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Abstract

Background: Efficient and highly controllable antibacterial effect, as well as good biocompatibility are required

for antibacterial materials to overcome multi-drug resistance in bacteria. Herein, nano graphene oxide (NGO)-based
near-infrared (NIR) photothermal antibacterial materials was schemed to complex with biocompatible bovine serum
albumin (BSA) and aggregation-induced emission fluorogen (AlEgen) with daylight-stimulated ROS-producing prop-
erty for dual-mode phototherapy in the treatment of antibiotic resistance bacteria.

Results: Upon co-irradiation of daylight and NIR laser, NGO-BSA-AIE nanoparticles (NPs) showed superiorly antibacte-
rial effect (more than 99%) both against amoxicillin (AMO)-resistant Escherichia coli (E. coli) and Staphylococcus aureus
(S. aureus) by comparison with sing-model phototherapy. Meanwhile, the NGO-BSA-AIE NPs displayed prominent
stability and excellently controllable biocompatibility. More importantly, under daylight irradiation, the AlEgen not
only produced plentiful ROS for killing bacteria, but also presented fluorescence image for tracking bacteria.

Conclusions: Hence, the designed system provided tempting strategy of employing light as impetus for tracking
bacterial distribution and photothermal/photodynamic synergistic treatment of antibiotic resistance antibacterial.

Keywords: Nano graphene oxide, Aggregation-induced emission, Dual-mode phototherapy bacteriostatic, Bacterial

tracking, Biocompatibility

Introduction

The speedy emergence of antibiotic resistant bacteria has
become a global concern, and there is an urgent need for
new antibacterial agent that can effectively kill antibiotic
resistant bacteria [1, 2]. With the rapid development in
nanotechnology, antibacterial nanomaterials have been
used as alternatives to antibiotic drug [3-5]. So far,
various types of antibacterial nanomaterials including
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organic nanomaterials and inorganic nanomaterials have
been researched. For organic antibacterial nanomaterials,
such as cationic polymeric nanoparticles showed excel-
lent antibacterial effect [6—8]. Nevertheless, most of them
exhibited serious cytotoxic and pro-inflammatory effect.
Likewise, in pertinent to some inorganic antibacterial
nanomaterial, for example gold, silver nanoparticles were
reported to have high cell toxicity [9, 10]. Therefore, con-
trollable antibacterial effect is still required, wherein the
antibacterial agents keep high antibacerial effect in the
pathological site, but stay well biocompatibility in normal
tissue and cells.

Phototherapy is a promising modality that can
be switched off/on controllably by an external light
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irradiation to kill bacterial [11-15]. In this technique,
photothermal agents that can produce heat under the
external light irradiation have received increasing atten-
tion in bacteriostatic treatment [16, 17]. Among them,
graphene-based nanomaterials showed high photother-
mal conversion efficiency under near-infrared (NIR) light
irradiation and exceptional amphiphilicity to possess a
favorable affinity binding to bacterial cell membranes for
the preparation of nanoscale delivery particles to encap-
sulate hydrophobic materials [15, 18-20]. Especially,
nano graphene oxide (NGO) presented superior surface
activity by comparison with micrometer-sized GO sheets
[21-24]. Nevertheless, it is reported that the bacterial
killing is not effective at 50—-60 °C. The photothermal
temperature is required up to over 70 °C to completely
kill the antibiotic resistant bacteria, at which temperature
the surrounding tissue and cells would be damaged [15].
Therefore, solo photothermal antibacterial method rarely
accomplish precise therapy.

Except for photothermal antibacterial (PTA), another
promising phototherapy for antibacterial is photody-
namic antibacterial (PDA), wherein the photosensitiz-
ers produce toxic reactive oxygen species (ROS), such
as singlet oxygen ('0,), superoxides and hydroxyl radi-
cals (‘(OH) to kill pathogenic bacteria on exposure to
light with a suitable wavelenght [25-28]. However, most
photosensitizers suffer from aggregation-caused effi-
cacy decline. Fortunately, aggregation-induced emission
fluorogen (AlEgen) is opposite to traditional organic
photosensitizers and has appreciable capacity in produc-
ing ROS in their aggregated state [29, 30]. In our previous
work, we developed a AlEgen, which can produce large
amounts of ROS under daylight irradiation and show
good fluorescent imaging in the poor solvent [31-33].
Uniting PTA with PDA is envisioned to achieve syner-
gistic outcomes and promote enhanced bacterial ablation
[16, 34]. However, the poor stability and biocompatibility
of NGO/AIEgen composite in aqueous solutions are con-
sidered as obstacles for further applications in biomedi-
cal fields [35]. To address these obstacle, biocompatible
bovine serum albumin (BSA) is schemed to be included
the composite [36, 37]. Due to the strong hydrophobicity
of AlEgen, it is proposed to entrapped it into amphiphilic
NGO and BSA to form nanoparticles [35, 38]. Herein, a
ternary nanoparticle (NP) formulated by NGO, BSA and
AlEgen via hydrophobic interactions was developed as an
antibacterial nanomaterial for dual-mode phototherapy.
Dual-mode phototherapy integrating PTA with PDA is
expected to produce a higher bacteriostatic efficiency
through synergistic effects. More importantly, AIEgen
is charecterized as not only a photosensitizer for killing
bacterias, but also a fluorescence probe for tracking bac-
teria distribution, enabling NGO-BSA-AIE NPs to trace
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bacteria for better therapeutic results (Scheme 1). Over-
all, the proposed system provided a new platform for col-
laborative dual-mode phototherapy bacteriostatic and
tracking bacterial distribution.

Methods

Preparation of NGO-BSA-AIE NPs

The BSA (2 mg) was added to NGO aqueous solution
(0.5 mg mL™Y, 1 mL) and stirred for 30 min at 25 °C fol-
lowed by addition of AIEgen solution (50 pg mL™, 200
uL, dissolved in THF), which was the concentration we
used for antibacteria study. N, was continuously passed
during the reaction to remove THEF. After THF was
removed, the system was stirred for another 10 min to
obtain NGO-BSA-AIE NPs, which was sealed and stored
at 4 °C for subsequent experiments.

Detection of ROS production

To study the ROS producing activity of the AlEgen and
NGO-BSA-AIE NPs, 2/,7'-dichlorofluorescein diacetate
(DCF-DA) was used to detect the production of ROS
under daylight irradiation. Briefly, 0.5 mL ethanol solu-
tion of DCF-DA (1 mM) was added to 2 mL of NaOH
(10 mM) aqueous solution and the mixture was stirred at
25 °C for 30 min. The hydrolysate (dichlorodihydrofluo-
rescein, DCFH) was then neutralized with 10 mL of PBS
(pH=7.4). Then, 100 uL of obtained DCFH solution was
added to 900 pL of AlEgen dispersed in THF/deionized
water (1:1), as well as NGO-BSA-AIE NPs dispersed in
deionized water, both of which were exposed to daylight
irradiation for different time intervals at a power den-
sity of 10 mW cm™2 (All the light irradiation was in the
same condition). The change in the fluorescence inten-
sity of the measurement solution was performed under
excitation of 488 nm while collecting emission at 500 to
600 nm.

Photothermal effect

Firstly, 1 mL of different concentrations of NGO solution
and NGO-BSA-AIE NPs were placed in a test tube. Then,
the samples were irradiated with a NIR laser (795 nm) at
a power density of 2.5 W cm™2 for 10 min.

Antibacterial activity

AMO" E. coli and AMO" S. aureus were inoculated
into LB liquid medium, and after incubating overnight
at 37 °C in a shaking incubator (170 rpm), the bacteria
were centrifuged (8000 rpm, 5 min) and suspended in
PBS buffer solution (pH="7.4). Subsequently, the bac-
terial suspension was serially dilutedwith PBS to a con-
centration of 10° CFU mL™". In detail, diluted bacterial
suspensions (AMO" E. coli and AMO" S. aureus) without
any treatment were used as a control. Furthermore, the
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Scheme 1 Schematic illustration of the preparation process of NGO-BSA-AIE NPs, NGO-BSA-AIE NPs for tracking bacteria and dual-mode

bacterial suspension treated with AMO (100 pug mL™" for
AMO" E. coli and AMO" S. aureus) were to demonstrate
the antibiotic resistance of the bacteria. Both blank bac-
terial suspensions and bacterial suspensions treated with
NGO-BSA-AIE NPs were exposed to daylight for 1 h fol-
lowed by NIR irradiation for 5 min (795 nm, 2.5 W cm™?).
While the bacterial suspensions treated with NGO-BSA-
AIE NPs were stored in a dark environment, or bacterial
irradiated with daylight for 1 h, or irradiated with 795 nm
NIR laser for 5 min. All of the suspensions were cultured
in the incubator for 4 h, followed by being diluted with an
appropriate dilution factor. The diluted treated bacterial
suspensions (100 pL) were transferred to solid LB agar
plates, then incubated at 37 °C for 16 h. After the culti-
vation, the number of colony forming units (CFU) was
counted, and the bacterial survival rates and antibacterial
efficiency were measured.

The CFU ratio was calculated using the following equa-
tion: CFU ratio=C/C; x 100%. C and C, were the CFU
of the experimental group treated with NGO-BSA-AIE
NPs or the control group without any treatments, respec-
tively. Results were expressed as the mean and standard
deviation of three parallel groups.

And the antibacterial efficiency was calculated using
the following equation: antibacterial efficiency=(1 — C/
C,) x 100%.

Bacterial imaging

AMO" E. coli and AMO" S. aureus were incubated at
37 °C overnight to a concentration of 10° CFU mL™! and
washed with PBS three times, followed by being trans-
ferred to a 35 mm glass-bottom after proper dilution.
NGO-BSA-AIE NPs (100 pL) were then added to the
plate. After 6 h of incubation, the bacterial suspensions
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were washed three times with PBS buffer, and finally the
bacteria were retained in 1 mL of PBS for bioimaging.

Cytotoxicity study

MTT assay was performed in this experiment to assess
the cell viability. L929 cells were seeded in 96-well U-bot-
tom plates at a density of 5000 cells per well and incu-
bated at 37 °C for 24 h in culture medium. After overnight
incubation, cells were treated with different concentra-
tions of NGO-BSA-AIE NPs. Then replaced the fresh cell
medium and further cultured for 24 h. After that, MTT
solution (5 mg mL™!) was added to 96-well plates at 10
uL per well and incubated for 4 h. After removing MTT
solution, 100 pL of filtered DMSO was added into each
well to dissolve all the formed crystals. The cell viability
was accessed by means of MTT absorbance at 570 nm
recorded using a microplate reader (Epoch, BioTek, Gene
company Limited). The cell viability in each well was
calculated from the obtained values as a percentage of
control wells. The results were presented as a mean and
standard deviation obtained from eight samples.

Statistics analysis
Significant differences in bacterial viability between any
two groups were assessed using Student’s ¢ test.

Results and discussion

Synthesis and characterization of NGO

Firstly, GO was synthesized using natural graphite by
an improved Hummer’s method [22, 39]. The result-
ing GO was characterized by X-ray diffraction (XRD),
Fourier transform infrared (FT-IR) measurements and
scanning electron microscopy (SEM) images (Additional
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file 1: Figure S1). These results indicated the success-
ful preparation of GO. Afterwards, GO was sonicated
in water and filtered to obtain NGO. The obtained
NGO displayed a particle size of 93 nm with polydis-
persity index (PDI=0.199) via dynamic light scattering
(DLS) measurment (Fig. 1a). SEM was further utilized to
check the morphology of NGO. As shown in Fig. 1b, the
NGO presented as nanoparticles with average diameter
of 85+ 15.5 nm, which is consist with the result of DLS
measurments.

Synthesis and characterization of AlEgen

The AlEgen used in the present study was synthesized
according to the previously reported method [31-33].
Successful synthesis of AIEgen was verified by "H-NMR
measurement. Afterwards, we examined the UV-vis/
fluorescence spectroscopic and ROS-producing activ-
ity of AlEgen. As shown in Fig. 2a, the as-synthesized
AlEgen had an excitation wavelength of approximately
500 nm, while the emission wavelength appeared to be in
the range of 600—750 nm with an emission maximum at
640 nm, which was in the red/NIR region and suggested
its potential application with considerable tissue pen-
etration. Figure 2c showed the unique AIE characteris-
tics of the proposed AlEgen. The fluorescence intensity
(FL) increased rapidly with the addition of water. Then,
the ROS-producing activity of the synthesized AIEgen
under daylight (10 mW cm™2) for various time period
was detected using dichlorofluorescein (DCF) as an indi-
cator (Fig. 2b). The experimental results confirmed that
AlEgen produced large amounts of ROS with the exten-
sion of illumination time, demonstrating that AIEgen can
be used as an effective ROS self-sufficient component.
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Fig. 2 a Absorption and emission spectra of the synthesized AlEgen. b FL spectra of the AlEgen and DCF mixture in THF/water to detect its ROS
production under daylight exposures (10 mW cm~?) for various time period. ¢ Aggregation-induced emission characteristics of AlEgen: FL spectra
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Fabrication and characterization of NGO-BSA-AIE NPs

NGO-BSA-AIE NPs were prepared by nanoprecipitation
method [29]. Briefly, AIEgen solution (50 ug mL™?, 200
pL, dissolved in THF) was added to the mixed solution of
BSA (2 mg mL™') and NGO (0.5 mg mL™?), then N, was
continuously passed during the reaction to remove THF
and NGO-BSA-AIE NPs was obtained. The resulting
NGO-BSA-AIE NPs showed a hydrodynamic diameter
of approximately 125 nm with a PDI of 0.246 as deter-
mined by DLS measurements (Fig. 3a). SEM was further
performed to observe the morphology of NGO-BSA-AIE
NPs. It presented as spherical morphology with a diam-
eter of 105+ 12.5 nm (Fig. 3b). Notably, individual NGOs
were very unstable in salt solutions (Additional file 1: Fig-
ure S2a), which was in agreement with previous reports
[35]. Then, the stability of NGO-BSA-AIE NPs in cell

medium, saline aqueous solution (PBS) and water were
checked via DLS measurements. As confirmed in Fig. 3¢
and Additional file 1: Figure S2, the obtained NGO-BSA-
AIE NPs exhibited significant stability with consistent
hydrodynamic diameter and PDI over a 7-day continuous
measurements, showing the potential application in bio-
medical therapeutics.

The photodynamic properties

The ROS-producing activity of NGO-BSA-AIE NPs
under daylight exposures (10 mW cm™2) was detected
using DCF as an indicator [33]. The fluorescence inten-
sity increased with the prolonged time of daylight irra-
diation, which was beneficial to control the antibacterial
photodynamic therapy (Fig. 4a). We further explored the
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Fig. 3 Characterization of NGO-BSA-AIE NPs by a DLS, b SEM imaging (Scale bars: 200 nm) and ¢ Stability evaluation of NGO-BSA-AIE NPs within

production of ROS from NGO-BSA-AIE NPs in AMO" E.
coli (Fig. 4b) and AMO" S. aureus (Additional file 1: Fig-
ure S3) according to confocal laser scanning microscopy
(CLSM). Remarkable ROS was detected under light irra-
diation with the aid of DCF-DA indicator, and the green
fluorescence intensity became stronger with extended
daylight exposure time, indicating that the amount of
ROS production in the bacteria increased with the irra-
diation time. The control group was treated with vita-
min C because it had a strong antioxidant effect, thereby
inhibiting the production of ROS in bacteria by NGO-
BSA-AIE NPs. Therefore, NGO-BSA-AIE NPs have
intriguing potential for effective antibacterial photody-
namic therapy.

The photothermal properties
GO has strong optical absorption in the NIR region
(700-1100 nm) and can be used as a photothermal

agent [26, 40]. Besides efficient photodynamic activity,
NGO-BSA-AIE NPs is anticipated to possess excep-
tional photothermal properties. Figure 5a showed
the temperature change of different concentrations
of NGO-BSA-AIE NPs under 795 nm NIR laser irra-
diation. The NGO-BSA-AIE NPs exhibited an obvi-
ous temperature elevation of 14 °C within 10 min
at the NGO concentration of 0.25 mg mL™*. Higher
concentration of NGO led to enhanced temperature
increase. It is worth noting that both NGO and NGO-
BSA-AIE NPs of the same concentration exhibited the
same photothermal effect, indicating that inclusion
of AlEgen and BSA did not influence the photother-
mal performance of NGO (Additional file 1: Figure
S4). Additionally, to test the photothermal stability of
NGO-BSA-AIE NPs, repeated laser on and off were
performed. As shown in Fig. 5b, the temperature of the
NGO-BSA-AIE NPs solution exhibited a significant
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Fig. 4 a ROS production under daylight exposures (10 mW cm™2). b CLSM imaging of AMO" £ coli after incubation with NGO-BSA-AIE NPs and
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switching effect with or without NIR laser irradiation.
Even after being treated for 5 cycles, NGO-BSA-AIE
NPs could still rise to about 50 °C upon exposure to
NIR laser for 5 min, demonstrating excellent photo-
thermal stability.

Antibacterial activity

The antibacterial property of NGO-BSA-AIE NPs com-
bining PTA with PDA was evaluated. Herein, the cul-
ture was passaged 30 times in a continuous treatment
in which the concentration of AMO was gradually
increased to obtain AMO" E. coli and AMO" S. aureus
[5]. To confirm the antibiotic resistance, the bacterial
suspensions treated with AMO (100 pug mL™!) showed
a survival rate of 92.2% for AMO" E. coli and 92.1%

for AMO" S. aureus. Figure 6 showed the antibacte-
rial effect of NGO-BSA-AIE NPs against AMO" E. coli
and AMO" S. aureus with or without daylight and NIR
laser irradiation. Diluted bacterial (PBS, pH=7.4) sus-
pensions without any treatment were used as control.
According to the spread-plate results, the CFU was
counted in the bacterial plate to evaluate the survival
rates and antibacterial efficiency (Fig. 6a—c). Obviously,
NGO-BSA-AIE NPs showed neglectable antibacterial
efficiency in the absence of light irradiation. The bacte-
rial survival rates of AMO" E. coli and AMO* S. aureus
were 89.9% and 91.1%, respectively. Meanwhile, blank
bacterial suspensions treated with daylight and NIR
laser irradiation confirmed that the irradiation treat-
ment did not affect the bacteriostatic efficiency, which
showed a survival rate of 98.8% and 97.1% for AMO"
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Fig. 5 a Photothermal curves of different concentrations of NGO-BSA-AIE NPs under 795 nm NIR laser irradiation. NGO: 0.25, 0.5, 1.0 mg mL~"; BSA:
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E. coli and AMO" S. aureus. Whereas, the antibacterial
efficiency of bacterial suspensions treated with NGO-
BSA-AIE NPs after exposure to daylight and NIR irra-
diation against AMO" E. coli and AMO" S. aureus was
both over 99%. By comparison, bacterial suspensions
treated with NGO-BSA-AIE NPs under exposure to
daylight or NIR irradiation displayed faint inhibitory
effects on AMO" E. coli (40.5%, 15.3% of CFU ratio)
and AMO' S. aureus (26.1%, 23.8% of CFU ratio). Com-
plete antibacterial efficiency was rarely fulfilled under
solo laser irradiation. Therefore, compared with other
nanoparticles using solo PTA or PDA, [41, 42] the dual-
mode phototherapy antibacterial treatment of NGO-
BSA-AIE NPs achieved high antibacterial effect while
avoiding the high temperature associated with continu-
ous photothermal therapy that could damage the sur-
rounding normal tissues and cells, as well as the side
effects of continuous photodynamic therapy. In addi-
tion, the efficient inhibition of NGO-BSA-AIE NPs
against antibiotic-resistant bacteria has a great poten-
tial to overcome multi-drug resistance in bacteria by
comparison with other reported antibacterial particles
(43, 44].

Afterwards, we further evidence the antimicrobial
behavior of NGO-BSA-AIE NPs by SEM and CLSM. As
shown in Fig. 7, the bacteria treated with NGO-BSA-
AIE NPs were observed to exhibit the same smooth
cell membrane margins and intact bacterial morphol-
ogy as control group (Fig. 7a, f), while the morphol-
ogy of the bacteria changed slightly upon daylight or
NIR laser irradiation, with part of bacterial deformed
and collapsed (indicated by the red arrow). More

interestingly, AMO" E. coli and AMO" S. aureus treated
with the NGO-BSA-AIE NPs were found to show sig-
nificant deformation with their cell membranes com-
pletely collapse after exposure to both light irradiation,
verifying high antibacterial effect under dual-model
phototherapy.

Likewise, similar result was observed via CLSM (Addi-
tional file 1: Figure S5a, b). The survival of bacteria were
evaluated by acridine orange (AO) and ethidium bromide
(EB) stains. AO was empolyed to stain living bacteria
and produce green fluorescence, while EB was utilized
to stain dead bacteria and produce red fluorescence.
As expected, the bacteria (AMO* E. coli and AMO* S.
aureus) in the control group showed green fluorescence
entirely, while the bacteria incubated with the NGO-
BSA-AIE NPs irradiated with daylight and NIR laser
almost presented red fluorescence, confirming significant
antibacterial efficiency. These results certified that NGO-
BSA-AIE NPs can achieve more efficacious bacteriostatic
effect under collaborative dual-mode phototherapy.

Bacterial imaging

AlEgen was supposed to be applied as bacterial tracer
because of its red/NIR emission characteristics. The fea-
sibility of the proposed NGO-BSA-AIE NPs as potential
bacterial tracer was verfied by CLSM measurements on
bacteria (AMO" E. coli and AMO" S. aureus). As shown
in Fig. 8, NGO-BSA-AIE NPs appeared to be internalized
into bacteria, and red fluorescence of NGO-BSA-AIE
NPs was present in the bacterial cytoplasm, confirming
that the proposed NGO-BSA-AIE NPs have great poten-
tial as fluorescent reporters for bacterial imaging, which
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is beneficial for observing the of bacterial distribution.
In order to further understand the interaction between
NGO-BSA-AIE NPs and cells, we conducted CLSM
measurement for the eukaryotic cells (L929 cells) incu-
bated with the proposed NGO-BSA-AIE NPs. As shown
in Additional file 1: Figure S6, consistent with the experi-
mental results of bacterial imaging, NGO-BSA-AIE NPs
were clearly observed to be internalized into L929 cells.

Biocompatibility evaluation

Obviously, the biocompatibility of antibacterial agents is
the major concern for their practical applications, espe-
cially the cytotoxicity to normal cells [45]. Herein, cyto-
toxicity of different concentrations of NGO BSA-AIE NPs
on fibroblast L929 was tested by commercially available
MTT assays. As shown in Fig. 9, even if the concentra-
tion of AlEgen was increased to 10 pg/mL (the concen-
tration we used for antibacteria study), the cell viability
was still above 85%. Therefore, the proposed NGO-BSA-
AIE NPs exhibited low cytotoxicity, thereby indicating its
intriguing potential in biomedical practical applications.
Moreover, compared to other high cytotoxic and proin-
flammatory antibacterial nanoparticles such as cationic
polymers [7, 8] and Au, Ag nanoparticles, [9, 10] etc., the
experiment results demonstrated that NGO-BSA-AIE
NPs have the advantage of exhibiting a high antibacterial
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Fig. 9 Cell viability assay of L929 cells treated with different
concentrations of AlEgen of NGO-BSA-AIE NPs

effect at the pathological site but still maintaining good
biocompatibility in normal cells.

Conclusions

In summary, we have fabricated a novel antibacte-
rial nanoparticle composed of NGO, BSA and AlEgen
through a simple nanoprecipitation method. NGO-BSA-
AIE NPs can produce moderate amount of heat under
NIR laser irradiation and produce abundant ROS under
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daylight to destroy bacteria. NGO-BSA-AIE NPs showed
high and controlled antibacterial efficiency, as well as
good biocompatibility. The antibacterial efficiency of
NGO-BSA-AIE NPs after exposure to daylight and NIR
irradiation was both over 99%, but low cytotoxicity was
found in the dark condition. In addition, due to the NIR
emission characteristics of AlIEgen, the bacteria treated
with NGO-BSA-AIE NPs showed red fluorescence under
CLSM, demonstrating that the NPs can be applied in the
field of bacterial tracer. Hence, the proposed NGO-BSA-
AIE NPs provided an important platform for the syner-
gistic bacteriostatic effect through photodynamic and
photothermal therapy, as well as NIR image tracer in bio-
medical applications.

Additional file

Additional file 1. Additional experimental section and additional figures.
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