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Drug-resistant bacteria and biofilm have caused serious public health problems. It is necessary to develop
a treatment that is highly effective against drug-resistant bacteria without inducing drug resistance.
Herein, we prepare a series of nanoparticles based on three conjugated molecules (BTP-BrCl, BTP-CIBr,
and BTP-ClmBr) with acceptor—donor—acceptor (A—D—-A) structure. By adjusting the position of the
halogen atoms, the photothermal properties can be effectively regulated. In particular, these three nano-
particles (BTP-BrCl, BTP-CIBr, and BTP-CImBr NPs) exhibited photothermal conversion efficiencies (PCE)
up to 57.4%, 60.3%, and 75.9%, respectively. Among these nanoparticles, BTP-ClmBr NPs with the chlor-
ine atom close to the carbonyl and the bromine atom away from the carbonyl in the acceptor have the
highest PCE. Due to their excellent photothermal properties, all the NPs achieved more than 99.9% anti-
bacterial activity against Amp" E. coli, S. aureus and MRSA. When S. aureus was treated with these three
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nanoparticles under light irradiation, little biofilm formation was observed. Moreover, they could kill more
than 99.9% of the bacteria in the biofilm. In summary, this study provides a strategy for the preparation of
high-performance nano-photothermal agents and their application in the field of anti-drug resistant bac-
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Introduction

The abuse of antibiotics has led to the emergence of a large
number of drug-resistant bacteria, making the related infec-
tious diseases difficult to cure. In 2019, resistance genes were
discovered in the Arctic, suggesting that resistant bacteria have
spread to remote parts of the planet." According to a report in
The Lancet, it was estimated that about 1.27 million people
will die due to drug-resistant bacteria in 2019.” If the resis-
tance situation cannot be controlled, the number of deaths is
predicted to exceed 10 million by 2050.® Bacteria tend to aggre-
gate and form more intractable biofilms of microbial commu-
nities. Polymers secreted by bacteria, such as proteins and
polysaccharides, can form extracellular polymers (EPS),
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teria and biofilm prevention and cure.

which are more resistant to most conventional treatments.’
Therefore, it is extremely necessary to develop a treatment that
is highly effective against bacteria and destroys biofilms
without causing resistance.

At present, the common treatment methods include photo-
therapy, sonodynamic therapy and chemodynamic therapy.®™®
Among them, phototherapy encompasses photodynamic
therapy and photothermal therapy (PTT). PTT refers to the
denaturation of macromolecules such as proteins and DNA by
heating under the excitation of a light source to kill
bacteria.'”"" The excitation source usually used is near-infra-
red light with a penetration depth of 1-2 cm.'” Since this
therapy achieves its antibacterial purpose by directly destroy-
ing the bacterial structure, it will not be affected by drug resis-
tance, nor will it induce the generation of drug-resistant bac-
teria. In addition, due to the advantages of non-invasive, high
biological safety and low invasiveness, photothermal therapy
has been widely used in the treatment of drug-resistant bac-
terial infections."?

In PTT, the choice of photothermal agent is important. In
practical application, photothermal agents should meet the
following requirements:""> (1) excellent photothermal pro-
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perties, including photothermal conversion ability, photother-
mal stability and temperature tunability; (2) good biosafety
and in vivo degradability; (3) easy preparation and synthesis. At
present, there are a variety of materials with photothermal con-
version ability have been found, including inorganic materials,
organic materials and organic-inorganic composite materials.
Inorganic materials include carbon-based materials (gra-
phene), metallic materials (silver and gold), and metallic
sulfides.'®™® Although inorganic materials have excellent
photothermal conversion ability, they are limited by degra-
dation performance and low biological safety, which hinders
them widely used in clinical applications.'® Organic materials,
especially organic molecules, are relatively safe and easy to be
degraded, but poor photothermal stability and difficulty in
synthesis are still difficulties.

Structurally determined organic conjugated molecules
exhibit better light capture.?® According to the energy gap law,
the introduction of A-D-A structure is beneficial to enhance
intramolecular charge transfer and reduce the band gap of
conjugated molecules, effectively inhibit fluorescence, and
enhance the non-radiative decay of molecules. In addition, A-
D-A structure usually also exhibits extensive absorption
extending into the NIR region.”’ Photothermal agents with
excellent performance are usually obtained by regulating the
electron withdrawing ability of the acceptor or the electron
donating ability of the donor. Organic conjugated molecules
can also be prepared into nanoparticles, which can improve
biocompatibility while maintaining their good photothermal
conversion capacity. Therefore, it is an efficient solution to
design organic conjugated nanoparticles with A-D-A structure
for the treatment of diseases caused by drug-resistant bacterial
infections.

(a)

View Article Online

Paper

Herein, we prepared a series of nanoparticles based on
three conjugated molecules with A-D-A structures, where the
position of halogen atoms on the acceptor moieties varied. All
three organic conjugated molecules use benzothiadiazole as
the electron donor. By regulating the position of the halogen
atom on the acceptor group, the electron withdrawing ability
can be changed, and then the photothermal conversion ability
can be adjusted. According to the different positions of Br and
Cl on the benzene ring, the three molecules were named
BTP-BrCl, BTP-CIBr, and BTP-CImBr. Based on this, we tested
the photothermal properties of these three nanoparticles and
explored their potential application in antibacterial and anti-
biofilm applications.

Results and discussion

Synthesis and characterization

BTP-BrCl, BTP-CIBr, and BTP-CImBr were synthesized accord-
ing to the previous report.>> Both BTP-BrCl and BTP-CIBr have
the acceptor with chlorine and bromine atoms in the ortho
relationship. The difference is that the bromine atom in
BTP-BrCl is closer to the carbonyl group in the acceptor, while
the chlorine atom in BTP-CIBr is closer to the carbonyl group.
While the chlorine and bromine atoms in BTP-CImBr are in
meta relationship and the chlorine atom is closer to the carbo-
nyl group. To improve the water dispersion and biomedical
applications of BTP-BrCl, BTP-CIBr, and BTP-ClmBr, an
amphiphilic molecule PEG-DSPE2000 with a long alkyl tail
and a hydrophilic head group was used as the encapsulation
matrix. The corresponding nanoparticles were prepared by
nano-coprecipitation (Scheme 1b).*> The UV absorption
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Scheme 1 (a) Chemical structures of the conjugated molecule. (b) Preparation of nanoparticles. (c) Schematic diagram of nanoparticles photother-

mal antibacterial therapy.
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Fig. 1 (a) Normalized absorption spectra of BTP-BrCl/BTP-CIBr/BTP-ClmBr NPs. Size distribution and corresponding TEM images (in the set) of (b)

BTP-BrCl NPs, (c) BTP-CIBr NPs and (d) BTP-ClmBr NPs.

spectra in Fig. 1la shows that the BTP-BrCl/BTP-CIBr/
BTP-CImBr NPs have a wide UV absorption in the range of 600
to 900 nm. Specifically, the BTP-CImBr NPs have a stronger
absorption near 800 nm, which is due to the stronger electron
withdrawing ability of its acceptor structure. According to the
results of dynamic light scattering (DLS) measurement, the
hydrodynamic diameters of BTP-BrCl/BTP-CIBr/BTP-ClmBr
NPs were 55 nm, 78 nm and 79 nm, respectively (Fig. 1b-d).
TEM images showed that these NPs were uniformly distributed
spherical morphology.

Characterization of photothermal properties

Subsequently, the photothermal conversion ability of
BTP-BrCl/BTP-CIBr/BTP-CImBr NPs was investigated. Under
the 808 nm laser irradiation (800 mW c¢m™?), the water dis-
persion of these three NPs (10 pg mL™') showed a rapid
upward trend, and the temperature changed by 57.3 °C,
58.1 °C and 62.4 °C after 5 min of illumination, respectively
(Fig. 2a). And the temperature of the blank group (ultrapure
water) remained almost unchanged. The warming infrared
thermogram is shown in Fig. 2g, Fig. S1f, and S2f.f It can be
concluded that BTP-CImBr NPs have stronger intramolecular
charge transfer, enhanced non-radiative transition, and stron-
ger photothermal conversion ability. It is shown that the posi-
tion of halogen atom can affect the electron withdrawing
ability of electron acceptor, and then can regulate the photo-
thermal properties of A-D-A type molecule. To further demon-
strate the potential of photothermal conversion, the tempera-
ture variation of NPs at different concentrations (12.5, 25, 50,
100 pg mL ") was measured under 808 nm laser irradiation (1
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W cm™?) for 5 min (Fig. 2b and Fig. S1a, and S2at). It can be
seen that the temperature of the aqueous solution of NPs elev-
ated significantly with the concentration increasing. In
addition, laser with different light intensities (0.5, 0.75, 1, 1.5
W cm™?) was used to irradiate the 25 ug mL™" NPs aqueous
solution. With the increase of light intensity, the photothermal
conversion ability was also enhanced (Fig. 2¢ and Fig. Sib,
S2bt). Therefore, the photothermal conversion of NPs can be
regulated by adjusting the light intensity and concentration to
effectively prevent thermal damage. As shown in Fig. 2d and
Fig. Sic, S2¢, the NPs solution (10 pg mL™") was irradiated
with 808 nm NIR light (800 mW c¢cm™?) for 5 min, and naturally
cooled to room temperature for ON/OFF laser irradiation cycle.
The photothermal conversion capacity remained well after five
cycles, indicating that the BTP-BrCl/BTP-CIBr/BTP-CImBr NPs
have excellent photothermal stability and can be recycled. The
temperature changes of the NPs in the irradiated (5 min) and
laser off state (5 min) were recorded under the same laser con-
ditions (Fig. 2e, f and Fig. S1d, S1e, S2d, S2et), and the PCE of
BTP-BrCl/BTP-CIBr/BTP-CImBr NPs was determined to be
57.4%, 60.3%, and 75.9%.

Antibacterial measurement

To evaluate the antimicrobial effects of the three NPs, Amp"
E. coli was used as a representative of Gram-negative bacteria.
Amp" E. coli was incubated with NPs of different concentration
gradients (5, 7.5, 10 pg mL™") for 30 min in the dark (37 °C)
and irradiated with an 808 nm laser at 550 mW cm > for
5 min. As can be seen from the plate in Fig. 3e, the blank
group under illumination without NPs did not show signifi-

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 (a) Temperature increase of water and different nanoparticles (10 pg mL™) after 808 nm laser irradiation (800 mW cm™2) for 5 min. (b)
Heating curves of water dispersions of BTP-ClmBr NPs at different concentrations irradiated by 808 nm laser (1 W cm™2). (c) Heating curves of water
dispersions of BTP-CImBr NPs (25 pg mL™) at different laser power densities. (d) Heating and cooling cycle curves of five ON/OFF cycles of
BTP-CImBr NPs dispersed (10 ug mL™) under 808 nm laser irradiation (800 mW cm™3). (e and f) Photothermal properties of BTP-CImBr NPs after
cooling to room temperature. (g) Infrared thermogram of BTP-ClmBr NPs (10 ug mL™?) increasing with irradiation time (808 nm, 800 mW cm™).

cant difference from the dark condition, indicating that the
laser itself had no impact on bacteria. The three NPs showed
almost no dark toxicity to bacteria under dark conditions, indi-
cating their good biocompatibility. In addition, when the con-
centration of BTP-BrCl/BTP-CIBr/BTP-CImBr was 10 pg mL ™,
the antibacterial rate could reach more than 99.9% after
5 minutes of laser irradiation (Fig. 3a and Fig. S3a, S4af).
Subsequently, the antibacterial effects of BTP-BrCl/BTP-CIBr/
BTP-CImBr NPs against Gram-positive bacteria (S. aureus and
MRSA) were investigated under the same laser irradiation con-
ditions. The results showed that when the concentration was
10 pg mL™", the inhibition rate of NPs toward these two bac-
teria could also reach more than 99.9% (Fig. 3b, ¢ and
Fig. S3b, S3c, S4b, S4ct), demonstrating the excellent antibac-
terial activity against resistant bacteria.

To further understand the antibacterial behavior of the
NPs, the bacterial morphology after various treatments was
characterized by scanning electron microscopy (SEM). As
shown in Fig. 3f and Fig. S3f, S4f,1 the bacteria in the blank
control group had complete morphology and clear edges.
Bacterial morphology remained unchanged after interaction
with BTP-CImBr NPs under dark conditions. After 5 min of

This journal is © The Royal Society of Chemistry 2024

laser irradiation, the bacteria gradually showed more collapses
and holes as the concentration of NPs increased. The same
experimental results were observed for BTP-BrCl/BTP-CIBr NPs
against Amp" E. coli, S. aureus and MRSA. This phenomenon is
consistent with the results of antibacterial experiments, which
showed that NPs exhibited excellent killing effects against
drug-resistant bacteria Amp® E. coli and MRSA. Therefore,
BTP-BrCl/BTP-CIBr/BTP-ClmBr NPs are primiarily achieve anti-
bacterial effects by generating high temperatures that disrupt
bacterial structures.

Effect of biofilm inhibition/destruction

To further explore the long-term inhibitory effect of BTP-BrCl/
BTP-CIBr/BTP-CImBr NPs on bacteria, a S. aureus biofilm
model was constructed. The samples treated with NPs after
irradiation were cultured to investigate whether a biofilm
could form, which demonstrate the long-term antibacterial
activity of these photothermal nanoparticles. 20 pL of S. aureus
bacterial solution was mixed with 20 pg mL™' BTP-BrCl/
BTP-CIBr/BTP-ClmBr NPs and incubated for 30 min in the
dark. After laser irradiation at 808 nm, 550 mW cm 2 for
5 min, the processed samples were supplemented with

Biomater. Sci, 2024,12, 4386-4392 | 4389
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Fig. 3 Antibacterial activity of BTP-ClmBr NPs against (a) Amp" E. coli, (b) S. aureus, and (c) MRSA in the dark or irradiated with 808 nm laser
(550 mW cm™2) for 5 min. (d) Corresponding infrared thermograms of Amp" E. coli treated with different concentrations of BTP-CImBr NPs at 0 and

5 min of irradiation; (e) photographs of Amp" E. coli solid plates treated

E. coli treated with different concentrations of BTP-ClmBr NPs. Scale bar:

medium and further cultured to observe the formation of bio-
films. Crystal violet staining was used to analyze the growth of
biofilm. Fig. 4a shows that biofilm growth after treatment with
BTP-BrCl/BTP-CIBr/BTP-CImBr NPs was less than 5% after
12 h and 18 h of culture. After 24 hours of culture, the inhi-
bition rate of BTP-BrCl NPs with relatively poor antibacterial
effect on biofilm was 36.01%. However, the inhibition of the
biofilm by BTP-CIBr NPs and BTP-CImBr NPs was still higher
than 94%. This indicated that all three NPs were able to effec-
tively kill bacteria to further inhibit biofilm formation.

The antimicrobial properties of BTP-BrCl/BTP-CIBr/
BTP-CImBr NPs against mature biofilms were further evalu-
ated. S. aureus mature biofilm that had been cultured for 24 h
were incubated with BTP-BrCl, BTP-CIBr and BTP-CImBr NPs

4390 | Biomater. Sci., 2024, 12, 4386-4392

with different concentrations of BTP-ClmBr NPs. (f) SEM images of Amp"
1pym.

respectively at the concentration of 15 pg mL™" for 30 min.
After exposure to 808 nm laser at 1 W cm™? for 10 min, the bio-
films were stained and the remaining bacteria was character-
ized using the plate counting method. Although the biofilm
was not completely destroyed (Fig. 4b and c), the bacterial
mortality in it could reach more than 99.9% (Fig. 4d). As can
be seen from Fig. 4e, there was no colony formation on the
medium. In conclusion, BTP-BrCl/BTP-CIBr/BTP-CImBr NPs
could inhibit or destroy biofilm formation by heating up
under NIR light irradiation. In addition, the hemolysis rates of
BTP-BrCl/BTP-CIBr/BTP-ClmBr NPs for rabbit blood (obtained
from Beijing Jinlisi Technology Co., Ltd) were all much lower
than 5% (Fig. 5a-c), indicating that they have good blood com-
patibility and have the potential for clinical application.

This journal is © The Royal Society of Chemistry 2024
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Conclusion

In summary, we have proposed a strategy to modulate the elec-
tron withdrawing ability by changing the position of halogen
atoms on the acceptor structure, and have successfully syn-
thesized nanoparticles based on three organic conjugated mole-
cules (BTP-BrCl, BTP-CIBr, and BTP-CImBr) with A-D-A struc-
ture. These NPs can effectively convert near-infrared light to
heat. Among them, the acceptor structure with chlorine and
bromine atoms at ortho-position in BTP-CImBr has the strongest
electron absorbing ability, embowing BTP-CImBr NPs the great-
est near-infrared absorption and photothermal conversion
ability. The antibacterial experiment showed that only 10 pg
mL™" of BTP-BrCl/BTP-CIBr/BTP-ClmBr NPs could achieve
99.9% antibacterial effect (Amp" E. coli, S. aureus, and MRSA).
After treatment with 20 ug mL™" of nanoparticles, the formation
of biofilms can be greatly inhibited. At the same time, the mor-

This journal is © The Royal Society of Chemistry 2024

tality ratio of bacteria in the biofilm was more than 99.9% after
treatment with 15 pg mL™" of BTP-BrCl/BTP-CIBr/BTP-CImBr
NPs. Therefore, these nanoparticles could both effectively kill
bacteria and inhibit the formation of biofilms. In addition,
these three NPs showed low dark toxicity and excellent blood
compatibility, which suggested their potential for clinical appli-
cation. In conclusion, the design strategy of improving the
photothermal conversion ability of A-D-A skeleton organic con-
jugated molecules by adjusting the acceptor structure provides
certain implications for the development of photothermal
agents to combat clinical drug resistant bacterial infections.
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