli and S. aureus

E. coli S. aureus

MIC MBC MIC MBC
ZnO NPs (mg mL ™) 0.16 0.64 0.08 0.32
IL (mmol L) 8 16 8 16

3.3.3. Antibacterial effect of ZnO NPs/IL dispersions. The
results of E. coli and S. aureus incubated with ZnO NPs/IL disper-
sions with different concentrations of ZnO NPs are shown in Fig. 4.
The concentration of IL was fixed between MIC and MBC which
was 10 mmol L™}, and the concentration of ZnO NPs was 0.09, 0.10,
0.11, 0.12, and 0.13 mg mL ", respectively. According to the results
of the combined drug sensitivity test of ZnO NPs and IL, it could be
found that when the concentration of IL was fixed between MIC
and MBC, the concentration of corresponding ZnO NPs of ZnO
NPs/IL dispersions decreased when reaching the bactericidal effect
compared with the MBC of ZnO NPs. For E. coli, no colonies were
found in ZnO NPs/IL dispersions with ZnO NPs concentrations
above 0.12 mg mL™?, and for S. aureus, no colonies were found in
ZnO NPs/IL dispersions with ZnO NPs concentrations above
0.10 mg mL~" which were far less than the MBC of ZnO NPs for
E. coli and S. aureus, respectively. Thus, it could be seen that ZnO
NPs and IL had a synergistic antibacterial effect.

From MIC and MBC, FIC and antibacterial effect of ZnO
NPs/IL dispersions, it was not difficult to see that ZnO NPs and
IL had synergistic antibacterial ability. In addition, the anti-
bacterial performance of ZnO NPs/IL dispersions against
S. aureus was better than that of E. coli which is due to the
difference between ZnO NPs against two kinds of bacteria. The
reason for this result may be that the cell wall structure and
surface chemical composition of E. coli and S. aureus are different.
The cell wall structure of E. coli is complex, with an outer wall
layer and an inner wall layer, and the outer wall layer is divided
into three layers, while the cell wall structure of S. aureus is

Table 2 The MIC and FIC of the combination of ZnO NPs and IL against
the E. coli and S. aureus

MIC

ZnO NPs (mg mL™") IL (mmol L) FIC
E. coli 0.04 2 1/2
S. aureus 0.02 1 3/8

0.09mg/mL  0.10mg/mL  0.11 mg/mL 0.12mg/mL 0.13 mg/mL

E. coli

g -

Fig. 4 Colony photos of E. coli and S. aureus incubated with ZnO NPs/IL
dispersions with different concentrations of ZnO NPs.
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relatively simple, with only one layer. Therefore, for E. coli, the
active antibacterial Zn®* can penetrate S. aureus more easily. On
the other hand, it may be because the high concentration of Zn**
inhibits the growth of E. coli and S. aureus, while the low
concentration of Zn** promotes the growth of E. coli.>***° Overall,
the combination of ZnO NPs and IL had an excellent synergistic
antibacterial effect and could be used as an antibacterial agent.

3.4. Characterization of DMNs

3.4.1. Morphological representation. The structures of the
prepared DMNs were microscopically analyzed using a camera,
optical microscopy and SEM. As shown in Fig. 5, it could be
seen from the images taken by the camera that the prepared
DMNs had a square structure, complete backing, and neatly
arranged needle tips. The DMN tips were observed from
different angles under an optical microscope with complete
tip morphology and uniform distribution. The magnified
microstructure of the prepared MNs was further observed by
SEM which showed that the surface of the tips was intact
without pores. According to the obtained images, it could be
seen that the prepared DMNs had an obvious quadrangular
pyramid needle tip structure and good needle shape, indicating
that the selected matrix prescription could produce DMNs with
good morphology. At the same time, the dispersion degree of

20 mm 20 mm z 20 mm

Fig. 5 Morphological characterization images of DMNs. (A) € direct view
of the DMNs taken by the camera; (B) the shape of the DMN tips under an
optical microscope; (C) the SEM images of DMNs; and (D) images of the
dispersion of ZnO NPs in DMNs by SEM (a, DMNs based on ZnO NPs/IL; b,
DMNs based on ZnO NPs/DIW).
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Fig. 6 (A) Mechanical behaviour of the DMNs; (B) the state of the holes left after DMNs were inserted into pigskin (a, original; b, stained); (C) the surface
of pigskin treated with DMNs at different times; (D) skin healing process after DMN insertion into the dorsal skin of rats; (E) the H&E staining of the back
skin of the rat that was punctured; and (F) the dissolution of DMNs in rat skin.

ZnO NPs in DMNs was also observed by SEM. In Fig. 5D,
compared with the DMNs prepared by ZnO NPs/DIW dispersions,
the ZnO NPs dispersed in IL more evenly, which indicated that the
IL could enhance the dispersion of ZnO NPs.

3.4.2. Mechanical properties. As shown in Fig. 6A, using a
universal testing machine, the tips of DMNs underwent con-
tinuous deformation, and the pressure on DMNs increased
with the shape variable of the tips. When the shape variable
of the tips was 0.23 mm, the pressure on the DMNs was about
3 N. It showed that DMNs could withstand a large force before
deformation which indicated that DMNs had strong mechan-
ical strength.

3.4.3. Skin insertion test and skin healing test in vitro. It
could be seen from the figure that the pinholes formed by the
DMNs piercing the pig skin after trypan blue staining were
clearly visible (Fig. 6B). Then the holes left on the surface of
the pig skin were counted, and the insertion rate was calculated
to be about 99% according to the formula mentioned in section
2.5.2, indicating that the DMNs had good mechanical properties.

4360 | J Mater. Chem. B, 2023, 11, 4354-4364

The DMNs were inserted into the skin by thumb pressure
being applied for 30 s. The changes in the microchannels on
the skin surface of the pig skin were observed after 30 s, 10 min,
30 min and 60 min, respectively. As shown in Fig. 6C, after the
DMNs were removed for 30 min, the microchannels on the
surface of the pigskin could still be observed, which proved that
the DMNs could penetrate the skin successfully and had good
mechanical strength. And at 60 min, the micropores were
barely visible, indicating the healing time of DMNs in pigskin
in vitro was 60 min.

3.4.4 Skin puncture test and skin healing test in vivo. The
puncture ability and healing properties of DMNs were further
investigated on the dorsal skin of rats. The results showed that
DMNs could puncture the dorsal skin of rats, which suggested
that DMNSs had good puncture ability, and with the prolongation
of time, the pores formed by the DMNs in the skin gradually
healed and disappeared within 10 min (Fig. 6D). And no adverse
reactions such as redness, swelling, and inflammation were
observed on the skin surface of rats. In addition, it could be

This journal is © The Royal Society of Chemistry 2023
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Fig. 7 (A) Colony photos of E. coli and S. aureus after incubation with DMNs with different concentrations of ZnO NPs; and (B) the growth curves of

DMNs against E. coli (a) and S. aureus (b).

seen from H&E staining of the back skin of rats that was
punctured (Fig. 6E) that DMNs successfully punctured the
stratum corneum and epidermis to form micropores, but did
not penetrate the dermis to the subcutaneous tissue, further
indicating that DMNs had good skin puncture ability. At the
same time, no hemorrhagic sites, necrotic tissues, and inflam-
matory factors were found in the H&E staining, indicating that
DMNs would not cause some side effects while puncturing the
skin, and the healing condition was good.

3.4.5. Dissolution study. In order to investigate the solubi-
lity of DMNs, dissolution experiments were carried out in vivo.
The dissolution of the DMNs tips after insertion into the rat
had different lengths at different times (Fig. 6F). From the
results of the optical microscope images, the DMNs could be
dissolved within 10 min after being inserted into the intact rat
skin. It could be seen that DMNs could dissolve and achieve
local administration rapidly.

3.5. Antibacterial ability test of DMNs

3.5.1. Co-culture. The DMNs with different concentrations
of ZnO NPs were co-cultured with the bacterial solution, and
the results are shown in Fig. 7A. For E. coli, no colonies were
found after incubation with DMNs with ZnO NPs concentrations

This journal is © The Royal Society of Chemistry 2023

above 0.48 mg mL™, and for S. aureus, no colonies were found
after incubation with DMNs with ZnO NPs concentrations above
0.36 mg uL ', respectively. In the same way, the antibacterial
performance of the DMNs against S. aureus was better than that
of E. coli. The increased ZnO NPs concentration might be due to
the low ZnO NPs content and dissolution release of individual
DMNs. Overall, DMNs showed good antibacterial properties.
3.5.2 Growth curve. Growth curves were performed by
immersing DMNs in E. coli and S. aureus bacterial solutions
to further evaluate the antibacterial properties of DMNs
(Fig. 7B). From the results, DMNs with different concentrations
had certain antibacterial effects compared with the control
group, but the antibacterial effects were very different. With
the increase of ZnO NPs concentration, the antibacterial effect
was enhanced. For the two strains, different concentrations of
DMNs also had different antibacterial effects. For E. coli, the
four concentrations of DMNs had significant differences in
antibacterial effects. Within 20 h, DMNs in which the concen-
trations of ZnO NPs were 0.36 mg mL ™" and 0.48 mg mL ™" had
good antibacterial effects, but beyond 20 h, only 0.48 mg mL ™!
DMNs showed strong antibacterial effects. For S. aureus, only
0.12 mg mL~' concentration of DMNs had no significant
antibacterial effect, and other concentrations of DMNs had a
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Fig. 8 The hemolysis rate of DMNs with different concentrations of ZnO NPs.

better antibacterial effect. But, within 50 h, only 0.48 mg mL ™"
concentration of DMNs had strong antibacterial effects.

The results of antibacterial experiments showed that differ-
ent concentrations of DMNs showed different antibacterial
properties. It could be seen that it was dependent on the
concentration of ZnO NPs. The higher the concentration of
ZnO NPs, the higher the content of ZnO NPs in the prepared
DMNs, the better the antibacterial performance. Therefore, for
high microbial concentration infection, the problem could be
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Healing rate (%)
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Day 8
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solved by increasing the concentration of ZnO NPs and IL
without affecting the mechanical strength of DMNs. However,
an excessive increase in concentration may result in some side
effects, so for ultra-high microbial concentration infection, it
could be solved by adding a third antibacterial drug or increasing
the frequency of administration. And the antibacterial results of
ZnO NPs/IL dispersions and DMNs showed that ZnO NPs/IL had
different antibacterial effects on the two kinds of bacteria. This
might be due to different antibacterial effects of ZnO NPs on the
two bacteria, which could be seen from the MIC and MBC of ZnO
NPs and IL.

3.6. Blood compatibility test

To evaluate the blood compatibility of the prepared DMNs, a
hemolysis experiment was performed. After incubating the
analytes with red blood cells at 37 °C for 1 h, centrifuging the
mixture at 13 000 rpm for 5 min, and measuring the OD value of
the supernatant at 545 nm, the hemolysis rate was calculated.
The results showed that the hemolysis rate of each experimental
group was far less than 5%, indicating that the antibacterial
DMNs had good blood compatibility. The hemolysis rate of
DMNs is shown in Fig. 8.

3.7. Wound healing experiment

In the wound healing process, the changes of the wound were
photographed and measured on 0, 2, 4, 6, 8, 10 and 12 days, as

@ Dayo0
Day 2
® Day4
@® Day6
® Days
Day 10
@ Day 12

Day 10  Day 12

Smm

1004 [ Control *
[ DMNs ’

Time (day)

Fig. 9 (A) Wound images of the control and experimental group on days 0, 2, 4, 6, 8, 10 and 12; (B) schematic diagram of wound size in the two groups
during the experimental time; (C) the H&E staining of the wounds (black arrow mean necrotic tissue; brown arrows mean new epidermal; green arrow
means new stratum corneum; yellow arrows mean folliculus pilis; red arrows mean new blood vessels); and (D) the wound healing rate of the two groups

(*p < 0.1, **p < 0.05).
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shown in Fig. 9A and B. Generally, the wounds on the back of
the rats were nearly healed after 12 days with DMN treatment,
while the wounds showed a slower healing rate in the control
group (Fig. 9C). Moreover, from the fourth day, the healing rate
of the experimental group was significantly different from that
of the control group. In addition, it could be seen from the H&E
staining that there were still a lot of necrotic tissue in the
wound of the control group, but there were epidermis, stratum
corneum, folliculus pilis and blood vessels in the group with
DMNs treatment. These results all confirmed that DMNs with
ZnO NPs/IL dispersion had a good antibacterial effect so that
DMNs could promote wound healing.

4. Conclusion and outlook

In this study, the dispersion of ZnO NPs in an IL was first
discussed, and then the synergistic antibacterial performance
of ZnO NPs and the IL was explored. The results showed that
ZnO NPs and the IL exhibited a synergistic antibacterial effect.
In addition, compared with ZnO NPs/DIW, when the concen-
tration of the IL was fixed between MIC and MBC, the concen-
tration of ZnO NPs in ZnO NPs/IL dispersions greatly reduced,
which also showed that ZnO NPs/IL exhibited an enhanced
antibacterial effect and achieved a synergistic antibacterial
effect. This was mainly because ZnO NPs showed good disper-
sion in the IL, which increased the specific surface area of ZnO
NPs and the surface activity. Then ZnO NPs/IL was prepared in
the form of DMNs. MeHA was successfully prepared and DMNs
were successfully prepared using MeHA through UV light cross-
linking. The prepared drug-loaded DMNs were characterized
and the antibacterial properties were investigated. The integrity
of the prepared DMNs could be seen by the appearance of
the DMNs. The In vivo puncture ability test indicated that
DMNs had good puncture ability. And DMNs could dissolve
and release antibacterial agents in a short time. The antibac-
terial properties of DMNs were investigated by co-culture and
growth curve experiments. The results showed that DMNs with
0.48 mg mL ™' ZnO NPs of ZnO NPs/IL dispersions exhibited
strong antibacterial properties. Finally, the wound infection
models were established. The healing speed of wounds with
DMNs treatment was significantly faster, which indicated that
DMNs had a good antibacterial effect.

The advantages of ZnO NPs/IL dispersions as composite
antibacterial agents to prepare DMNs were mainly in the
following aspects. According to its synergistic antibacterial
performance, ZnO NPs/IL dispersions could achieve better
antibacterial effect while reducing the amount of ZnO NPs
and IL, thus avoiding the problem caused by increasing anti-
bacterial activity of a single drug by increasing the dosage. But
the liquid state and instability of ZnO NPs/IL dispersions were
not conducive to the application of a skin antibacterial agent,
so in this study, for the first time, ZnO NPs/IL dispersions were
used as antibacterial agents to prepare DMNs as a skin anti-
bacterial agent, making it convenient for treatment. DMNs
faced some problems such as low mechanical strength, stability
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and drug loading. In this study, MeHA was synthesized as the
substrate of DMNs and DMNs were prepared by the UV light
crosslinking method which solved the mechanical strength and
stability problems of DMNs. At the same time, the problem of
low drug loading of DMNs was solved by developing antibacterial
agents with synergistic antibacterial effects, such as ZnO NPs/IL
dispersions. In general, the DMNs prepared using ZnO NPs/IL
dispersions in this study showed a synergistic antibacterial
effect, which provided enlightenment for the development of
“ideal antimicrobials”. As for antibacterial MNs, they are still in
the initial development stage, so there is lot of space for future
clinical research. There are several other factors that can be
considered when designing antibacterial MNs in the future. For
example, the size and shape of antibacterial MNs can be fine-
tuned according to the characteristics of the infected sites. The
geometry of the antibacterial MNs can also be adjusted to further
facilitate their application. Drugs that promote tissue regenera-
tion can also be added to antibacterial MNs to further promote
wound healing.
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