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ABSTRACT: Antibiotics are widely used for treatment of bacterial infections, and their overuse has contributed to microbial
resistance. Currently, an alternative antibiotic-free therapy for inactivating bacteria is of great interest. Black phosphorus (BP), a
biocompatible and nontoxic rising-star two-dimensional layered material, has gained remarkable interest in many bioapplications
including biosensing, cancer therapy, drug delivery, and also antibacterial treatment. However, BP nanosheets suffer from instability
in ambient environments due to rapid oxidation and degradation. To address this issue, BP nanosheets were modified with
quaternized chitosan (QCS) by electrostatic adsorption to prepare a BP-QCS composite for photothermal/pharmaco treatment of
bacterial infection. The BP-QCS has obviously enhanced solubility and chemical stability in aqueous suspensions. We have
demonstrated that under near-infrared (NIR) irradiation, the BP-QCS can synergistically inactivate more than 95% methicillin-
resistant Staphylococcus aureus (S. aureus) (MRSA) and Escherichia coli within 10 min with a dose of only 75 μg/mL in vitro.
Meanwhile, the BP-QCS composite under NIR can synergistically inactivate 98% S. aureus in vivo. Furthermore, the BP-QCS
suspensions at effective antibacterial concentrations have negligible cytotoxicity and in vivo toxicity.
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■ INTRODUCTION

The inappropriate use of antibiotics has increased the number
of medication-resistant germs, and particularly, this has even
led to problems with hospital-acquired infections, with respect
to both increased incidence and cost.1,2 The emergence of
drug-resistant bacteria is much faster than developing a new
drug. For these reasons, developing antibiotic-free medicines
and treatments is imperative so that bacteria will not develop
resistance.3

Photothermal therapy is an alternative method in which
tissues are ablated by heat generated from absorbed light
energy.4−6 In recent years, it has been used in the treatment of
tumors and bacterial infection.7−9 Near-infrared (NIR) is
preferred over visible light for in vivo photothermal therapy
because of its better penetrating ability to reach the target
position through tissues.10,11 Graphene,12,13 ternary chalcoge-
nide Ta2NiS5-P nanosheets,14 molybdenum disulfide nano-

sheets,4,15 gold nanomaterials,16 metal−organic frameworks,17

and organic dyes18 have been used for photothermal therapy
because of high light-to-heat conversion efficiency.
Black phosphorus (BP) nanosheets have recently attracted

attention because of their tunable, extensive absorption ranged
from the UV to NIR region, good biocompatibility, reactive
oxygen species (ROS) generation, and photothermal con-
version efficiency.19,20 BP has been applied in many
bioapplications including biosensing,21 neuroprotective nano-
medicine,22 drug delivery,23 biomineralization,24 cancer
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therapy,25−27 pathogen capture and release,28 and also
disinfection.29 Chen et al. demonstrated that BP nanosheets
can protect neuronal cells from Cu2+-induced neurotoxicity by
capturing Cu2+ selectively and efficiently and improve the
blood−brain barrier permeability under NIR laser irradiation
due to their strong photothermal effect.22 Guo et al. found that
BP nanosheets killed both Gram-negative and Gram-positive
bacteria with a concentration and time-dependent antibacterial
activity.30 The main antibacterial mechanism was considered as
physical damage to the bacterial membrane (caused by sharp
edges of BP nanosheets) and RNA leakage. Liu et al. reported
that chemically degradable BP nanosheets can function as
antibacterial agents by producing of ROS under visible-light
irradiation.31 To achieve enhanced disinfection activity by
promoting ROS photogeneration, several BP nanocomposites,
such as BP/Ag nanocomposites,29,32 BP/Cu nanocompo-
sites,33 and BP/graphitic carbon nitride,34 have been
developed. Besides inducing the production of ROS, photo-
thermal conversion is another important mechanism of BP-

based disinfection. Aksoy et al. synthesized BP/Au nano-
composites and investigated the photothermal antibacterial
and antibiofilm activities against a pathogenic biofilm-forming
bacterium under NIR light irradiation.35 The bacterial cell
membrane was destructed by BP/Au more efficiently than by
bare BP or Au due to the higher photothermal conversion
efficiency of BP/Au nanocomposites.
However, BP tends to react with adsorbed water or oxygen

on its surface resulting in poor stability in ambient, which
affects its storage and thus limits its potential as a drug.36

Surface coordination or chemical modification of BP by natural
organic antibacterial molecules may help to improve its
stability, bacteria-targeted ability, and antibacterial efficiency
because of a photothermal/pharmaco synergetic strategy. BP
nanosheets have so far been modified with a titanium
aminobenzenesulfanato complex (a weak antibacterial
agent),37 poly(4-pyridonemethylstyrene) endoperoxide to
control the storage and release of ROS reversibly,38 and a
thermal-sensitive liposome to release pharmaceuticals in a

Scheme 1. Schematic Illustration of the Synthesis of BP-QCS and the Disinfection Treatment with the Synergetic Antibacterial
Effect

Figure 1. (a) TEM image of BP nanosheets. (b) AFM image of BP nanosheets. (c) Hydrodynamic size of BP nanosheets. (d) Zeta potential of BP,
QCS, and BP-QCS.
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spatial-, temporal-, and dosage-controlled fashion.39 The
antibacterial mechanism was reported as that the nano-
composite induced bacterial inactivation via membrane
depolarization, suppression of protein synthesis, and decom-
position of genome DNA.
Chitosan (CS) is an abundant natural antibacterial agent

and is widely used in the treatment of bacterial infections
because it is highly biocompatible and harmless to
humans.40−43 However, it can only be dissolved in acids, not
in a neutral aqueous solution, limiting its use as a hydrogel to
promote healing of superficial wounds44 or as a filtration
membrane for water disinfection.45 Another problem is its low
antibacterial efficiency when working alone. Therefore, we
propose to improve its solubility and antibacterial ability by
modification of CS.
In this study, we have synthesized quaternized chitosan

(QCS) by modifying CS with quaternary ammonium and
prepared the BP-QCS nanocomposite by electrostatically
adsorbing QCS onto BP nanosheets acquired via ultra-
sonication-assisted aqueous-phase exfoliation (Scheme 1).

The BP-QCS nanocomposite was much more dispersive and
chemically stable than BP in aqueous solution. In vitro and in
vivo antibacterial tests showed that the synthesized BP-QCS
has good biocompatibility and photothermal/pharmaco
synergetic antibacterial activity under NIR irradiation and is
expected to have potential applications in antibacterial
treatment.

■ RESULTS AND DISCUSSION

Preparation and Characterization of BP-QCS. Bulk BP
was subjected to ultrasonication in pure water, and free-
standing few-layer BP nanosheets with flake structures were
obtained by ultrasonication-assisted aqueous-phase exfoliation.
They exhibit typical 2D morphology with lateral size of a few
hundred nanometers and a thickness of ∼4 nm, corresponding
to 2 to 4-layer BP nanosheets (Figure 1a,b). DLS analysis
shows that the hydrodynamic size of these BP nanosheets
ranges from tens to several hundred nanometers, with an
average size of 212 nm (Figure 1c). There are strong intralayer

Figure 2. (a) STEM image of BP-QCS and the elemental mapping of P, C, N, O, and Cl. (b) XPS spectrum of BP-QCS. (c) Peak fitting graph of
the P element.

Figure 3. (a) FTIR spectra of CS and QCS. (b) XRD of BP-QCS. (c) Raman spectra of BP-QCS. (d) Raman spectrum of BP nanosheets prepared
under conditions with or without deoxidation.
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P−P bonds and weak van der Waals forces between the layers
in BP materials. Bulk BP could be turned into few-layer or even
single-layer BP nanosheets by breaking van der Waals forces
using liquid-phase exfoliation.44,46,47 Although BP can be
exfoliated more efficiently assisted by amide solvents such as
N,N-dimethylformamide and N-methyl pyrrolidone, it is very
difficult to remove the adsorbed amide solvent molecules
completely from the surface of BP, impeding its in vivo
applications.8,48 To obtain clean BP nanosheets, exfoliation in
pure water was applied here without using amide solvents, and
the product was acceptable in view of the amount, 2D size, and
number of layers.
We also examined the absorption spectra of the raw material

bulk BP and its product as an additional proof of successful
exfoliation because BP materials of different sizes and numbers
of layers have different absorbance characteristics. Compared
with bulk BP, the as-prepared BP nanosheets have much
stronger absorption in the wide wavelength range of 400−850
nm (Figure S1), indicating the successful formation of few-
layer BP nanosheets. In addition, the strong absorption of the
as-prepared BP nanosheets in the visible and NIR regions
would benefit their application in photothermal conversion.
QCS, the modified compound for BP nanosheets, was

obtained by quaternizing CS with glycidyltrimethylammonium
chloride (GTA), and BP-QCS was synthesized by electrostatic
adsorption of QCS onto BP nanosheets. Figure 1d displays the
zeta potential of BP nanosheets, QCS, and BP-QCS. The
potential of bare BP nanosheets is −19.9 mV. After adsorption
of positively charged QCS (+38.6 mV) onto bare BP
nanosheets, the potential of BP-QCS becomes +20.7 mV.
The electrostatic adsorption of positively charged BP-QCS
onto negatively charged bacteria cells would be more efficient.
Figure 2a shows the STEM image and elemental mapping of

BP-QCS. The distribution of C, N, O, and Cl from QCS is
completely consistent with that of P from BP nanosheets,
revealing that QCS is uniformly distributed on the surface of
BP nanosheets. The chemical composition of P, C, N, O, and
Cl elements measured by X-ray photoelectron spectroscopy
(XPS) further confirms the successful adsorption of QCS onto
BP nanosheets and the formation of BP-QCS with good purity
(Figure 2b). According to high-resolution XPS, BP-QCS shows
the typical P 2p3/2 (129.5 eV) and P 2p1/2 (130.4 eV) doublets
of crystalline BP and a broad peak at ∼133 eV corresponding
to oxidized phosphorus (i.e., P2O4 or P2O5 moieties) sub-
bands, likely stemming from oxygen defects or surface

suboxides in BP that are introduced during exfoliation (Figure
2c).
Figure 3a shows the Fourier transform infrared (FTIR)

spectra of both the raw material CS and the product QCS. The
decrease of the amino N−H absorption peak intensity at 1587
cm−1 and a new methyl absorption peak at 1480 cm−1 indicates
the successful substitution of some hydrogen atoms in amino
groups (−NH2) of CS molecules by GTA. Conductivity
titration of chloride ions in QCS found that the substitution
degree of CS by quaternization was 56% (Figure S3). The
quaternized product QCS was soluble in water, whereas the
raw material CS settled to the bottom of the container in
minutes, indicating the improved water solubility of QCS after
quaternization (Figure S2).
There were five characteristic peaks at 17.2, 26.5, 34.4, 35.1,

and 52.3° in the XRD spectrum of BP-QCS, which were
indexed to the (020), (021), (040), (111), and (060) planes of
BP crystals,49 respectively (Figure 3b), indicating that the
crystal structure of BP remained unchanged after being
functionalized with quaternized chitosan. In the Raman
spectrum of our product BP-QCS, Ag

1 (one out-of-plane
vibration mode), B2g, and Ag

2 (two in-plane vibration modes) of
BP nanosheets at wavenumbers of 370.3, 444.7, and 474.6
cm−1 were detected, respectively (Figure 3c).
The Raman spectra of BP nanosheets prepared under

conditions with or without deoxidation were also compared.
The Raman scattering peaks of BP without deoxidation are
lower and blueshifted than those of BP with deoxidation,
indicating less number of layers and slight degradation in the
presence of oxygen (Figure 3d).50

Stability of BP-QCS. To investigate the solubility of BP-
QCS samples, they were uniformly dispersed in water, fetal
bovine serum (FBS), phosphate-buffered saline (PBS), and
DMEM cell media under sonication to become a suspension of
the same concentration and were kept at room temperature.
After 12 h, there were no obvious aggregation and reduction of
particle size for BP-QCS, indicating that BP-QCS has good
solubility in all of the media that we tested (Figure 4a and
Figure S4). It should be noted that we use the content of BP
nanosheets to represent the concentration of BP-QCS in this
and the following sections.
BP is irreversibly oxidized by oxygen in water easily, forming

oxidized phosphorus PxOy, and then converted into the final
anion PO4

3−.21,51 Degradation of BP leads to the decrease in its
absorbance. The absorption spectra of BP nanosheets and BP-
QCS in PBS were then tracked and recorded, in order to know

Figure 4. Stability performance of BP-QCS and BP. (a) Hydrodynamic size of BP-QCS for 24 h in water, PBS, FBS, and DMEM cell media. (b)
Absorption decay at 808 nm of BP nanosheets and BP-QCS for 7 days (the inset shows the corresponding photographs of BP and BP-QCS for 0
and 12 h).
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their stability. The absorbance intensity of bare BP nanosheets
decreased obviously with increasing storage time, indicating a
significant degradation of BP. In contrast, absorbance of BP-
QCS was relatively stable, with only a slight decrease. For
instance, the absorption of BP at 808 nm decreased by 59% at
day 7, whereas that of BP-QCS decreased only by 22%,
revealing that BP-QCS has better stability (Figure 4b). The
possible reason for the improved stability of BP-QCS is that
BP nanosheets are coated with a layer of QCS, which reduces

the contact between BP and oxygen or water, thereby reducing
degradation and improving stability.

Photothermal Properties. The photothermal conversion
performance of BP and BP-QCS was studied under NIR
irradiation (808 nm, 1 W/cm2, and 10 min). After 10 min of
irradiation, the temperature of PBS increased by less than 5 °C,
whereas the temperatures of BP nanosheets and BP-QCS
suspensions increased by more than 25 °C (Figure 5a). There
is no significant difference in the temperature increase between
BP nanosheets and BP-QCS suspensions.

Figure 5. Photothermal properties of BP-QCS. (a) Photothermal curves of PBS, BP nanosheets, and BP-QCS under 808 nm laser irradiation (1
W/cm2) for 10 min (inset: thermal images of BP nanosheets). (b) Temperature change (ΔT) response to the NIR laser on (0−600 s) and off
(600−1500 s). (c) Linear time data versus −ln(θ) obtained from the cooling period of the NIR laser off. (d) Photothermal performance of BP-
QCS at different concentrations. (e) Photothermal cycle of BP-QCS. (f) Hydrodynamic size of BP-QCS after different times of NIR irradiation, 10
min each time (inset: corresponding photographs of the BP-QCS).

Figure 6. In vitro antibacterial activity. (a) Photographs of agar plates of E. coli and S. aureus after treatments. (b) Bacterial viability of E. coli and S.
aureus after different treatments. 1−4 indicate that the groups marked with different numbers have significant differences (p < 0.05). (c) LIVE/
DEAD fluorescence staining of E. coli and S. aureus after different treatments (scale bar = 50 μm). (d) Survival rates of MRSA at different
concentrations of BP-QCS with or without NIR irradiation.
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The photothermal conversion efficiency (PCE) of BP-QCS
was evaluated with the solvent (water) as a negative control.
After irradiation with an 808 nm NIR laser at 1 W/cm2 for 600
s, the temperature of BP-QCS aqueous dispersions increased
to 56.6 °C, and there was a temperature increase of 29.4 °C
(Figure 5b). By comparison, the temperature increase of pure
water was only 2.3 °C. After the NIR laser was turned off at
600 s, the decreased temperature was recorded for another 900
s. Linear time data versus −ln(θ) obtained from the cooling
period of the NIR laser is shown in Figure 5c. The
photothermal conversion efficiency (η) of BP-QCS can be
calculated according to the following equation52

hA T T

I

( )

(1 10 )
H

A
max,mix max, O2η =

Δ − Δ

− − λ

where η is the heat transfer coefficient, A is the surface area of
the container, ΔTmax,mix and ΔTmax, H2O are the temperature
change of the BP-QCS dispersion and the solvent (water) at
the maximum steady-state temperature, respectively, I is the
laser power, and Aλ is the absorbance of BP-QCS at 808 nm.
According to the equation, the η value and the extinction
coefficient (ε) of BP-QCS were calculated to be about 55.7%
and 0.53, respectively.
The photothermal effect of BP-QCS is dependent on

concentration (Figure 5d). The higher the concentration of
BP-QCS, the higher the temperature increases under the same
irradiation power and time. The temperature can reach up to
53 °C at 75 μg/mL BP-QCS. After five cycles of irradiation,
the temperature could still be raised to 52.8 °C (Figure 5e).
After BP was irradiated by NIR irradiation 5 times, the particle
size did not change significantly, and there was no obvious
precipitation at the bottom of the test tube (Figure 5f). The
absorption spectra of BP-QCS almost coincide with each other
before and after irradiation, and the color of the solution does
not change significantly (Figure S5). All the above results
indicate that BP-QCS has good photothermal stability.
In Vitro Antibacterial Activity. After optimization of

sterilization time and bactericidal concentration (Figure S6),
we used the plate counting method to evaluate the in vitro
antibacterial activity of the bare BP nanosheets, QCS, and BP-
QCS with or without irradiation of the NIR laser. The PBS
group was used as a control to calculate the relative bacterial
survival rate. As demonstrated in Figure 6a,b, the bacterial
survival rates in PBS, PBS+NIR, and BP groups are about
100%, signifying that BP or NIR alone has no bacteriostatic
effect. The bacterial survival rate is decreased by more than
20% after QCS coating of BP nanosheets, indicating improved
antibacterial activity of BP nanosheets with QCS, a positively
charged chemical prepared from the natural antibacterial agent
CS.
We compared the antibacterial performance of CS and QCS

as well. As can be seen in Figure S7, CS at a concentration as
high as 10 μg/mL did not show obvious antibacterial ability,
whereas QCS at 5 μg/mL could inhibit the growth of both
Escherichia coli (E. coli) and Staphylococcus aureus (S. aureus)
by nearly 50%. The antibacterial activity of CS and QCS is due
to their bonding with the negatively charged phospholipid
groups of cell membranes, which increases membrane
permeability and creates more membrane holes, eventually
leading to cell death.53−55 As the membrane of mammalian
cells is also negatively charged, the high antibacterial activity of
QCS induces unavoidable cytotoxicity against mammalian

cells. As expected, cytotoxicity against mammalian cells
considerably increased with an increasing antibacterial ability
after CS was quaternized into QCS (Figure S8). In the
presence of QCS at 5 μg/mL, the survival rate of the 3T3 cell
line was less than 60%. Therefore, it is not ideal to use CS or
QCS alone as an antibacterial agent because of their low
activity or high cytotoxicity, respectively. The antibacterial
activity of BP-QCS against methicillin-resistant S. aureus
(MRSA) with or without NIR irradiation was measured by
agar plate assay, and the corresponding quantitative analysis is
shown in Figure 6d. The bacteriostatic effect of BP-QCS with
or without NIR light irradiation was enhanced with the
increase in BP-QCS concentration. At the same concentration,
the bacteriostatic ability of the irradiation group was
significantly higher than that of the nonirradiation group.
When the concentration of BP-QCS was 75 μg/mL, the
inhibitory rate of BP-QCS under NIR light conditions was as
high as 98%, and the bacterial growth was completely inhibited
when BC-QCS was more than 75 μg/mL, indicating its high
antibacterial efficacy against MRSA, the typical drug-resistant
bacteria.
Compared with the BP group, whose bacterial survival rates

were around 100% for both E. coli and S. aureus, and the BP-
QCS group (E. coli, 67.9%; S. aureus, 79.3%), the bacterial
survival rates of BP+NIR (29.1%; 30.1%) and BP-QCS+NIR
(1.3%; 4.4%) groups were much lower, suggesting that
photothermal disinfection plays a major role in the synergetic
antibacterial effect of the photothermal antibacterial property
of BP and the membrane targeting and chemically antibacterial
ability of QCS. In addition, the material has a stronger
antibacterial ability against E. coli, which is due to the thicker
cell walls of Gram-positive bacteria.
The cell viability assay was also accomplished by a LIVE/

DEAD fluorescence staining method (Figure 6c). Calcein-AM
could stain the live cells with green fluorescence after a series
of reactions, whereas PI could enter the dead cells through
damaged cell membranes and form complexes with the DNA
double helix in the nucleus to generate red fluorescence. The
staining results were consistent with those obtained from the
plate counting method. In PBS, PBS+NIR, and BP groups, the
bacterial cells showed strong green fluorescence but no red
fluorescence, suggesting that E. coli and S. aureus were all alive.
After treatment of BP-QCS and BP with NIR, the intensity of
green fluorescence decreased, whereas that of red fluorescence
increased, indicating that many bacteria died. The live/dead
cell ratio of BP with NIR was lower than that of BP-QCS
without NIR irradiation. The BP-QCS+NIR group showed the
lowest live/dead cell ratio, revealing the highest bactericidal
efficiency.
The morphology and the membrane integrity of E. coli and

S. aureus cells after treatment with BP-QCS and BP-QCS+NIR
exposure were examined by FE-SEM (Figure 7). E. coli and S.
aureus cultured in the presence of BP-QCS slightly shrunk and
deformed with some BP-QCS attached into their surface,
suggesting that BP-QCS has a certain antibacterial effect even
without NIR irradiation. The morphology of E. coli and S.
aureus cells was completely destroyed in the BP-QCS+NIR
group, and most of the cells aggregated together with BP-QCS
attached.

Drug Resistance Study. To investigate whether BP-QCS
will induce drug resistance, doxycycline as a widely used
antibiotic in clinics was taken for comparison. MRSA bacteria
were treated with BP-QCS or doxycycline at sublethal
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concentration for 10 passages, and the antibacterial activity was
compared at different passages. Multiple exposures of MRSA
bacteria to doxycycline gradually result in the evolution of drug
resistance (Figure 8b). Comparatively, BP-QCS still keep high

antibacterial activity even after 10 passages (Figure 8a).
Therefore, BP-QCS has little risk of drug resistance, making
it a promising antibacterial platform.
In Vitro Biocompatibility. In therapy, cytotoxicity is a key

factor that affects application of a new drug or material.
Cytotoxicity of BP-QCS was assessed using MTT measure-
ment (Figure 9a). The MTT assay protocol is based on the
viable cell-activated conversion of the water-soluble 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide com-
pound to a purple insoluble formazan product, whose
absorbance at OD 590 nm is proportional to the number of
viable cells. When the concentration of BP-QCS was as high as
125 μg/mL, 86% of the cells was still alive, revealing that the
as-prepared BP-QCS had negligible cytotoxicity because a

survival rate greater than 80% can be considered as nontoxic to
cells.56,57

We also studied biocompatibility of BP-QCS by a hemolytic
test as the hemolytic property is another key factor (Figure
9b). The hemolysis percentage of red blood cells was less than
5% when they were cultured with 125 μg/mL BP-QCS,
indicating a quite good biocompatibility of BP-QCS.

In Vivo Antibacterial Activity. We designed an infection
model by injecting S. aureus subcutaneously into the back of
mice in order to assess the in vivo antibacterial capacity of BP-
QCS. All infected mice with subcutaneous abscesses were
divided into six groups in the same way as above. Figure 10a
shows the schematic arrangement of the experimental device.
We studied the in vivo photothermal effect of BP-QCS
through thermal imaging (Figure 10b). After irradiation with
the NIR laser for 10 min, the temperatures of the infected sites
in BP and BP-QCS groups increased from 37 to 52 °C and
37.2 to 51.9 °C, respectively, whereas the temperature of the
infected site in the PBS group increased only by 2 °C. The
results indicate that the as-prepared BP-QCS also has high
photothermal efficiency not only in vitro but also in vivo.
We monitored the infected sites of the mouse skin for 8 days

after single treatment (Figure 10c,d), to evaluate the in vivo
photothermal antibacterial ability of BP-QCS. In the BP-QCS
plus NIR irradiation group, no obvious wound or ulcer was
observed at the infected site 8 days after treatment, whereas in
other groups, the wounds shrunk but were still obvious. Thus,
BP-QCS plus NIR irradiation has the best in vivo antibacterial
ability.
Mice were sacrificed on the 8th day for bacterial

quantification and H&E staining. As shown in Figure 10e,
for the BP-QCS plus NIR group, only few individual colonies
formed on the plate, whereas the remaining groups had much
more colonies. The PBS group was used as a control to
calculate the relative bacterial survival rate (Figure 10f). Both
NIR and BP alone had a negligible antibacterial effect, as their
bacterial survival rates were greater than 90% after the
treatment; however, BP-QCS alone and BP plus NIR had a
moderate antibacterial ability, showing bacterial survival rates
between 50 and 70%. In contrast, BP-QCS plus NIR, the most
effective method tested here, killed 98% of the bacteria, which
is in agreement with the results of in vitro experiments.
The skin infection sites were further analyzed by H&E

staining (Figure 11a). In the BP-QCS plus NIR group, the
intact skin tissue was clearly observed. However, for other
groups, obvious inflammation and tissue damage can be seen
(the red arrows represent the location of inflammatory cell

Figure 7. FE-SEM images of E. coli (top panel) and S. aureus (bottom
panel) treated with BP-QCS and BP-QCS+NIR.

Figure 8. Development of drug resistance. Antibacterial profiles of (a)
BP-QCS and (b) doxycycline against MRSA bacteria after multiple
treatments at sublethal concentrations.

Figure 9. Biocompatibility analysis. (a) Cell viability of 3T3 after being cultured with different concentrations of BP-QCS. (b) Hemolytic assay of
red blood cells at various concentrations of BP-QCS. The inset shows the corresponding photographs of the different conditions.
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infiltration). In addition, no obvious histological damage of
main organs was found in mice of the BP-QCS plus NIR group
when compared with the control group according to the H&E
staining results (Figure 11b).

■ EXPERIMENTAL SECTION
Materials. The bulk BP crystals were obtained from XFNANO

(Nanjing, China). CS (degree of deacetylation, 90%) and
glycidyltrimethylammonium chloride (GTA) were purchased from

Shanghai Macklin Biochemical Co., Ltd. (Shanghai, China). A yeast
extract, tryptone, and agar powder were supplied by Solarbio (Beijing,
China). Dimethyl sulfoxide (DMSO), AgNO3, NaCl, KCl, Na2HPO4,
and KH2PO4 were purchased from Sinopharm Chemical Reagent
(Beijing, China). A Calcein-AM/PI Double Stain Kit was obtained
from Gibco (California, USA). Ultrapure water was provided by
Wahaha Group Co. (Hangzhou, China).

E. coli (ATCC 25922), S. aureus (ATCC 43300), and methicillin-
resistant S. aureus (MRSA, ATCC43300) were provided by the
School of Food Science and Technology, Jiangnan University (Wuxi,

Figure 10. In vivo antibacterial activity. (a) Schematic of the experimental device. (b) Photothermal imaging of mice treated with PBS, BP
nanosheets, and BP-QCS under 808 nm laser irradiation (1 W/cm2) for 10 min. (c) Photographs of the infectious sites at 2, 4, 6, and 8 days after
different treatments. (d) Lesion area of the wounds at different time points. (e) Photographs of bacterial colonies obtained from infected tissues of
mice. (f) Relative bacterial survival rates after various treatments. 1−5 indicate that the groups marked with different numbers have significant
differences (p < 0.05).

Figure 11. H&E staining results of (a) skin lesions and (b) main organs (the heart, liver, spleen, lungs, and kidney). The scale bar is 200 μm.
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China) and the School of Radiation Medicine and Protection,
Soochow University (Soochow, China). 3T3 cells, an embryonic
fibroblast cell line commonly used for MTT analysis, were purchased
from Fenghui Biotechnology Co., Ltd. (Hunan, China).
Synthesis. We synthesized BP nanosheets by ultrasonication-

assisted aqueous-phase exfoliation. In brief, 25 mg of bulk BP was wet
ground in a mortar, 25 mL of water was then added, and the
dispersion was sonicated for 10 h in an ice bath using a Scientz-IID
ultrasonic homogenizer (Ningbo, China). The power was 300 W, and
a sonicating microtip of 8 mm diameter worked for 4 s with an idle
interval of 4 s. Afterward, the mixture was centrifuged at 4000 rpm for
10 min to remove large nonexfoliated BP, and then, the supernatant
was further centrifuged at 12,000 rpm for 20 min to collect BP
nanosheets. The precipitate was freeze-dried and stored in a nitrogen-
filled dryer for further experiments. To synthesize QCS, 1 g of CS and
5 g of GTA were added to 30 mL of water and then stirred at 80 °C
for 12 h. The mixture was centrifuged at 4000 rpm for 10 min to
discard unreacted CS. The supernatant was dialyzed in a dialysis bag
(12,000 Da) for 2 days. We estimated the concentration of QCS in
the dialysate via titration with 0.1 mol/L AgNO3 solution until there
was no white precipitate. Finally, QCS was obtained by freeze-drying.
To fabricate BP-QCS, 2 mg of BP nanosheets and 5 mg of QCS were
added to 5 mL of water, sonicated for 30 min, and then stirred for 3 h
at room temperature. The sample was centrifuged at 12,000 rpm for
20 min, washed twice with water, and obtained by freeze-drying.
Characterization. The transmission electron microscopy (TEM)

and atomic force microscopy (AFM) images of BP nanosheets were
acquired on a JEM-2100 transmission electron microscope (JEOL,
Japan) and a Dimension Icon atomic force microscope (Bruker,
USA), respectively. The scanning transmission electron microscopy
(STEM) image and elemental mapping were examined using a
TALOS F200 field emission high-resolution transmission electron
microscope (FEI, USA). FTIR spectra of CS and QCS were obtained
using an IS10 Fourier transform infrared spectrometer (Nicolet,
USA). The conductivities of the samples were measured using an
S700-B conductivity meter (METTLER TOLEDO, Switzerland). The
zeta potentials were measured and dynamic light scattering (DLS)
was performed on a ZEN3700 nanolaser particle size analyzer
(Malvern, UK). The UV−NIR absorption spectra were acquired on a
UV-3600-PLUS UV−Vis−NIR spectrophotometer (Shimadzu,
Japan).
Stability Studies. The solubility of BP-QCS in PBS, including

NaCl, KCl, Na2HPO4, and KH2PO4, was first studied. BP-QCS (100
μg/mL) was thoroughly dispersed into PBS using ultrasound and kept
at room temperature for 12 h. The state of the suspensions was then
observed. The stability of the BP-QCS suspensions was investigated
by measuring their absorption daily for 7 days. For comparison, BP
(100 μg/mL) was also processed as above.
Photothermal Effect. BP-QCS (1 mL, 75 μg/mL) and BP (1

mL, 75 μg/mL) in PBS were irradiated with an 808 nm
semiconductor laser (Viasho Technology, Beijing, China). PBS served
as a blank control. The power density was 1 W/cm2, and the
irradiation time was 10 min. The temperature was recorded using an
infrared thermal imager (FLIR, USA). The photothermal effects of
BP-QCS at different concentrations (25, 50, 75, 100, and 125 μg/mL)
were measured following a similar procedure. To investigate the
photothermal stability of BP-QCS, 1 mL of BP-QCS suspensions (75
μg/mL) in PBS was repeatedly irradiated five times. Photothermal
conversion efficiency (η) of BP-QCS was then calculated according to
the methods reported previously.14,57,58

In Vitro Antibacterial Experiments. E. coli and S. aureus were
chosen as Gram-negative and Gram-positive model microbes, and
methicillin-resistant S. aureus was chosen as a drug-resistant model
microbe to evaluate the antibacterial efficiency. They were incubated
in a lysogenic broth (LB) medium and allowed to grow at 37 °C and
180 rpm. The bacterial suspensions were centrifuged at 5000 rpm for
3 min, and the precipitate was washed twice with PBS to remove the
culture medium. Finally, bacteria were resuspended in PBS, and the
concentration of the two bacterial suspensions was adjusted to 108

CFU/mL. The bacterial suspension (100 μL, 108 CFU/mL) was

mixed with the materials, and the volume was adjusted to 1 mL with
PBS.

First, the experimental conditions were optimized. When the laser
power is constant (1 W/cm2), the antibacterial efficiency is affected
by the irradiation time and the concentration of BP-QCS. They need
to be optimized to determine the shortest irradiation time and the
lowest concentration that can effectively kill bacteria. The irradiation
time (2.5, 5, 7.5, 10, and 12.5 min, [BP-QCS] = 75 μg/mL) and the
concentrations of the BP-QCS (0, 25, 50, 75, 100, and 125 μg/mL,
irradiation time = 10 min) were screened to determine the optimum
experimental conditions. The bacterial survival rate was obtained to
determine the optimum experimental conditions.

Then, the next experiment was carried out under optimal
conditions. The experiment was divided into six groups: (1) PBS,
(2) PBS+NIR, (3) BP, (4) BP-QCS, (5) BP+NIR, and (6) BP-QCS
+NIR. For groups (3) to (6), the concentration of BP or BP-QCS was
75 μg/mL. All groups were incubated for 1 h at 37 °C. For groups
(2), (5), and (6), samples were irradiated with an 808 nm laser (1 W/
cm2) for 10 min. Then, the suspensions were diluted by 104 times,
and 100 μL of each was added to the LB plate. The number of
colonies was recorded after incubation at 37 °C for 12 h.

LIVE/DEAD Fluorescence Staining Assay. After different
treatments, the bacterial suspensions were centrifuged at 5000 rpm
for 3 min and then stained with the Calcein-AM/PI Double Stain Kit
according to the manufacturer’s instructions. Then, 10 μL of the
bacterial suspension was placed on a glass slide and imaged using a
laser scanning confocal microscope (Olympus, USA). Live bacteria
were labeled by Calcein-AM and showed green fluorescence, whereas
dead bacteria were stained by PI and displayed red fluorescence.

Biocompatibility Assay. Cytotoxicity of the material was
detected by succinate dehydrogenase activity assay (MTT method).
3T3 cells were seeded on a 96-well plate, and the density was 1 × 104

cells per well. After incubation (37 °C, 5% CO2) for 16 h, the upper
medium was removed, and 100 μL of BP-QCS suspensions with
different concentrations (0, 25, 50, 75, 100, and 125 μg/mL) was
added. After culturing overnight, the medium was replaced with 100
μL of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(the MTT solution, 0.5 mg/mL) and further incubated for 4 h. Then,
the upper medium was removed, and 150 μL of DMSO was added to
each well. A Synergy H1 microplate reader (BioTek, USA) was used
to obtain the absorbance of each well at 570 nm. For hemolytic
analysis, whole blood of mice was centrifuged and washed several
times with PBS until the supernatant did not show red. Then, 500 μL
of the 4% red blood cell suspension was added into 500 μL of BP
suspensions with different concentrations (0, 50, 100, 150, 200, and
250 μg/mL) and incubated at 37 °C for 1 h. After centrifugation at
5000 rpm for 5 min, the absorbance of the supernatant was measured
using a spectrometer at 540 nm. The hemolysis rate was calculated
according to the following equation

I IHemolysis (%) ( / ) 100%0= ×

where I is the absorbance value of the supernatant and I0 is the
absorbance value when the red blood cells are completely hemolyzed
in water.

Drug Resistance Study. To study drug resistance, MRSA
bacteria were incubated with doxycycline (2.5 μg/mL) for 10
passages. The antibacterial activity of doxycycline (0, 10, 20, 30, and
40 μg/mL) against each passage of MRSA bacteria (107 CFU/mL)
was measured by agar plate assay after 1 h incubation.

For BP-QCS, MRSA bacteria were initially incubated with BP-QCS
(50 μg/mL) for 12 h. The antibacterial activity of BP-QCS (0, 25, 50,
75, and 100 μg/mL) against MRSA bacteria (107 CFU/mL) was
measured by agar plate assay after 1 h incubation and 10 min
irradiation using an 808 nm laser at 1 W/cm2. This is the first passage
and the first cycle. Then, 10 μL of bacterial solution was removed
from the 50 μg/mL BP-QCS group after irradiation, cultured in a
medium with 50 μg/mL BP-QCS for 12 h, and tested for antibacterial
activity of these bacteria against BP-QCS (0, 25, 50, 75, and 100 μg/
mL). The process was also repeated for 10 passages.
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In Vivo Antibacterial Experiment. BALB/c mice (4 weeks old,
16−18 g) were purchased from SLAC Laboratory Animal Co., Ltd.
(Shanghai, China). All animal experiments were carried out according
to the regulations of the Animal Experiment Center of Jiangnan
University. S. aureus-infected mice were used as model animals to
further evaluate the antibacterial properties of the material. The
experimental mice were divided into six groups, three mice each, and
the treatment of each group was (1) PBS, (2) PBS+NIR, (3) BP, (4)
BP-QCS, (5) BP+NIR, and (6) BP-QCS+NIR. Before the experi-
ment, the S. aureus suspension (108 CFU/mL, 100 μL) was injected
into the back of the mice. The experimental mice with subcutaneous
abscesses were divided 24 h after injection. Then, 100 μL of different
materials (BP and BP-QCS were both 75 μg/mL) was subcutaneously
injected into the abscess sites of the mice in each corresponding
group. For groups (2), (5), and (6), 5 min after injection, the abscess
sites were irradiated with an 808 nm laser for 10 min, and the power
was 1 W/cm2. The remaining three groups were treated in the same
way except NIR irradiation. The abscess sites of each group were
monitored and photographed daily for 8 days. All mice were
euthanized on the eighth day. The infected sites were excised and
divided into two parts. One part was homogenized for clone
formation analysis to calculate the relative survival rate of the
bacteria, and the other part was fixed in 4% paraformaldehyde for
hematoxylin and eosin (H&E) staining. In addition, the main organs
(the heart, liver, spleen, lungs, and kidney) of the sixth group and
normal mice were also taken for H&E staining.

■ CONCLUSIONS
We developed a highly biocompatible synergetic antibacterial
method based on BP nanosheets and QCS. We increased the
stability of BP nanosheets significantly by electrostatically
adsorbing QCS onto BP without affecting the photothermal
efficiency of BP nanosheets. The photothermal properties of
BP nanosheets and the bacteriostatic performance of QCS
displayed a synergetic effect on disinfection. Both in vitro and
in vivo studies indicated an excellent antibacterial ability and
relatively low toxicity of BP-QCS plus irradiation of NIR light.
Thus, BP-QCS has showed great potential in future clinical
applications of photothermal therapy, especially in photo-
thermal disinfection.
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