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Preparation of a BigOs5(OH)3(NOz)5-2H,O/AgBr
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A novel BigOs(OH)3(NO3)s-2H,O/AgBr (6535BBN/AgBr) composite with long-lasting antibacterial efficacy
was prepared. The microstructure of the composite was characterized. AgBr nanoparticles (NPs) were
sandwiched in 6535BBN nanosheets (NSs) or loaded on their surfaces. The utilization of 6535BBN as
carriers contributed to the long-term lasting antibacterial activity of the composite after storage in water
or 0.9% NaCl. The antibacterial activity was evaluated by inhibition zones against E. coli. The inhibition
zone diameters of 6535BBN/AgBr stored in water for O h, 8 h, 16 h, and 48 h were measured as 22.50,
21.71, 20.43, and 20.29 mm, respectively. The activity of the composite after storage in water for 48 h
remained 90.2% of that in the beginning. After storing in 0.9% NaCl for 16 h, the activity was determined
to be 90.1% of that in the beginning. In comparison with the rapid decrease in the antibacterial activity of
pure AgBr, the slow reduction of 6535BBN/AgBr after storage indicates long-lasting efficacy. The
excellent dispersion states of 6535BBN/AgBr powders after storage in solutions were revealed, and the

positive relationship between the dispersion state and its long-lasting antibacterial activity was
Received 23rd November 2022 ted. Based th . load . (LOC) struct the | lasti tibacterial
Accepted 15th Decerber 2022 suggested. Based on the unique load-on-carrier structure, the long-lasting antibacteria
performance was promoted by the synergy of the sharp-edge-cutting effect of 6535BBN NSs,

DO 10.1039/d2ra07447h prolonged ROS antibacterial effect, and restrained sterilization effects of silver ions caused by their slow
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Introduction

The antibiotic resistance of bacteria and the corresponding
excessive use of antibiotics had caused a rapid increase of drug-
resistant pathogens and antibiotic contamination in the
aqueous environment.'” It is urgent to develop long-lasting
antibacterial efficacy and explore non-drug antibacterial nano-
materials. The long-term lasting antibacterial effect means the
antibacterial activity of materials stored in solution for a certain
period, which is vitally significant for clinical applications
because some infections might occur throughout the entire
treatment period such as the implant infection in implantation
operations.*® Non-drug antibacterial nanomaterials have
attracted increasing attention because of their promising anti-
bacterial and antimicrobial capacities, for example, Ag, Au, and
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TiO, nanoparticles (NPs).>** Some non-drug nanomaterials
have exhibited effective long-lasting antibacterial performance
and potential value in clinical treatments, for example, Cu/Ti-
6A1-4V, Cu/GO, and polylactic acid (PLLA)/Ag.**>** In 2020, Liu
et al. successfully synthesized the “inside-outside” Ag-NPs-
loaded composite fibers, and Ag-NPs were uniformly distrib-
uted on the inner surface of the PLLA fibers. The beneficial LOC
structure endowed the PLLA/Ag composite with good physio-
logical stability, long-term antibacterial effect, and bone infec-
tion inhibition ability and made it a promising bone implant
material.*®

Silver halides (AgX, X = Cl, Br, I) have been accepted as non-
drug antibacterial materials due to photocatalytic ROS anti-
bacterial actions and sterilization effects of silver ions."**¢
However, the instability and photosensitivity are the practical
limits for clinical applications.””* The instability of AgX
includes the tendency to decompose and aggregate in the bio-
logical media, leading to the failure of the remaining stable
dispersion in solutions.'”'® As a result, the antibacterial capacity
of AgX deteriorates even after a short time. Some researchers
have tried to prepare AgX composites with the LOC micro-
structure, where AgX NPs with decreased size were loaded on
suitable carrier materials.**** They indicated that the LOC
structure enhanced the stability of AgX NPs and protected them
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from aggregation, which contributed to their antibacterial
performances. For example, the AgCl/ZnWO, composite mate-
rial displayed excellent antibacterial activity due to its LOC
structure, where AgCl NPs were decorated on the ZnwWO,
nanorods.”® As a conclusion, carrier materials with a layered
structure played significant roles to improve the antibacterial
activity, including C;3;N,, diatomite, and rGO.*>* Moreover,
prolonging the antibacterial effect by employing suitable layer-
structured materials as carriers is promising.

As a group of layer-structured nanomaterials, Bi-based
materials, including vy-Bi,Oz;, BiOCl, Bi,WO,, Bi(NO;);, and
BiOI, have exhibited prominent antibacterial performance.>**°
Basic bismuth nitrate (BBN) consisted of nitrate anions, water
molecules, and cage-like BigO4.(OH); x6_x, Which includes
over 15 compounds with different chemical compositions.*
Some researchers reported the attractive adsorption and pho-
tocatalytic performance of some of these BBN compounds.®*-*
However, the antibacterial ability of BBN compounds has
scarcely been studied except a few reports and practical
usages.>*” For example, BBNs are used as milds antiseptic in
medicine due to their inhibition against enzymes in bacteria.*
Bismuth basic nitrate tablet is utilized for the treatment in
peptic ulcer because of its antibacterial activity against H.
pylori.*** In our previous studies, the antibacterial activity and
photocatalytic performance of BBN composites were evalu-
ated.*®?* For tens of BBN compounds, due to their unique layer
structure, intrinsic antibacterial activity, and physical and
chemical stabilities, it is a good opportunity to be employed as
carriers for AgX loading to prolong its antibacterial efficacy.

In this study, one of the BBN compounds, BisOs(OH)s(-
NO3)s-2H,0 (6535BBN), was utilized as carriers to support AgBr
NPs. The typical LOC structure is helpful to enhance the
stability of AgBr NPs and protecting them from aggregation,
which prolongs the antibacterial efficacy of as-prepared
6535BBN/AgBr composite. To evaluate the long-lasting effi-
cacy, the antibacterial activities of the composite after storage in
water or 0.9% NaCl for different durations were measured. The
variation of antibacterial activities with the storage time is
represented by corresponding inhibition zones against E. coli.
The dispersion states of 6535BBN/AgBr powders in water or
0.9% NacCl are observed. The mechanism of the long-lasting
antibacterial activity is discussed based on the LOC structure.
The 6535BBN/AgBr composite and its long-lasting antibacterial
efficacy are reported for the first time.

Experimental section
Synthesis

All chemicals were purchased from Sinopharm Chemical
Reagent Co. Ltd. The chemicals were of analytical grade and
used without further purification. In a typical synthesis, Bi,O;
and AgNO; were used as raw materials. BiOBr was prepared and
used as an intermediate product. BiOBr was synthesized as
follows. 0.02 mol Bi,O; was added into 40 mL hydrobromic acid
at a speed of 3 mL min~" and the solution was magnetically
stirred for 30 min. To adjust the pH value to 6, ammonia was
added into the solution dropwise. The suspension was
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magnetically stirred again for 30 min at 40 °C until a light yellow
colloid was formed. The colloid was centrifuged and washed
with deionized water and alcohol three times. The as-obtained
precipitate was dried at 40 °C for 24 h. Thus, the intermediate
product BiOBr was prepared. For the typical synthesis of
6535BBN/AgBr, 0.4 g BiOBr was added into 40 mL ethylene
glycol and stirred for 30 min. 0.2 g AgNO; was added into 40 mL
ethylene glycol and stirred for 30 min. According to a typical
proportion, 0.27 g BiOBr and AgNO; solutions were mixed
together, and the mixed solution was continually stirred for
30 min. 0.49 g polyvinyl pyrrolidone was added into the mixture
dropwise. The final solution was continually stirred for 2 h.
After then, the final solution was transferred into a Teflon-
sealed autoclave and kept at 150 °C for 24 h. The final precipi-
tate was centrifuged, washed with deionized water and ethanol
three times, and then dried at 50 °C for 16 h. Finally, a yellowish
grey powder was collected for characterization and testing.

Characterization

The formation of the 6535BBN/AgBr composite was confirmed
by a Rigaku D/Max 2200 X-ray diffractometer (XRD) with Cu Ko
radiation (A = 1.5406 A). The microstructure and composition of
the composite were characterized by transmission electron
microscopy (TEM, JEM-2100), selected-area electron diffraction
(SAED), and energy dispersive spectroscopy (EDS). The
elemental composition and chemical state of the composite
were analyzed by an X-ray photoelectron spectrometer (XPS,
ESCALAB 250Xi). The functional groups on the surface of the as-
prepared composite were determined by a NICOLET 5700 FT-IR

spectrometer in the range of 500-3600 cm ™",

Evaluation of long-lasting antibacterial activity

The long-lasting antibacterial efficacy of the as-prepared
6535BBN/AgBr and commercial AgBr after storage was evalu-
ated by the disc diffusion method against E. coli. Firstly,
samples were stored in pure water or 0.9% NacCl for different
durations. The as-prepared 6535BBN/AgBr and commercial
AgBr were dispersed in water with a concentration of 1 mg
mL ™", The tubes were kept without shaking for 0 h, 8 h, 16 h,
and 48 h. Similarly, the two samples were stored in 0.9% NaCl
for 0 h, 8 h, and 16 h. Secondly, the antibacterial activities of the
samples after storage for different durations were evaluated.
The glassware used and culture medium were sterilized by
autoclaving at 121 °C for 15 min. All experiments were carried
out under sterile conditions. Each filter paper disc with
a diameter of 6 mm contained 10 pg samples. Distilled water
was considered as the negative control. 20 mL agar culture
medium was poured into Petri dishes to prepare agar plates. 100
uL bacteria (approximate 1 x 10° colony forming unit (cfu) per
mL) were spread evenly on the surface of agar plates. Next, filter
papers were placed on the solid culture medium. The culture
medium was incubated at 37 °C for 24 h. The diameters of the
inhibition zones were measured to evaluate the antibacterial
activity. The long-lasting antibacterial efficacy of the as-
prepared 6535BBN/AgBr was indicated by the change in the
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inhibition zone diameters of the samples after storage in water
and 0.9% NacCl for different time durations.

Results and discussion
Phase determination

The crystalline phases of the as-prepared samples were deter-
mined by XRD analyses. The spectra in Fig. 1(a) and (b) corre-
spond to the intermediate and final products, respectively. As
shown Fig. 1(a), all the diffraction peaks are indexed to tetrag-
onal BiOBr (JCPDS no. 09-0393), which indicates that pure
BiOBr with highly crystalline nature is prepared at the first
stage. As shown in Fig. 1(b), the diffraction peaks at 30.92°,
44.32°, 55.02°, 64.48°, and 73.20° are assigned to cubic AgBr
(JCPDS no. 06-0438), as denoted by black dots. Other peaks at
11.60°, 23.38°, and 26.58° are indexed to rhombohedral Big-
0O5(OH);(NOs)5-2H,O (JCPDS no. 54-0627). Besides that, no
other diffraction peak is observed. Based on the above XRD
results, cubic AgBr and rhombohedral BizO5(OH);(NOs)5-2H,0
have been proved to form in the final product.

Microstructure and composition analyses

The microstructure of the as-prepared product was character-
ized by the TEM images, as shown in Fig. 2(a)—(c). In Fig. 2(a), it
is observed that a large amount of AgBr NPs with diameters of
3-15 nm are uniformly dispersed on 6535BBN NSs. In Fig. 2(b)
and (c), further observations at a high magnification reveals
that some NPs distributed on NSs have sharp outlines, which
indicates the loading of particles on the surface of NSs. Other
particles are not easily distinguished, which suggests that these
particles are sandwiched inside the curled or overlapped NSs.
Fig. 2(c) shows that some NSs are curled or overlapped. To
confirm its composition, EDS measurements were performed.
Fig. 2(d) shows the EDS elemental mappings of the composite,
which indicate the uniform distribution of the Bi, Ag, Br, N, and
O elements. The EDS spectrum in Fig. 2(f) confirms the pres-
ence of these elements in the composite again. The crystalline
nature of the product was analyzed by the SAED pattern, as
shown in Fig. 2(e). Most of the diffraction rings are indexed to
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Fig. 1 XRD spectra of BiOBr (a) and 6535BBN/AgBr (b).
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Fig. 2 (a—c) TEM images of the 6535BBN/AgBr composite; (d) EDS
elemental mapping images of Bi, Ag, Br, N, and O elements; (e) SAED
pattern of the composite; (f) EDS spectrum of the composite.

the crystalline planes of cubic AgBr (JCPDS no. 06-0438),
including (200), (220), (311), (400), (331), (420), (440), (600), and
(640). Other diffraction rings are aligned to the crystalline
planes of rhombohedral BigO5(OH)3(NO;)s-2H,0 (JCPDS no.
54-0627), including (006), (226), (440), and (544). Based on the
above analyses, it is concluded that the as-prepared product is
composed of BigOs5(OH);(NO;3)5-2H,O and AgBr, which is
consistent with the above XRD spectrum. The 6535BBN/AgBr
composite has a typical LOC structure, where AgBr NPs is
sandwiched in 6535BBN-2H,0 NSs or loaded on their surfaces.
The advantageous structure is expected to enhance the stability
of AgBr particles and protect them from aggregation, which
might prolong the antibacterial performance.

FTIR analysis

FTIR spectra were recorded to detect the functional groups on
the surface of the as-prepared 6535BBN/AgBr composite. In the

~
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Fig. 3 FTIR spectrum of the 6535BBN/AgBr composite.
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FTIR spectrum (Fig. 3), obvious adsorption bands at 817 cm ™,
879cm ™', 1049 cm ™, 1107 cm ™Y, 1335 ecm ™Y, and 1655 cm ™ ' are
detected. The peaks at 817 and 879 cm™ ' are assigned to
bending bands of NO;~ groups.**** The peaks at 1049 and
1107 em ™" are related to symmetric stretching and bending
vibrations of NO;™~ groups, respectively.*>** The strong peak at
1335 cm ™ is attributed to the asymmetric stretching vibration
of NO;~ groups.* Meanwhile, the weak peak at 1655 cm ™"
might be due to the bending mode of water molecule and -
OH.**** In addition, a weak and broad absorption band (3000
3600 cm ') centered at 3413 cm ™! is related to the stretching
vibrations of hydroxyl groups, physically adsorbed water, and
crystal water.* In summary, most peaks in the FTIR spectrum
are assigned to NO;~ groups, which confirms the existence of
NO;  in the composite and suggests the formation of
BigO5(OH)3(NO3)s - 2H,0.

XPS measurements

The elemental composition and chemical status of 6535BBN/
AgBr composite were determined by XPS measurements. In
Fig. 4, the XPS survey spectrum of the composite and high-
resolution spectra of Ag 3d, Br 3d, Bi 4f, N 1s, and O 1s are
displayed. The survey spectrum (Fig. 4(a)) indicates that the as-
prepared composite consisted of Br, Ag, Bi, N, and O. Carbon
peaks can be ascribed to the XPS technique itself. In Fig. 4(b),
two peaks at 367.38 eV and 373.38 eV are respectively assigned
to Ag 3d;/, and Ag 3ds,, of Ag' in AgBr.* In Fig. 4(c), two peaks at
67.9 eV and 68.8 eV are associated with Br 3ds/, and Br 3d;,, of
Br~ in AgBr.* In Fig. 4(d), two peaks at 159.3 eV and 164.6 eV are
indexed to Bi 4fs5, and Bi 4f,,, which are characteristics of
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Fig. 4 (a) XPS survey spectrum of the 6535BBN/AgBr composite; (b—f)

XPS high resolution spectra of Ag 3d, Br 3d, Bi 4f, N 1s, and O 1s.
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trivalent bismuth.*® In Fig. 4(e), the peak at 406.55 eV is indexed
to the binding energy of nitrogen in the NO;~ anion of
6535BBN.* In Fig. 4(f), the peaks at 529.3 eV, 530.1 eV, 531.4 €V,
and 532.2 eV are respectively matched to [Bi,0,]*", hydroxyl
groups, crystal water, and N-O in BigO5(OH);(NO3)s-2H,0.**
In conclusion, the above XPS spectra further indicates the
formation of AgBr and 6535BBN in the composite, which is
consistent with the above XRD, SAED, EDS, and FTIR analyses.

Evaluation of long-lasting antibacterial efficacy

To evaluate the long-lasting antibacterial efficacy of 6535BBN/
AgBr, the antibacterial activities of the composite after storage
in water or 0.9% NaCl were tested. For comparison, the anti-
bacterial activity of commercial AgBr after storage was tested
under the same experimental conditions. The variation of
antibacterial abilities with the storage time is represented by the
corresponding inhibition zones against E. coli. As shown in
Fig. 5(a)-(d), the diameters of the inhibition zones of pure AgBr
stored in water for 0 h, 8 h, 16 h, and 48 h were respectively
determined to be 21.06, 13.86, 6, and 6 mm, which displays
a rapid decrease in the antibacterial activity. Diameters corre-
sponding to the 6535BBN/AgBr composite stored in water for
0 h, 8 h, 16 h, and 48 h are 22.50, 21.71, 20.43, and 20.29 mm,
respectively. The antibacterial activity of 6535BBN/AgBr after
storage for 48 h remains 90.2% of that in the beginning, which
exhibits the long-lasting antibacterial efficacy. The long-lasting
activity might be suggested by the excellent stability and
dispersion of powders in water. Fig. 5(e) and (f) display the
digital images of 6535BBN/AgBr and AgBr solutions in trans-
parent tubes, which were kept for 0 h, 8 h, 16 h, and 48 h
without shaking. It is observed that 6535BBN/AgBr powders are
well dispersed in water after storage for 48 h and remain turbid,
while pure AgBr powders aggregate in water even after a short
time. For AgBr powders in water, the aggregation in several
hours is reversible. When the tube is shaken, the solution can
return to turbid. After storage for 8 h, the aggregation of AgBr
powders becomes irreversible and the precipitate is formed at
the bottom of the tubes, which is consistent with the variation
trends of inhibition zones diameters of AgBr after storage.
Therefore, it is revealed that 6535BBN/AgBr powders in water

8h 16h  48h
AgBrin H.O

Oh 8 h 16 h
6535BBN/AgBr in HO

Fig. 5 (a—d) Inhibition zones of 6535BBN/AgBr and AgBr stored in
water for O h, 8 h, 16 h, and 48 h; (e) digital images of 1 mg mL™*
6535BBN/AgBr in water; (f) digital images of 10 mg mL™ of AgBr in
water.
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are much more stable and resistant to aggregation compared to
pure AgBr. The positive relationship between the dispersion
state and long-lasting antibacterial performance is clarified.

For the purpose of exploring the potential value of 6535BBN/
AgBr in clinical applications, the long-lasting antibacterial
activity of the composite stored in 0.9% NaCl was measured. As
shown in Fig. 6(a)-(c), the inhibition zone diameters corre-
sponding to AgBr stored in 0.9% NaCl for 0 h, 8 h, and 16 h were
respectively determined to be 13.07, 7.86, and 6 mm, which
indicates the obvious decrease in the antibacterial activity in
a short time. For comparison, the inhibition zone diameters
corresponding to the 6535BBN/AgBr composite stored for 0 h,
8 h,and 16 h were 21.42,19.57, and 19.29 mm, respectively. The
antibacterial activity of 6535BBN/AgBr after storage for 16 h was
determined to be 90.1% of that in the beginning. Thus, the
long-lasting antibacterial activity of 6535BBN/AgBr stored in
0.9% NacCl is also revealed, although the time is shorter than
that in water. The dispersion of pure AgBr and 6535BBN/AgBr
powders in 0.9% NaCl are shown in Fig. 6(d) and (e). It is
revealed that 6535BBN/AgBr powders are dispersed nearly
uniformly in 0.9% NaCl after being stored for 16 h, while AgBr
powders aggregate and precipitate quickly. The positive rela-
tionship between the improved dispersion state of 6535BBN/
AgBr and its long-lasting antibacterial activity is represented
again. For AgBr in 0.9% NaCl, the aggregation in several hours
becomes irreversible and the precipitate is formed, which is
consistent with the quick decrease in the diameters of the cor-
responding inhibition zones given in Fig. 6(a) and (b). To
summarize, the employment of 6535BBN as carriers success-
fully endows the composite with long-lasting antibacterial effi-
cacy in water or 0.9% NacCl, which might be attributed to the
advantageous LOC structure in the composite.

Mechanism of long-lasting antibacterial efficacy

In general, the antibacterial activity of 6535BBN/AgBr is attrib-
uted to the distinct antibacterial capacity of BBN, ROS anti-
bacterial action, and silver ions' sterilization. BBN compounds
exhibit antibacterial capacities as inhibiting enzymes and

8h

oh 16h
AgBrin 0.9% NaCl

6535BBN/AgBr in 0 9% NaCl

Fig. 6 (a—c) Inhibition zones of 6535BBN/AgBr and AgBr stored in
0.9% NaCl for 0 h, 8 h, and 16 h; (d) digital images of 1 mg mL™*
6535BBN/AgBr in 0.9% NaCl; (e) digital images of 10 mg mL™" of AgBr
in 0.9% NaCl.
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delaying bacterial growth.*® ROS produced by photocatalytic
actions might cause the loss of membrane structure and func-
tions, which leads to cell wall lysis and final disruption of
bacteria.'*>'® The silver ions released from AgBr penetrate the
membrane and react with the sulthydryl group on the bacterial
protein. Bacteria are inactivated due to the coagulation of
proteins and the disability of synthase.*® In our study,
6535BBN is combined with AgBr by a typical LOC structure,
where the steady distribution of AgBr NPs with decreased size
on 6535BBN NSs is realized. In comparison with bulk BBN in
the microscale,* distinct antibacterial capacity of 6535BBN NSs
might be improved due to much more contact between the
nanosheets with the bacteria. Before antibacterial actions, the
adhesion of the bacteria might be strengthened due to the size
decrease of BBN sheets and AgBr particles.

Due to the construction of the LOC structure, the long-
lasting efficacy of 6535BBN/AgBr is promoted by the synergy
of three effects, as illustrated in Fig. 7. Firstly, the blade-like
edges of 6535BBN NSs might exert physical damage to bacte-
rial cells, which cause cytoplasm leakage, destruction of cellular
integrity, and bacterial apoptosis. Secondly, the steady distri-
bution of AgBr NPs on 6535BBN NSs protects AgBr from
aggregation, which might prevent the quick release of Ag" and
react with bacteria in external solution. The 6535BBN/AgBr
nanocomposite is accepted as a sustainable resource of Ag',
which controls the release rate of silver ions. Therefore, the
release period of Ag" is extended and the sterilization effect is
prolonged. Thirdly, ROS production based on photocatalysis is
controlled because some AgBr NPs are sandwiched in BBN NSs.
But the ROS total amount might be elevated due to the
improved production and utilization efficiencies of photo-
generated carriers. The size decrease of BBN sheets and AgBr
particles might enlarge the light absorption and improve the
production of carriers. The movement of carriers from interior
to the surface is accelerated and their utilization rate is
improved. The separation of carriers might be promoted by
their efficient transfer through the interfaces in the nanoscale
between AgBr and BBN. Therefore, the slow production of more

Physically cutting ROs
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Cytoplas™ \eakag® Ros
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\\\\\i\\(\\(\\‘\(\(\(\(\(\(lnu( (i Ag* AR
A\

I Ity

Damaging membrane

structure and functions
Penetrating membrane

/\

Disability of synthase

Inhibiting enzymes
(6535BBN)

..4

Coagulation of proteins

[LOC structure—>AgBr NPs are loaded on or sandwiched in 6535BBN NSs‘

|
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Fig. 7 Mechanism of long-lasting antibacterial efficacy of the
6535BBN/AgBr composite.
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ROS enhances the long-acting antibacterial effect. In summary,
long-lasting antibacterial efficacy of 6535BBN/AgBr is attributed
to the sharp-edge-cutting effect of 6535BBN NSs, restrained
sterilization effects of Ag" caused by their slow release, and
prolonged ROS antibacterial effect caused by the slow produc-
tion of more ROS. The sharp edges of BBN NSs damage the
bacterial cell membranes, physically making Ag' and ROS
penetrate into the cells and react with the bacterial cell more
conveniently. The prominent long-lasing antibacterial activity
of 6535BBN NSs endows it with expectable practical value for
clinical applications.

Conclusion

The 6535BBN/AgBr nanocomposite exhibits long-lasting anti-
bacterial efficacy against E. coli. The antibacterial performance
of the composite after storage for different durations was
assessed by the inhibition zones. It is indicated that the activ-
ities of the composite after storage for 48 h in water and 16 h in
0.9% NaCl remains 90.2% and 90.1% of that in the beginning,
respectively. The time of antibacterial efficacy of the composite
stored in 0.9% NaCl is shorter than that in water. The long-
lasting antibacterial activities are suggested by the excellent
dispersion of the composite powders in the solutions. It is
revealed that 6535BBN/AgBr powders are dispersed nearly
uniformly in 0.9% NaCl or water after storage, while AgBr
powders aggregate and precipitate quickly even after a short
time. The LOC structure of the composite had AgBr NPs sand-
wiched in 6535BBN NSs or loaded on their surfaces, which
contributes to its long-lasting antibacterial performance. The
mechanism of the long-lasting efficacy is discussed based on
the sharp-edge-cutting effect of 6535BBN NSs, restrained ster-
ilization effects of silver ions, and prolonged ROS antibacterial
effect. The stable 6535BBN/AgBr composite with long-term
antibacterial activity provides an efficient strategy to overcome
the bacterial resistance in practical clinical applications.
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