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KEYWORDS Abstract Amoxicillin appears to be clinically drug-resistant due to the presence of p-lactamase in
Prussian blue; bacteria. Here, we designed and prepared a hollow Prussian Blue (HPB)-based therapeutic
B-lactamase inhibitor; nanoplatform that was constructed by encapsulating amoxicillin into polyethyleneimine with p-
Amoxicillin; lactamase inhibitor 4-carboxyphenylboronic acid (4-Cpba) decorated HPB nanoparticles (CPA
Antibacterial action; NPs). The antibacterial effect of the CPA NPs on drug-resistant bacteria was observed by
Antibiotic resistance in vitro colony-forming unit, minimum inhibitory concentration, scanning electron microscopy,

and fluorescence tests. The results show that amoxicillin effectively inhibited Escherichia coli and
Staphylococcus aureus-resistant bacteria in the presence of 4-Cpba. The in vivo experimental results
show that the CPA NPs exhibited a synergistic anti-infective effect in vivo, which inhibited the
inflammatory response and apoptosis induced by the drug-resistant bacterial infection, and pro-
moted wound healing in mice. The hematoxylin and eosin staining and blood biochemical experi-
ments revealed that the acute toxicity of the material was negligible and it had good
biocompatibility. Our results verify our design that CPA NPs can restore the antibacterial activity
of amoxicillin.
© 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

* Corresponding authors.

E-mail addresses: sunddwj@126.com (D. Sun), doctorwgj66(@ 163. .
com (G. Wang). 1. Introduction

! These authors contributed equally to this work.
Peer review under responsibility of King Saud University. Diseases caused by bacterial infections threaten human health
and life. Antibiotics play an important role in the treatment
of bacterial infections, but the emergence of natural or acquired
F,:sp_vr‘ﬁ; Production and hosting by Elsevier Fnulti—d.rug resi§tant (MDR) bacteria has m.ade some antibiotics
ineffective, which seriously threatens public health (Levin and

https://doi.org/10.1016/j.arabjc.2022.103936
1878-5352 © 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


http://crossmark.crossref.org/dialog/?doi=10.1016/j.arabjc.2022.103936&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:sunddwj@126.com
mailto:doctorwgj66@163.com
mailto:doctorwgj66@163.com
https://doi.org/10.1016/j.arabjc.2022.103936
http://www.sciencedirect.com/science/journal/18785352
https://doi.org/10.1016/j.arabjc.2022.103936
http://creativecommons.org/licenses/by-nc-nd/4.0/

2

X. Ding et al.

B., 2001; Sharkey and O’Neill, 2019; Liu et al., 2021). Bacterial
multidrug resistance means that while bacteria are resistant to
one antibiotic, they also have cross-resistance to other antibi-
otics with different structures and different targets, which sig-
nificantly reduces the drug’s chemotherapeutic effect (Liu
et al., 2021). MDR bacteria mutate rapidly and have a short
reproduction cycle. (Abdallah et al., 2021). The development
of new antibiotics has not kept pace with mutation reproduc-
tion and MDR bacteria. (Kalan and Wright, 2011). Therefore,
identifying new types of antibiotics or antibiotic substitutes has
become a problem facing scientific research.

The emergence of bacterial resistance is the product of long-
term evolution (Godoy-Gallardo et al.,, 2021). Resistant
mutants are already present before bacteria become susceptible
to antibiotics. The abuse of antibiotics has led to huge selection
pressure on bacteria. The emergence of drug-resistant bacteria
makes commonly used antibiotics ineffective (Crawford et al.,
2020; Beha et al., 2021). B-lactamase inhibitors inhibit the activ-
ity of B-lactamase, protect the B-lactam ring of antibiotics from
hydrolysis, and maintain antibacterial activity. B-lactamase
inhibitors are often used in combination with B-lactam antibi-
otics. There are two types of f-lactam antibiotics, such as those
with a B-lactam ring structure and those without a B-lactam
ring structure, which are mainly derived from Streptomyces
bacteria, and chemically synthesized products. The most com-
monly used B-lactamase inhibitors in clinical practice are sul-
bactam and clavulanic acid, which are chemically synthesized
and are irreversible competitive inhibitors containing the f-
lactam ring structure (Impey et al., 2020; Omollo et al., 2021;
Parvaiz et al., 2021). Some studies have shown that certain
antibiotics can be effective in synergy with bacteria that carry
B-lactamases ((Lubna and Khan, 2016; Lubna and Khan,
2017; Maryam and Khan, 2018; Maryam et al., 2019; Islam
et al. 2021). Nano drugs are increasingly being used in antibac-
terial therapy, and nanoparticles (NPs) have a large specific sur-
face area, which improves drug delivery efficiency, enhances
therapeutic effects, and reduces toxic side effects. Combination
therapy with a drug-resistant inhibitor can overcome the mul-
tidrug resistance of bacteria (Pugazhendhi et al., 2020;
Srivastava et al., 2021). Douafer et al. reported that combina-
tion therapy of amoxicillin and sulbactam achieves good results
in clinical treatment and has been widely used (Bush, 2015;
Douafer et al., 2020). Sondi et al. reported that the antibacterial
activity of NPs was revealed by destroying the cell membranes
of bacteria in vitro (Sun et al., 2017).

Prussian blue (PB) has been approved by the US Food and
Drug Administration for clinical treatment because it has good
biocompatibility and is safe (Sondi and Salopek-Sondi, 2004;
Xiu et al., 2012; Cai et al., 2019; Busquets and Estelrich,
2020). B-lactamase hydrolyzes the B-lactam ring in the peni-
cillin structure, thereby destroying the structure of the drug
and inactivating the penicillin, which is the cause of bacterial
resistance (Agnihotri and Jain, 2013; Dacarro et al., 2017;
Chen et al., 2020; Guo et al., 2020). Combination therapy of
antibiotics and drug-resistant inhibitors has become an effec-
tive means for treating drug-resistant bacteria (Beha et al.,
2021; Omollo et al., 2021; Parvaiz et al., 2021; Srivastava
et al., 2021). 4-Carboxyphenylboronic acid (4-Cpba) is an
effective B-lactamase serine protease inhibitor. B-lactamase
inhibitors are usually designed as nanomaterials against bacte-
rial resistance (Jiang et al., 2018; Li et al., 2019; Adamczyk-
Wozniak et al., 2021; Henry et al., 2021; Huang et al., 2021;

Lu et al., 2021). In this study, the B-lactamase inhibitor 4-
Cpba-modified Prussian blue-coated amoxicillin NPs were
characterized. The results show that the Prussian blue NPs
acted as a carrier to deliver the B-lactamase inhibitor and
antibiotic and reduced the drug resistance of drug-resistant
bacteria by inhibiting the activity of B-lactamase in drug-
resistant bacteria. And through in vitro and in vivo experiments
proved that it has antibacterial activity (Scheme 1). These
improved NPs can be combined with B-lactamase inhibitor
to overcome MDR bacteria.

2. Materials and method

2.1. Bacterial cultures

Escherichia coli ATCC 8739, Staphylococcus aureus ATCC
6538, were from in the Biopharmaceutical Laboratory of Anhui
Agricultural University, MDR E. coli E76227, MDR S. aureus
ATCC 25213, were from domestic hospitals in China. Resistant
forms of Escherichia coli ® and Staphylococcus aureus '~/
were cultured in LB medium, and the incubator was shaken
overnight at 37 °C. On the second day before treatment, the
bacterial cells were placed in fresh medium, cultured overnight
at 1:100, and incubated in a shaking incubator at 37 °C for 2—
3 h until the optical density at 600 nm (OD600) was 0.5.

2.2. Preparation of the PB@amoxicillin NPs

K53Fe(CN)g (0.0851 g) and 0.3720 g KCl were dissolved in
50 mL of deionized water as solution 1. Solution 2 was prepared
by dissolving 0.0645 g FeCl;-6H,0 and 0.3720 g KCl in 50 mL
of deionized water. The pH of solutions 1 and 2 were adjusted to
2 with HCI (12 M). Under vigorous stirring, 25 mL of solution 1
and 3 mL and 55 mg of amoxicillin and polyethyleneimine (PEI)
(0.1254 g) were added dropwise to 25 mL of solution 2. The mix-
ture was heated to 60 °C with continuous stirring for 30 min. As
the reaction progressed, the mixture gradually turned dark
blue. The mixture was centrifuged at 15,000 rpm for about
30 min (Wanget al., 2021a; Wei et al., 2021). The dark blue pre-
cipitate was dispersed with 20 mL of DMSO. After repeating
this washing three times, the mixture was frozen and stored in
a lyophilizer for subsequent experiments (Sondi and Salopek-
Sondi, 2004; Busquets and Estelrich, 2020).

2.3. Preparation of the CPA NPs

4-Cpba can be linked to the outside of nanomaterials through
an esterification reaction between the amino group on the PB
NPs and the carboxyl group on 4-Cpba (Fu et al., 2012; Wei
et al., 2021). In short, 600 mg of PB NPs were dissolved in
50 mL of 1% acetic acid solution. 4-Cpba (225 mg) and
230.2 mg of N-hydroxysuccinimide (NHS) were dissolved in
50 mL of methanol and stirred at room temperature for
30 min. 1-Ethyl-(3-dimethylaminopropyl) carbodiimide
hydrochloride (383.4 mg; EDC-HCIl) was added to the 4-
Cpba/NHS mixture and stirred. Then, the 4-Cpba/NHS/
EDC-HCI mixture was added to the PB NPs solution (metha-
nol: water was 1:1), stirred at 25 °C for 24 h, and the final pro-
duct was centrifuged (4 °C, 12,000 rpm, 8 min). The pellet was
washed and freeze-dried.
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Scheme 1  (A) Synthesis route and research flow chart of CPA NPs and (B) possible antibacterial mechanism.

2.4. Antibacterial activity tests

Colony-forming unit (CFU) counts (Yao et al., 2007, Wang
et al., 2016) were used to analyze the number of live bacterial
cells in these cultures. Briefly, the log phase bacterial suspen-
sions were co-incubated with 20 pg/mL amoxicillin/NPs in
PBS for 24 h in a 37 °C shaker (200 r/min). After incubation,
the bacterial suspension was spread evenly on LB solid med-
ium and the total number of colonies was counted manually
to evaluate the in vitro antibacterial activity. The micro broth
dilution method (Zhang et al., 2019) was used to determine the
minimum inhibitory concentrations (MIC) of the different
solutions (PB NPs, CPA NPs, PB@amoxicillin, amoxicillin,
and kanamycin solutions). S. aureus (' and E. coli () cells
grown to the logarithmic phase were cultured on agar plates
with different solutions and incubated at 37 °C for 12 h. The
MIC value was the lowest drug concentration that inhibited
the bacteria. All of the experimental groups contained the
same number of bacteria, and all experiments were repeated
three times to obtain an average result.

2.5. AOJEB fluorescence experiment

Bacteria (1.5 mL OD600 = 0.5) in the logarithmic growth
phase were centrifuged for 5 min and washed several times
with PBS (0.01 mol/L) (Yao et al., 2007). The supernatant
was discarded and the remaining bacteria were resuspended

in 1.5 mL of PBS. The bacteria were treated with 100 pL of
20 pg/mL amoxicillin, PB@amoxicillin, and the CPA NPs. A
100 pL aliquot of fluorescent dye was added and stained for
15 min in the dark. The fluorescent dye was prepared by mix-
ing 10 mg Acridine Orange (AO) and 10 mg ethidium bromide
(EB) in 10 mL of PBS. After washing three times with PBS, the
bacteria were imaged with a fluorescence microscope. A test
without the amoxicillin treatment was used as a control.

2.6. Cell membrane permeability test

We used a reported method to prepare the samples for the
membrane permeability analysis (Wang et al., 2016). The dye
solution (3 uM propidium iodide, 4 pM diSC3-5) was diluted
with culture media, such as HBSS or PBS, to prepare 1-
5 mM working solutions. The cells were suspended in the
dye working solution at a density of 1 x 10®/mL, incubated
at 37 °C for 20 min, the labeled suspension tube was cen-
trifuged at 1,000-1,500 rpm for 5 min, and was washed twice.
A fluorescence microscope (excitation and emission of 660 nm
and 675 nm, respectively) was used for the observations.

The B-galactosidase assay test was reported by Koepse and
Russell (Lu et al., 2021). o-Nitrobenzene-b-d-galactoside
(50 pL; ONPG) was added to 1 mL of the logarithmic phase
E. coli ® (OD600 of 0.5) suspension. Then, the PB NPs were
added to this solution. An ultraviolet spectrophotometer was
used to measure the absorbance at OD420 nm to evaluate o-
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nitrophenol (ONP). A suspension without PB NPs was used as
a control.

2.7. Measurement of [-lactamase activity

The nitrocefin color reaction was used to determine bacterial
B-lactamase activity (Wang et al., 2021b). The bacterial sus-
pension was incubated with 15 pg/mL amoxicillin or 20 pg/
mL CPA NPs at 37 °C for 24 h. Freeze-thawed and killed bac-
teria were centrifuged at 12,000 rpm at 4°C for 30 min. The
crude bacterial extract was incubated with 0.1 mM nitrocefin,
and absorbance was measured by a UV spectrophotometer at
500 nm. The maximum absorption of nitrocefin was recorded,
and the color change reflected the B-lactamase activity (Zhao
et al., 2013).

2.8. Scanning electron microscopy (SEM ) and transmission
electron microscopy (TEM)

The bacterial solution was treated with 20 pg/mL amoxicillin
or NPs for 24 h and then fixed with 5% glutaraldehyde, dehy-
drated through an ethanol gradient, and observed by SEM.
The log phase bacterial suspension was treated with 20 ug/
mL amoxicillin or NPs at 37 °C for 24 h, and TEM ultrathin
sections were prepared according to a previous report
(Mushtaq et al., 2010). In short, the treated bacteria were fixed
with 5% glutaraldehyde and 1% osmic acid for 1 h. Then, they
were dehydrated through a gradient alcohol series, embedded
in resin, sliced, and stained with 1% lead citrate solution and
1% uranyl acetate solution for 10 min. Finally, TEM was per-
formed to observe the ultrathin structure of the bacteria.

2.9. Reactive oxygen species (ROS) testing

2',7'-Dichlorofluorescein diacetic acid (DCFH-DA) was
diluted with culture medium to prepare a final concentration
of 10 uM. The cells were collected and suspended in the diluted
DCFH-DA at a cell concentration of 10° x 10’/mL and incu-
bated at 37 °C for 20 min. The suspension was agitated every
3-5 min to allow the probe and cells to make full contact. The
cells were washed three times in culture medium to fully
remove the DCFH-DA that had not entered the cells. ROS
UP was added only to the positive control wells as a positive
control. The cells were observed under a fluorescence micro-
scope (excitation and emission were 488 nm and 525 nm,
respectively).

2.10. In vivo antibacterial activity

The anti-inflammatory effects of different NPs were tested
in vivo using a mouse wound healing model. Kunming mice
(male, 8-weeks-old, and 30 g) were purchased from Jiangsu
Ailingfei Biotechnology Co., Ltd. (Jiangsu, China). After nor-
mal feeding for 1 week, 1% pentobarbital was injected into the
abdominal cavity for anesthesia, the hair on the chest was
shaved, alcohol (75%) was used to disinfect the chest, and a
2 cm round skin wound was cut. The E. coli ® and S.
aureus'® suspensions containing 1 x 105 CFU PBS were
placed on the left and right wounds, respectively. The wounds
were collected 1 day later and cultured in 37 °C LB medium for

12 h to confirm the bacterial infection. Likewise, the samples
were extracted 2, 4, 6, and 10 days after surgery and then cul-
tured for detection of antibacterial activity. The drug was
injected into the tail vein three times per day to investigate
the effect of the drug on wound healing. After the experiment,
the dissected mice and wound tissues were collected for
hematoxylin-eosin staining (H&E) staining and immunohisto-
chemical analysis.

2.11. Biodistribution of the bacteria and histological analysis

Kunming mice (male, 8-weeks-old 30 g) were used to establish
the mouse bacteremia model. After normal feeding for 1 week,
a bacterial suspension (1 x 10® CFU) was injected through the
tail vein, and a day later, 20 pg/mL CPA NPs (once/day) were
injected through the tail vein three times on 3 successive days.
The mice were sacrificed on day 5, and blood, heart, liver,
spleen, lung, and kidney were collected. The H&E staining
and histological analyses were performed on the organs. All
mice were raised according to the feeding methods described
in the “Guide to Care and Use of Laboratory Animals”. The
animal experiments were carried out following the protocol
approved by the Experimental Animal Center of Anhui Agri-
cultural University (license number: SYXK 2020-007).

2.12. In vivo toxicity analysis

The biological toxicity of PB@amoxicillin and CPA NPs to
vital organs (heart, liver, spleen, lung, and kidney) was
observed. The experiment was divided into three groups: intra-
venous injection of PBS (100 pL); intravenous injection of
PB@amoxicillin; and intravenous injection of CPA NPs.
Injection once a day. The three groups of mice were sacrificed
after 30 days and the organs described above were collected
from all groups of mice for histopathological analysis. Induc-
tively coupled plasma-atomic emission spectrometry (ICP-
AES) was used to determine the content of CPA NPs in the
organs, and to quantitatively determine the amount of drug
accumulating in each tissue. Hemolytic activity was evaluated
in fresh human blood (2.5 mL). The blood was centrifuged at
800 rpm for 10 min, and the supernatant was washed three
times with PBS. Then, it was diluted with 50 mL of 5% red
blood cell stock solution, mixed with 5 mL of sample solution
(10-120 mg/mL) of different concentrations, and incubated at
37 °C for 1 h. Finally, the microplate was centrifuged, and the
supernatant (25 pL aliquot) was transferred to a new 96-well
plate and further diluted with 50 pL of PBS. Hemolytic activity
was measured with a multifunctional microplate reader at
ODyos nm (Ding et al., 2020).

3. Results and discussion

3.1. Characterization

PB@amoxicillin was about 100 nm on the composite TEM
image (Fig. 1A), and the final average diameter of the CPA
NPs was 150 nm. Amoxicillin was contained within the PB
NPs and 4-Cpba was visible on the surface, with a thickness
of about 5 nm (Fig. 1B). The SEM and TEM results showed
that the morphology and size of the CPA NPs were consistent.
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(Fig. 1C). The dynamic light scattering results confirmed the
consistency in the diameter (Fig. 1D). The elemental composi-
tion of the CPA NPs was further analyzed by energy dispersive
X-ray analysis (Fig. 1E). The results showed that Fe (6.3%)
and B (5.9%) in the CPA NPs had stronger signals, which
came from the PB NPs and 4-Cpba, respectively. The presence
of the N element (9.2%) indicates that the NPs contained a
large amount of amoxicillin. The zeta potential of the PB
NPs was —11.2 mV (Fig. 1F), and the zeta potential of
PB@amoxicillin was 14.9 mV. The changes in the zeta poten-
tial were caused by exposure to the surface of the PB@amox-
icillin amino groups. The zeta potential of the CPA NPs was
—8.3 mV. The zeta potential became negative when the 4-
Cpba carboxyl group was exposed. This change in electric
potential proves that every step of the modification was
successful.

The interaction between PB and PEI was confirmed by
infrared spectroscopy. As shown in Fig. 2B, the vibration
absorption at 3,403 cm ™' was attributed to hydroxyl groups,
and the peak at 2,165 cm™' was the vibration absorption of
the cyano group in the PB. The absorption bands of the
CPA NPs at 770 cm ™! and 1,550 cm™! were the characteristic
absorption peaks of boric acid and the benzene ring, respec-
tively. These characteristic peaks were reflected on the CPA
NPs, indicating that the 4-Cpba-modified PB NPs successfully
encapsulated the amoxicillin. The UV-visible spectrum
showed that the PB NPs and amoxicillin had characteristic
peaks at 300 nm and 240 nm, respectively, and the CPA NP
results were similar. PB NPs and CPA NPs have a character-
istic UV absorption peak at 750 nm, which is a unique UV
absorption peak of PB NPs, while CPA NPs also have similar
absorption peaks. Compared with the absorption peaks of PB
NPs, it has a red shift. This may be due to PB NPs are modi-

A

fied with 4-Cpba. (Fig. 2A). We investigated the aggregation
and sedimentation properties of the CPA NPs to show their
thermodynamic and kinetic stability. The light transmittance
change in the NPs was < 5% (Fig. 2C), so dynamic stability
was high, and there was almost no particle sedimentation.
Due to the high thermodynamic stability of the NPs, size did
not change significantly within 72 h (Fig. 2D). Good stability
is conducive to biological applications of CPA NPs. The
amoxicillin release profile of the CPA NPs complexes prepared
in PBS buffer at 37 °C is shown in Fig. 2E. The initial release
rate of amoxicillin was relatively high, reaching equilibrium at
12 h, and 82% of the amoxicillin was released from the NPs.

3.2. Testing the antibacterial activity of the CPA NPs

The CPA NPs (20 pg/mL) were screened against S. aureus,
E. coli, S. aureus ®, and E. coli %/ using the CFU method.
In fact, our CFU test method is to disperse the logarithmically
cultured bacterial suspension in co-incubation with different
concentrations of material dispersed in PBS for 12 h, and after
incubation, the bacterial solution is evenly spread on LB plates
and the number of colonies grown is counted to get the sur-
vival rate. The CPA NPs had different antibacterial activities
against the two species of bacteria (Fig. 3C). The CPA NPs
showed higher antibacterial activity than the original amoxi-
cillin and PB@amoxicillin. The survival rates of S. aureus
R and E. coli ® in response to the CPA NPs were 11.3%
and 12.4%, respectively. We used the CFU method to count
the bacterial cells on LB-agar powder plates. The photographs
of the bacterial colonies (S. aureus ® and E. coli %) that
formed on the LB-agar plates were the blank, amoxicillin
(20 pg/mL), PB@amoxicillin (20 pg/mL), and CPA NPs
(20 pg/mL) groups. The antibacterial activity of the CPA
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Morphological characterization of NPs. (A) PB@Amoxicillin TEM images. (B) CPA NPs TEM images. The red part was the 4-

Cpba modified layer. (C) SEM images of CPA NPs. (D) Diameters of PB@Amoxicillin, CPA NPs determined at least thrice via DLS. (E)
EDX analysis of CPA NPs. (F) Zeta-potentials of PB NPs, PB@Amoxicillin and CPA NPs.
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(A) UV-vis absorption spectra of Amoxicillin, PB NPs, PB@Amoxicillin and CPA NPs. (B) FT-IR spectra of PB NPs,

PB@Amoxicillin and CPA NPs. (C) Kinetic stability indicating particle sedimentation; (D) Thermodynamic stability indicating particles
aggregation. (E) Amoxicillin release profile of CPA NPs complex prepared in PBS buffer at 37 °C.

NPs was compared with the blank, amoxicillin, and
PB@amoxicillin groups. Water was used in the blank group.
The CFUs were adjusted. The viability of the bacterial cells
was evaluated. The amoxicillin CFU values of E. coli (*/
and S. aureus ® were 8.5 x 107 CFU/mL and 7.1 x 10’
CFU/mL, respectively. Furthermore, the CFU values of
PB@amoxicillin of E. coli ® and S. aureus ® were
1.5 x 10" CFU/mL and 1.3 x 107 CFU/mL, respectively.
The CPA NPs had the best antibacterial activity, with CFU
values (CFU/mL) of 2.4 x 10° for E. coli ® and 1.6 x 10°
for S. aureus ®’. As shown in Fig. 3A, the survival rate of
the CPA NPs was much lower than the other three groups.
The CPA NPs had better antibacterial activity than the unpro-
cessed amoxicillin and PB@amoxicillin. As shown in Table 1,
the MIC of the S. aureus (® CPA NPs was 3.9 pg/mL, while
that of E. coli ‘® was 3.1 pg/mL. Moreover, the MIC of the
CPA NPs against S. aureus ‘® and E. coli ‘® were lower than
those of amoxicillin and PB@amoxicillin. The MIC of the PB
NPs for S. aureus ‘®’ was 11.2 pg/mL, and the MIC of the PB
NPs for E. coli “® was 7.9 pg/mL. The antibacterial activity of
the CPA NPs was dominant. The results of in vitro experi-
ments showed that the CPA NPs could be used as a new type
of NPs for antibacterial testing.

3.3. Fluorescence assay to assess antibacterial activity

LIVE/DEAD staining of E. coli "® and S. aureus ®’ was car-
ried out using AO and EB fluorescent dyes to determine bacte-

rial viability. In this experiment, the bacterial cells were either
green or red under the fluorescence microscope. Green fluores-
cence indicated live cells and red fluorescence indicated dead
cells, and their cell membranes were intact or damaged, respec-
tively. After the cells were treated with different concentrations
of the CPA NPs (10 and 20 pg/mL), living cells (red fluores-
cence) were observed in the blank group (Fig. 4). The number
of dead cells was concentration-dependent. The CPA NPs
exhibited a stronger inhibitory effect against drug-resistant S.
aureus ™ and E. coli ™ than against amoxicillin and
PB@amoxicillin, as shown in Fig. 4(A) and (B). Thus, the
results show that the antibacterial activity of amoxicillin was
further improved under the action of 4-Cpba and by being
wrapped in the PB NPs. The in vitro experiments show that
our synthesized CPA NPs have a strong antibacterial effect.

3.4. The antibacterial mechanism action of the CPA NPs

As PB NPs can produce ROS, we tested the production of
ROS in E. coli ® and S. aureus ® treated with PB NPs.
We tested whether oxidative damage is the cause of bacterial
death, and whether antibiotics kill bacteria by inducing ROS
production. By measuring the total ROS concentration of
DCFH-DA, hydroxyl radicals (a type of ROS), and hydrox-
yphenylfluorescein (HPF), the results showed that the CPA
NPs significantly increased ROS production by S. aureus */
and E. coli ® (Fig. 5). As shown in Fig. 5A, the level of intra-
cellular ROS depended on the concentration of CPA NPs. The
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antimicrobial activity of the CPA NPs may be related to the
production of ROS by the bacteria. When bacteria was treated
with amoxicillin and incubated for 60 min, the ROS levels did
not increase, This may be due to B-lactamase inhibiting the
activity of amoxicillin, while the ROS levels of E. coli ® trea-
ted with CPA NPs increased significantly (Fig. 5B). These
results suggest that one of the mechanisms by which CPA
NPs kill bacteria is the production of ROS. Bacterial cell mem-
branes are damaged by nanocomposites. When CPA NPs enter
cells by destroying the cell membrane of the bacteria, it induces
high levels of ROS production, This process causes oxidative
damage, affects bacterial activities, and kills bacteria, leading
to high antibacterial activity.

We quantified the bacterial membranes damaged by NPs
with a fluorescent dye. PI passes through the damaged cell
membrane and enters the interior to fluoresce with nucleic
acids. The cyanine dye diSC3-5(3,3'-dipropylthiadicarbocya
nine iodide) binds to the plasma membrane and fluorescence
quenching occurs. When the plasma membrane is damaged,
the dye is released, and the integrity of the bacterial cell mem-
brane and cytoplasm are determined by PI and diSC3-5. The
higher the fluorescence intensity, the more serious the damage.
Compared with the negative control, amoxicillin caused only a
small increase in the fluorescence of the dye, which may be

related to the hydrolysis of the lactam ring in amoxicillin by
the B-lactamase of drug-resistant bacteria. When the cells were
treated with PB@amoxicillin and CPA NPs, the cell mem-
brane permeability of E. coli ® and S. aureus * increased
significantly. PB@amoxicillin and CPA NPs also increased
cytoplasmic membrane permeability of E. coli ‘®/ and S. aur-
eus ® Amoxicillin had only a weak effect on cell wall perme-
ability of S. aureus (®’. These results show that the CPA NPs
caused extensive damage to the bacterial cell and plasma mem-
branes (Fig. 6). The CPA NPs exhibited extensive antibacterial
activity by increasing the permeability of cell walls and plasma
membranes.

To further demonstrate destruction of the bacterial mem-
brane, we measured the release of [-galactosidase from
E. coli ‘®. B-galactosidase is found in the cytoplasm of Enter-
obacteriaceae (e.g., E. coli ‘®). This enzyme is released into the
culture medium when the plasma membrane of a cell is
destroyed, which catalyzes the production of O-nitrophenol
(ONP) by ONPG. Therefore, ONPG was added to the cul-
tures, and the change in the amount of ONP in the medium
was measured by measuring the ODyyg,m value to determine
whether the bacterial cell membrane was destroyed. Fig. 6C
shows that as the concentration of the NPs was increased,
the release of cytosolic p-galactosidase from the E. coli ‘® sus-
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Table 1 MIC values about E. coli ® and S. aureus ®.

Bacteria PB NPs PB@Amoxicillin CPA NPs Amoxicillin Kanamycin

(ng/mL) (ng/mL) (ng/mL) (ug/mL) (ng/mL)
S. aureus 11.2 + 0.51 7.5 + 0.15 3.9 + 0.31 53 + 0.12 0.4 + 0.04
E. coli ® 7.9 £ 0.21 6.4 + 0.19 3.1 £ 0.09 6.4 £ 0.21 0.9 + 0.07
Blank Amoxicillin PB@Amoxicillin  CPA NPs
A - - T o 1 2 .
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Fig. 4 Fluorescence microscopic images of drug-resistant E. coli ‘® (A) and S. aureus ‘®’ (B) through the LIVE-DEAD stained assay.
Cells treated with Amoxicillin (20 pg/mL), PB@Amoxicillin (20 pg/mL), CPA NPs (20 pg/mL) were set as control groups. Cells were
treated with CPA NPs (20 pg/mL) for 2 h in incubation. The blank group is bacteria without NPs.

pension increased with time. These results indicate that treat-
ment with CPA NPs damaged the integrity of the membranes,
which caused cytoplasmic enzymes to be released into the med-
ium. This result shows that the CPA NPs bind to the surface of
the bacterial cell membrane, cause damage, and kill the
bacteria.

3.5. CPA NPs inhibit p-lactamase activity

One of the main reasons for bacterial resistance is the over-
expression of B-lactamase by bacteria, which decomposes B-
lactam antibiotics and promotes drug resistance. Inhibiting
the expression or activity of B-lactamase is a new strategy to



Application of synergistic B-lactamase inhibitors and antibiotics in the treatment of wounds infected by superbugs 9

>

Blank Amoxicillin
~
=~
)
(). .
55
10 um
~
Q
Y
S
S
A
B S.aureus ®
10, N Amoxmlllm' o
I PB@Amoxicillin
5 g{ B CPANPs
2 & %
]
Yy .
c .
s -
(&) 4
wv
)
—
o
=
T

20min  40min  60min

Omin

Fig. 5

CPA NPs (pug/mL)

10 20

E.coli®

10, I Amoxicillin
[ PB@Amoxicillin

g{ B CPA NPs L

Fluorescence(a.u.)

40min  60min

20min

Omin

(A) After incubating for 30 min with 10 mM DCFH-DA in PBS, 10 pg/mL and 20 pg/mL CPA NPs and amoxicillin were used for

60 min at 32°C, and imaging was performed under a fluorescence microscope. The blank group is without NPs. (B) Cellular total ROS
probed with 20,70- dichlorofluorescein diacetate (DCFH-DA), use the microplate reader to detect the total ROS of the cells, the positive
control is to add the Ros-up in the kit. (*p < 0.05, **p < 0.01 Amoxicillin-treated group vs. no Amoxicillin-treated group) Each value

represents the mean standard deviation (n = 3).

reverse antibiotic resistance. -lactamase hydrolyzes the amide
bond of nitrocefin and produces a color reaction. The shift in
the maximum absorbance peak from 380 nm (yellow) to
500 nm (red) reflects the change in B-lactamase activity. The
maximum absorption peak shifted from 380 nm (yellow) to
500 nm (red) by imaging the color change (Fig. 6D). The color
changed from yellow to red, confirming the inhibitory effect of
the CPA NPs on B-lactamase activity. Fig. 6E shows that the
bacterial extract treated with amoxicillin decomposed nitro-
cefin. Absorbance at 500 nm increased with time, and decom-
position became more rapid and intense as the concentration
of amoxicillin was increased. Moreover, the CPA NPs effec-
tively inhibited B-lactamase activity in a time-dependent man-
ner. A quantitative analysis of PB-lactamase activity further
confirmed this inhibitory effect (Fig. 6D). In summary, CPA
NPs effectively inhibited the B-lactamase activity of drug-
resistant bacteria.

3.6. Cell integrity studies

The morphological changes in S. aureus ® and E. coli %/
treated with CPA NPs were observed by SEM. SEM revealed
the damage to the bacterial membranes (Fig. 7). After 12 h of

incubation, CPA NPs were added to the E. coli (*’ and S. aur-
eus ® cultures to maintain the integrity of the membrane
structure. The enlarged area (control) shows that the bacterial
cells were smooth and had a complete cell membrane. In con-
trast, cell integrity was compromised in cells treated with the
CPA NPs for 12 h compared with untreated cells. The number
of S. aureus ‘® and E. coli ®/ cells decreased after treatment
with the CPA NPs, the cell membranes wrinkled, and intracel-
lular contents were damaged. Damage was still observed on
the surface of most cells at a high concentration of CPA
NPs (20 pg/mL), while leakage of intracellular contents was
observed in most S. aureus (® and E. coli ®/ cells, as shown
in Fig. 7. The form and size of the cells changed significantly.
The TEM ultra-thin sections showed that the cytoplasm of
healthy E. coli (® and S. aureus ®’ cells were uniform and
complete (Fig. 8A, B). However, E. coli (® and S. aureus
(R) showed obvious cell lysis, cavitation, and rupture of the
membranes after treatment with amoxicillin, PB@amoxicillin,
and CPA NPs (Fig. 8A, B). As expected, the CPA NPs treat-
ment created more damage to the morphology of the resistant
bacteria, which was concentration-dependent. The results
show that the CPA NPs had a significant antibacterial effect
on the cells, and that the CPA NPs changed the morphology
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Fig. 6 (A) PI and (B) DiSC3-5 were used to detect the integrity of bacterial cells and cytoplasmic membranes. The test without NPs was
used as a control. The increase in fluorescence corresponds to the degree of damage to the total cell membrane. (C) Treat the absorption of
ONP with PB@Amoxicillin and CPA NPs different time and concentration with E. coli (®/. (D) Test the activity of B-lactamase. Detect
the absorbance of nitrocefin at 500 nm. Bacterial crude extract with 0.1 mM nitro cephalosporin incubation, the absorbance was measured
at 500 nm. The color change of triangle is nitrocefin under white light. (E) Histogram of B-lactamase activity over time. (&p < 0.05,
&&p < 0.01 *p < 0.05, CPA NPs treatment group). Each value represents the mean standard deviation (n = 3). Each value represents
the mean standard deviation (n = 3).
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Fig. 7 Morphological changes of E. coli ‘® (A) and S. aureus ® (B) treated with CPA NPs (10 and 20 pg/mL). The part in the red

rectangles is enlarged. The blank group is bacteria without NPs.

of the bacterial cells. This effect may eventually lead to cell
death. The morphological change mechanism of S. aureus
(R) and E. coli ‘® indicates that the bacterial cell membranes
were damaged because the synergistic effect of PB and amox-
icillin enhanced antibacterial activity. The NPs loaded with
amoxicillin and 4-Cpba penetrated the bacterial cell membrane
and cell wall. 4-Cpba ensured that the amoxicillin was not
hydrolyzed by pB-lactamase, so that it could kill the drug-
resistant bacteria. This is the main antibacterial mechanism
of the nanocomposites.

3.7. In vivo wound recovery

To compare the therapeutic effects of nanomaterials on drug-
resistant bacteria in vivo, we further tested their antibacterial
activity in mice. Wounds were created and E. coli (®/ and S.
aureus ® were added to the left and right chest wounds,
respectively. The conventional B-lactamase inhibitor clavulanic
acid is associated with adverse effects when coadministered
with amoxicillin, whereas CPA NPs have a good biosafety pro-
file with few toxic side effects. We used clavulanic acid (the
most commonly used B-lactamase inhibitors in clinical prac-
tice) in combination with amoxicillin, and CPA NPs as the

experimental group. Daily intravenous injections of
amoxicillin + clavulanic acid (2:1) acid or the CPA NPs and
wound healing were recorded and imaged (Fig. 9A). The
results showed no significant changes in wound healing after
the E. coli ® and S. aureus ® infections in the blank group
and the amoxicillin + clavulanic acid treated group, as shown
in the wound images (Fig. 9A, C, D). Moreover, The CPA NPs
treatment effectively promoted wound healing after the E. coli
R and S. aureus ‘*/ infections compared with the blank group
and the amoxicillin + clavulanic acid treated group. Fig. 9A is
a photograph of wound healing in the mice. The wounds in the
CPA NPs treatment group were completely epithelialized on
day 10 after surgery, and these tissues were comparable to
healthy tissues. In short, the CPA NPs were effective for treat-
ing wounds. Wound tissue H&E staining experiments were
performed to study the pathological changes in the nanocom-
posite sites of infection in the muscle tissue. Fig. 9B compares
the images produced by differently processed tissues. The
degree of wound tissue infection was highest in the untreated
group compared with the control group. The degree of inflam-
mation in the amoxicillin + clavulanic acid-treated group was
lower than that in the untreated group. In contrast, tissue sec-
tions treated with the CPA NPs showed no obvious signs of
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Fig. 8 Morphological changes of E. coli ® (A) and S. aureus (®/ (B) Treated with Amoxicillin, PB@Amoxicillin and CPA NPs (10,15
and 20 pg/mL) through TEM observation. Assay without NPs is as blank. The red arrow points to the broken part of the bacterial cell

membrane.

inflammation, which was very similar to the control group. In
addition, epithelial cell growth was observed and granulation
tissue formed, suggesting tissue healing. Immunohistochem-
istry confirmed that the CPA NPs effectively reduced inflam-
mation of the infected tissues. Fig. 9D shows the
corresponding wound sizes of the E. coli ® and S. aureus
(R) infections in the mice. These in vitro and in vivo experi-
ments show that CPA NPs have potent antibacterial effects
that promote wound healing.

3.8. Histopathological inspection of animal organs and tissues

On day 7 after the injection, the abdomen was incised and
organs, such as the heart, liver, kidneys, spleen, and lungs were
collected. The mouse organs were imaged (Fig. 10). The organs
in the blank group were normal. The animal organs inoculated
with bacteria showed obvious signs of inflammation or lesions
produced by S. aureus ®/. As shown in Fig. 10A, all organs
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Fig. 9 (A)Representative photos of wounds infected with bacteria treated with Amoxicillin + Clavulanic acid or CPA NPs (and
untreated mice used as controls) (B) H&E staining images and immunohistochemical results of the wound tissue sections; (C) Diagram of
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and control group; *p < 0.05, **p < 0.01 CPA NPs treatment group and control group); (D) Count statistics of bacterial cultures in
tissues of untreated and CPA NPs-treated wounds; Each value represents the mean standard deviation (n = 3).
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Fig. 10  (A) Histological methods were used to detect the bacteremia model of CPA NPs and the therapeutic effect. The main organs of
the mice were examined histologically after 5 days S. aureus (®/ intravenously. Compared with the blank group, the infected group had
inflammatory cells. The concentration of NPs is 20 pg/mL. (B) Bacterial burden in heart, liver, spleen, lungs, kidneys and blood. (C)
Representative images of organs treated with saline (control group), S. aureus ®/ (untreatment group), S. aureus ® + CPA NPs
(treatment group) for 5 days. Observe inflammatory symptoms and lesions on imaging. The blue arrow indicates necrosis and abscess. The
concentration of NPs is 20 pg/mL. (D) Five-day survival rate of mice infected by S. aureus (%’ infection.
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were infected and presented symptoms of inflammation and
necrosis. After bacteremia model (infection group) mice CPA
NPs (20 pg/mL) treatment, mice were treated organ functions
properly. The bacteremia model was successful after compar-
ing the two groups (control group and infected group). The
number of bacteria in blood, heart, liver, spleen, lung and kid-
ney was significantly increased after S. aureus (*/ infection
(Fig. 10B). The results of the three groups show that the
CPA NPs killed S. aureus “® and cured the bacteremia caused
by S. aureus ‘®. In contrast, as shown in Fig. 10A, these data
provide visual observations of the inflammation and lesions
caused by S. aureus ® in the infected group. No obvious
histopathological abnormalities or lesions were detected in
the treatment group. Some inflammatory cells were observed
in the organs. These results indicate that CPA NPs may be a
way to treat bacteremia. After the tail vein injection of S. aur-
eus ® suspension, the survival rate of mice was only 20%
(Fig. 10D). To further study the in vivo biocompatibility of
CPA NPs, we used H&E staining for a histopathological anal-
ysis of the organs of the mice. The heart, liver, spleen, lungs,
and kidneys of the mice were used to study the tissue damage,
inflammation, and the pathology caused by the CPA NPs.

3.9. Biosafety evaluation

The above experiments showed that the CPA NPs have strong
antibacterial activity in vivo and in vitro. The CPA NPs are
nanomaterials with antibacterial effects. An investigation of

biological toxicity is necessary for a nanocomposite material.
We analyzed the histological changes in mice that were contin-
uously injected with PB@amoxicillin and CPA NPs for 30 days
to define whether the nano-composite and drugs affected the
mice. The H&E staining results of the organs of the mice
had normal physiological characteristics compared with the
control group, and there were no problems, such as cell apop-
tosis or tissue damage (Fig. 11A). This result indicates that
PB@amoxicillin and CPA NPs were biocompatible with the
mice. The remnant amount of Fe in the mice organs was mea-
sured (Fig. 11B) by ICP-AES after 48 h. The remaining iron
was limited except in the liver and kidneys. This result shows
that NPs can be efficiently eliminated from the mice without
causing damage. We also tested the hemolytic activity of the
CPA NPs. The results are shown in Fig. 11C. The hemolytic
rate increased with the increase in the NPs concentration.
However, the increase was small, and the samples did not
reveal significant hemolysis behavior, indicating very low cyto-
toxicity to the cells. The results of the toxicity test showed that
the CPA NPs exhibited few side effects and low toxicity in vivo
and in vitro, and have potential clinical value.

4. Conclusions

In this study, PB nanoparticles were synthesized for the coor-
dinated delivery of amoxicillin and a B-lactamase inhibitor.The
conventional B-lactamase inhibitor clavulanic acid is associ-
ated with adverse effects when coadministered with amoxi-
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cillin, whereas CPA NPs have a great biosafety profile with few
toxic side effects. The B-lactamase inhibitor 4-Cpba effectively
inhibited B-lactamase activity and synergistically enhanced the
in vitro antibacterial activity induced by amoxicillin. The
antibacterial effect of the CPA NPs on E. coli ® and
S. aureus ® was observed by in vitro CFU, MIC, SEM, and
fluorescence tests. Because of the presence of this resistance
mechanism, CPA NPs can also prevent bacteria from develop-
ing drug-resistant mutations.The results show that the CPA
NPs exhibited cell uptake, destroyed cell walls, and inhibited
bacterial reproduction. We speculate that the reason for these
results may be that the 4-Cpba bound firmly to B-lactamase to
irreversibly inactivate the enzyme, protecting the enzyme-
intolerant amoxicillin from being destroyed, thereby allowing
the latter to enter the site of action. The results show that
amoxicillin and the B-lactamase inhibitor mediated by nano-
PB composites and B-lactamase inhibitors also performed
in vivo. They had a synergistic anti-infection effect, inhibited
the cell apoptosis induced by E. coli (* and S. aureus “® infec-
tion, and promoted wound healing. The H&E tissue staining
showed that the CPA NPs significantly inhibited the bac-
teremia caused by S. aureus “®/ infection in vivo, but they were
not toxic to the organs of mice, which demonstrates good bio-
compatibility in vivo. Our results validate that a PB nanocom-
posite co-delivering amoxicillin and a B-lactamase inhibitor
may be an efficient way to overcome drug-resistant bacteria
and achieve synergistic antibacterial effects.
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