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Bacterial infection is a major threat to human health. However, many antibacterial agents
currently used are severely limited due to drug-resistance, and the development of side
effects. Herein, we have developed a non-antibiotic nanocomposite consisting of chitosan
(ChS) coated silver nanoparticles (AgNPs) and graphene nanoribbon (GNR)-based
nanowires for light-triggered eradication of bacteria. The presence of AgNP/ChS
significantly enhanced the interactions of the GNR nanowires with Pseudomonas
aeruginosa, a clinically common Gram-negative bacterium. Which enables the highly
effective photothermal eradication of bacteria by GNR upon near-infrared light irradiation.
The nanocomposite was shown to be applicable for the light-triggered eradication of
bacterial biofilms and the inhibition of bacterial growth on medical patches used for
abdominal-wall hernia surgery.

Keywords: chitosan, silver nanoparticles, graphene nanoribbons, antibiotic, nanocomposite

INTRODUCTION

Pathogenic microbes have rapidly spread worldwide, which has resulted in a high infection and
mortality rates of hospital patients. As such, novel therapeutic strategies to effectively combat
microbial infections are urgently required. Bacterial infections have been responsible for millions of
deaths (Kupferschmidt, 2016; Morris et al., 2017) and while the discovery of antibiotics substantially
reduced the lethal effect of bacterial infections and secondary complications, the overuse of
antibacterial agents means that bacterial infections will become an ever-increasing cause of
death. The abuse of antibiotics has led to the emergence of multidrug-resistant bacteria (or
“superbugs”) such as the methicillin-resistant Staphylococcus aureus (MRSA), Pseudomonas
aeruginosa (P. aeruginosa) and Acinetobacter baumannii (A. baumannii) (Hu et al, 2015;
Adegoke et al., 2016; Siriwardena et al., 2018; Hu et al, 2019). These superbugs pose a serious
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SCHEME 1 | Schematic illustration of (A) the construction of the

chitosan (ChS)-coated silver nanoparticles (AgNP/ChS) and the material
nanocomposite (AgNP/ChS/GNR) formed between AgNP/ChS and
granphene nanoribbon (GNR)-based nanowires, and (B) light-triggered
antibacterial effect of the AgQNP/ChS/GNR nanocomposite; the presence of
AgNP/ChS enhances the interaction of GNR nanowires with bacterial species,
thereby improving the PTT effect of GNRs.

threat to human health. In addition, antibiotics are prohibited
from use during for certain incision surgeries such as abdominal
wall hernia surgery (Adegoke et al., 2016). As a consequence, the
development of non-antibiotic agents to eradicate bacterial
infections has become a popular research topic in both academic
and industrial environments (Pérez-Kohler et al., 2015).

During the past decade, a number of inorganic and organic
materials have been developed with outstanding antimicrobial
efficacies (Diez-Pascual, 2020). Among the various materials
developed, those with an inherent antimicrobial property and/
or the capacity for bacterial eradication with the aid of light have
exhibited promise as alternatives for clinically used antibiotics. A
representative example is silver nanoparticles (AgNPs) due to
their inherent antibacterial activity through the in-situ release of
toxic silver ions (You et al, 2012). However, AgNPs tend to
aggregate, thus reducing the antibacterial efficiency and results in
increasing unwanted side effects to normal tissues. To overcome
this problem, AgNPs have been attached to the surface of a variety
of functional materials such as metal oxides, graphene oxide and
organic polymers, leading to an enhanced bioactivity and
biocompatibility; this is largely due to the fact that their
controlled alignment on the surface of other materials
minimizes the non-specific aggregation of the nanoparticles
(Yu et al, 2014; Jose et al, 2019). In addition, low-
dimensional materials such as GO, thin-layer molybdenum
disulfide and manganese oxide can convert photonic energy to
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heat, achieving photothermal therapy (PTT) of bacterial
infections (Chen et al., 2020).

Previously, we have synthesized structurally well-defined
graphene nanoribbons (GNR), which self-assemble into one-
dimensional nanowires in aqueous solution and as a new class
of PTT agents exhibit excellent photothermal-conversion
efficiency (Huang et al, 2018; Niu et al,, 2019; Luan et al,
2020; Yu et al., 2020). However, unmodified GNR lacks the
capability to effectively capture bacterial species.

Chitosan (ChS) is a natural polysaccharide consisting of 1,4-
B-linked glucosamine units, which can selectively adhere to the
membrane of bacteria through electrostatic interactions (Bilal
et al., 2017; Asghar et al., 2020). The introduction of ChS to the
surface of AgNPs was shown to improve the controlled release of
silver ions in bacterial cells, thus enhancing the antibacterial
activity of AgNPs (Wanget al,, 2019). As a result, we envision that
the self-assembly of ChS-coated AgNPs (AgNP/ChS) with GNR
nanowires would produce a hybrid material nanocomposite with
enhanced antibacterial activity. We envisioned that 1) the
presentation of AgNPs on the surface of GNR nanowires
could reduce the aggregation of the nanoparticles, thereby
enhancing their interaction with bacterial membranes, and 2)
the enhanced interaction would subsequently improve the PTT
effect of GNRs for bacterial eradication.

As shown in Scheme 1, chitosan (ChS)-coated AgNPs were
prepared, and the resulting AgNP/ChS nanoparticles self-
assembled onto GNR-based nanowires, producing a AgNP/
ChS/GNR nanocomposite (Scheme 1A). Using a number of
techniques, we demonstrated that the presence of AgNP/ChS
enhanced the affinity of the nanocomposite for the membrane of
a Gram-negative bacterium, thereby enabling the PTT-based
eradication of bacterial cells upon light irradiation (Scheme 1B).

RESULTS AND DISCUSSION

For this purpose, ChS with a molecular weight of ca. 30 kDa and a
deacetylation percentage of 95% was used for the surface
modification of AgNPs, producing AgNP/ChS nanoparticles (Arif
et al, 2015; Peng et al, 2017). From the UV-vis spectra
(Supplementary Figures S1A,C), we observed that the
characteristic UV-vis absorption of the AgNPs increased with an
increase in the content of ChS in aqueous solution, suggesting that
the surface coating of polysaccharides enhanced the aqueous
dispersibility of the nanoparticles (Gopinath et al, 2020). X-ray
photoelectron spectroscopy (XPS) was then used to characterize the
formation of the AgNP/ChS. A wide-scan spectrum established the
existence of N, C, O, and Ag elements in the AgNP/ChS system
(Figure 1A). Three peaks were observed in the high-resolution C;,
spectrum of AgNP/ChS at 287.5, 285.9 and 284.6 eV, which are
characteristic signals of the O-C=0, C-N, and C-O peaks of ChS
(Carapeto et al.,, 2017; Xu et al.,, 2020), respectively (Figure 1B).
While in the Ag3d spectrum two characteristic peaks at 373.85 and
367.60 eV, were attributed to the binding energies of Ag 3d;/, and Ag
3ds/, (Kumar-Krishnan et al., 2015; Sun et al., 2020; Xu et al., 2020),
respectively (Figure 1C). Significantly, the XPS results indicate the
successful construction of AgNP/ChS nanoparticles.
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FIGURE 1 | (A) Wide-scan XPS spectrum of AGQNP/ChS (10 ug mi~'/2 mg mi~") corresponding to the characteristic peaks of elemental N, C, O, Ag. (B) X-ray
photoelectron spectroscopy (XPS) of AQNP/ChS (10 pg mi~'/2 mg mi~) corresponding to the characteristic peaks of C-O and C-N. (C) XPS of AQNP/ChS (10 pg mi~'/
2 mg mi~") corresponding to the characteristic peaks of Ag3d. (D) Transmission Electron Microscope (TEM) and (E) Atom Force Microscope (AFM) images of AgNP
(10 pg mi~"), AQNP/ChS (10 ug mi~'/2 mg mi™"), and AQNP/ChS/GNR (10 pg mi~'/2 mg mi~'/20 pg mi~). The red and green arrows in the TEM image of AgNP/

In addition, the morphology of the AgNP and AgNP/ChS
nanoparticles were characterized by transmission electron
microscopy (TEM) and atomic force microscopy (AFM). We
observed morphologically similar nanoparticles from the TEM
images of AgNP and AgNP/ChS nanoparticles (Figure 1D);
where the former particles (ca. 47 nm) were larger than the
latter (ca. 31nm). From the representative TEM image of
AgNP/ChS, the presence of a polymeric shell on the surface of
the AgNP particles was observed, confirming the coating of ChS
onto the AgNPs (Figure 1D, inset). In addition, the AFM
measurement showed that the height of AgNP particles
(39-44 nm) is larger than that of AgNP/ChS (22-26 nm),
suggesting that AgNPs with ChS coating are more dispersed.

Next, the self-assembly between AgNP/ChS and GNR was
performed. In our previous research, we synthesized a structurally
well-defined GNR with covalently grafted polyethylene oxide
(PEO) chains on the edges (Huang et al, 2018; Yu et al,
2020). The PEO-modified GNR could aggregate into long
nanowires in aqueous solution with an excellent photothermal
conversion efficiency of 31%, which surpasses those of other
competing low-dimensional materials such as gold nanoparticles,

single-walled carbon nanotubes, graphene oxide, thin-layer
molybdenum disulfide and manganese oxide under similar
experimental conditions (Huang et al, 2018). To prepare a
nanocomposite of AgNP/ChS and GNR-based nanowires,
AgNP/ChS (20 ugml'/4mgml™') was mixed with GNR
(40 ugml™) in an aqueous solution, followed by sonication
(100 W) for 10 min. From the representative UV-vis spectra of
the mixture, an increase in the concentration of GNR led to a
gradual decrease in the UV-vis absorption of the AgNP/ChS
nanoparticles (Supplementary Figures S1B,D). Which
indicated that the AgNP/ChS nanoparticles were aligned to
the surfaces of the GNR nanowires. In the representative TEM
image of the AgNP/ChS/GNR nanocomposite particle-like
species were observed to be coated on the surface of wire-
like structures of the GNR (Figure 1D). From representative
AFM images of the nanocomposite, we observed that the
region where the AgNP/ChS nanoparticles are attached, an
increased height of 63 nm with respect to that of pure GNR
(mean diameter: 34 nm) was observed (Figure 1E). These data
confirm the successful formation of a AgNP/ChS/GNR
nanocomposite.
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FIGURE 2 | (A) Schematic illustration of the light-triggered bacterial eradication using different materials. TEM images of Pseudomonas aeruginosa (ATCC 27853,
108 CFU mi™") before and after treatment with (B) ChS (2 mg mi™), (C) AgNP (10 pg mi~") and GNR (20 ug mi~") (D) ChS/AgNP (2 mg mi~"/10 pg mi~") and AgNP/
ChS/GNR (10 pg mi~'/2 mg mi='/20 pg mi~") with and without light irradiation (808 nm, 1 W cm™).
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With the nanocomposite in hand, we then evaluated their
antibacterial activities under near-infrared (NIR) irradiation
(808 nm, 1 W cm™). By optimizing the concentrations of
AgNP, ChS and GNR in the composite, we found that AgNP/
ChS/GNR with a concentration of 10pugml '/2mgml™"/
20pgml™'  exhibited the best antibacterial efficiency
(Supplementary Figure S2). Compared with previously
reported AgNP-based antibacterial hybrid materials including
ChS/AgNP (35 mg ml™'/1 mg ml™") nanocomposites (Pérez-Diaz
et al,, 2016), ChS/AgNP (9 mg ml~'/0.4 mg ml™") nanoparticles
within hydrogels (Verma et al., 2017), CNT/Ag (0.9 mgml ™"/
0.8 mg ml™") nanofiber composites (Jatoi et al., 2020) and ChS
hydrogel/AgNP (80 mg ml™Y/3 mg ml™) nanoparticles (Xie et al.,
2018), the concentrations of AgNP and ChS used in the present
study were much lower. TEM was used for the visualization of the
morphological changes of Pseudomonas aeruginosa (ATCC
27853, 10° CFUmI ™) in the presence of the AgNP/ChS/GNR
nanocomposite; while, AgNP, ChS, AgNP/ChS and GNR were
used as controls (Figure 2). Considering the outstanding
photothermal property of GNR (Huang et al., 2018; Mousavi
et al.,, 2019; Johnson et al., 2020; Yu et al., 2020; Dou et al., 2021),
near-infrared (NIR) irradiation (808 nm, 1 W cm2) was used to
evaluate the PTT effect of the materials (Figure 2A). Initially, we
observed rod-like morphology in the TEM images of P.
aeruginosa. The morphology of the bacteria did not change
after 808 nm light irradiation in the absence of the materials
(Figure 2B), indicating that the NIR light is not harmful to the
bacteria. However, in the presence of ChS morphological changes
of P. aeruginosa (Figure 2B) were observed. Hollow bacterial cells
(dead cells) appeared (the black-circled region in the ChS/Light

(-)/(+) panels of Figure 2B), which suggests the destruction of the
bacteria and the leakage of intracellular components. Similarly,
ChS, and AgNPs induced morphological change of the bacteria
(from solid to hollow). This was due to the attachment of AgNPs
to the membrane of the bacteria as evidenced in the AgNP/Light
(-)/(+) panels in Figure 2C). In comparison, the presence of
only GNR without light irradiation caused minimal
morphological change to the bacteria (Figure 2C),
suggesting a minimal antibacterial effect of just GNR.
Interestingly, when NIR light irradiation was applied after
incubation of GNR with the bacteria, (808 nm, 1 W cm ™%
temperature increased to ~51°C) hollow bacterial cells
appeared in the TEM (the black-circled region in the GNR/
Light (+) panel in Figure 2C). Suggesting that the PTT effect
of GNR can result in the death of bacteria.

Subsequently, particle-like species attached to the surface of P.
aeruginosa were observed in the TEM images of the AgNP/ChS
group, (green-arrows in the AgNP/ChS/Light (-)/(+) panels of
Figure 2D), while an extensive amount of wire-like species were
seen in those of the AgNP/ChS/GNR group (red-arrows in the
AgNP/ChS/GNR/Light (-)/(+) panels of Figure 2D). This
suggests that, compared to the use of just GNR (bottom-right
panel in Figure 2C), the presence of AgNP/ChS enhanced the
adhesion of the resulting nanocomposite to the bacterial
membrane of (top- and bottom-right panels of Figure 2D).
Subsequent light irradiation, resulted in the production of a
substantial number of dead bacteria, which was due to the
strong PTT effect of the GNRs adjacent to the bacterial cells.

We then evaluated the ability of the AgNP/ChS/GNR
nanocomposite to supress P. aeruginosa-based biofilm
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FIGURE 3 | (A) Fluorescence imaging and (B) quantification of the
biofim formed by Pseudomonas aeruginosa (ATCC 27853, 10° CFU mI™")
before and after treatment with ChS (2 mg mi~"), AgNP (10 ug mi™"), GNR
(20 pg mi~"), ChS/AgNP (2 mg mi~'/10 ug mi~") and AgNP/ChS/GNR
(10 pg mi='/2 mg mi~"/20 pg mi~") with and without light irradiation (808 nm,
1 W cm™). The live and dead cells were stained by Syto9 (1.4 UM, Aex/Aem =
488/500 nm) and PI (8.3 uM, Aex/Aem = 561/600 nm), respectively.

formation (Mathias et al., 2010). After treatment of the biofilms
with AgNP, ChS, GNR, AgNP/ChS or AgNP/ChS/GNR in the
absence and presence of light irradiation, a live-dead cell staining
assay (Mathias et al., 2010; Ou et al,, 2019; Ma et al., 2020; Wu
etal, 2015) was used to quantitatively determine the antibacterial
efficiency (Figure 3). Compared to the blank group, the presence
of just ChS or AgNPs resulted in minimal bacterial death in the
biofilms, irrespective of light irradiation (Figures 3A,B). In
addition, AgNP/ChS (32% dead cells produced) exhibited a
better antibacterial activity than AgNPs (22% dead cells
produced) or ChS (14% dead cells produced) alone, which
agrees with previous observations that the presence of ChS
can enhance the antimicrobial activity of AgNPs (Kumar-
Krishnan et al.,, 2015).

The use of GNR without light irradiation hardly killed any
bacteria, and NIR light slightly increased the antibacterial activity
of the GNR (Figures 3A,B). These observations confirm the weak
association between unmodified GNR and the bacteria.
Interestingly, we observed that the AgNP/ChS/GNR
nanocomposite exhibited the best antibacterial effect amongst
all the groups. The enhanced activity of the nanocomposite (49%
dead cells produced) than that of AgNP/ChS (32% dead cells
produced) was attributed to an increase in the active surface
area of the nanoparticles when aligned on the GNR nanowires.
Subsequent NIR irradiation (808 nm, 1 W cm?) increased the

Near-Infrared Light-Triggered Bacterial Eradication

percentage of dead cells in the biofilm to 65%. This observation
confirmed that the presence of AgNP/ChS significantly
enhances the interaction of the GNR with bacteria, thereby
facilitating the PTT-based eradication of bacterial cells in the
biofilm.

To demonstrate the potential clinical applicability of the
nanocomposite, AgNP/ChS/GNR as well as the control
materials AgNP, ChS, GNR and AgNP/ChS were used to coat
a medical patch made of monofilament polypropylene (PP).
Medical patches are clinically used for the treatment of extra-
abdominal hernia. However, the application of the synthetic
patches can result in bacterial infection, leading to secondary
complications. Therefore, we coated the patches with different
antibacterial materials, and then the modified patches were
placed in the middle of an agar culture plate covered by P.
aeruginosa. After 24h, the diameters of the inhibition zone
produced by the modified patches were measured (Figure 4)
(Wei et al,, 2019). Compared to the blank group, the ChS and
AgNP coated patches produced an inhibition zone of 2 and 3 mm,
respectively (Figures 4A,B); the size of the inhibition zone was
independent of light irradiation. The use of NIR light slightly
increased the inhibition zone of the GNR-coated patch from 0 to
1 mm, suggesting a low level of interaction between the unmodified
nanowires and the bacteria. However, in sharp contrast, the AgNP/
ChS/GNR coated patch produced an inhibition zone of 5 mm, and
subsequent light irradiation increased the diameter further to
7 mm. This finding confirms that AgNP/ChS on the surface of
the nanocomposite enhanced the interaction between the GNR
and bacteria, enabling light-triggered eradication (PTT) of the
bacteria.

CONCLUSION

In summary, we have constructed a nanocomposite formed
between ChS-coated AgNPs and GNR-based nanowires.
Microscopic analyses confirmed the attachment of the AgNP/
ChS particles onto the surface of the GNR nanowires, indicating
that supramolecular self-assembly between the two
nanomaterials had successfully occurred. To the best of our
knowledge, this is the first example reporting the construction
of a nanocomposite between structurally well-defined GNR and
inorganic nanoparticles, thereby offering scope for the
development of other material-based composites for
biomedical applications (Dou et al., 2019). The biological
assays indicate that AgNP/ChS particles on the surface of
GNR significantly enhanced the interaction of the resulting
nanocomposite with P. aeruginosa, and enabled effective NIR
light-triggered bacterial eradication due to the outstanding PTT
effect of water-soluble GNR (Huang et al., 2018; Yu et al., 2020)
More interestingly, we demonstrated the effective use of the
nanocomposite, for coating medical patches, for the
suppression of bacterial growth on and the effect could be
enhanced by NIR light irradiation. Our research illustrates the
potential of developing antibacterial patches that can be used to
overcome unwanted bacterial infections following abdominal-
wall hernia surgery.

Frontiers in Chemistry | www.frontiersin.org

October 2021 | Volume 9 | Article 767847


https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Zhou et al.

Near-Infrared Light-Triggered Bacterial Eradication

Inhibition Zone (mm)

»
=
3]
o
o
=z
[
<
©
z
(]
@
=
Q
o
3
(=
<

using AgNP/ChS/GNR on medical patch.

" I Light (+)
1 [ Light ()

Medical patch w/
AgNP/ChS/GNR

FIGURE 4 | (A) Photos (taken by a Nikon camera) and (B) diameters of the inhibition zone produced on Luria—Bertani (LB) agar plates cultured with Pseudomonas
aeruginosa (ATCC 27853, 106 CFU mi™") after treatment with ChS (2 mg mi™"), AgNP (10 pg mi~"), GNR (20 pg mi~"), ChS/AgNP (2 mg mi~'/10 pg mi~") and AgNP/
ChS/GNR (10 pg mi='/2 mg mi~'/20 pg mi~") with and without light irradiation (808 nm, 1 W cm?). (C) Schematic illustration of the light-triggered bacterial eradication

+ = + +
+ = + +
+ = +

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/Supplementary Material, further inquiries can be
directed to the corresponding authors.

AUTHOR CONTRIBUTIONS

MZ and H-QG carried out materials assembly. X-LH carried out
characterization of materials. H-QG and BZ carried out microbial
evaluation studies. X-LH wrote and edited the manuscript with
the support of G-RC, X-PH, YM, FX, and TJ. All authors read and
approved the final manuscripts.

ACKNOWLEDGMENTS

The authors thank the Natural National Science Foundation of
China (NSFC) (Nos. 21907030 and 21774076), the Program of

Shanghai Academic Research Leader (19XD1421700), the
Shanghai Eastern Scholar Program, the Shanghai Municipal
Science and Technology Major Project (2018SHZDZXO03), the
National Key Sci-Tech Special Projects of Infection Diseases of
China (2018ZX10732202), the international cooperation
program of Shanghai Science and Technology Committee
(17520750100) and the China Postdoctoral Science
Foundation (2020TQ0188). T] wishes to thank the Royal
Society for a Wolfson Research Merit Award and the Open
Research Fund of the School of Chemistry and Chemical
Engineering, Henan Normal University for support
(2020ZDO1).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fchem.2021.767847/
full#supplementary-material

Frontiers in Chemistry | www.frontiersin.org

October 2021 | Volume 9 | Article 767847


https://www.frontiersin.org/articles/10.3389/fchem.2021.767847/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fchem.2021.767847/full#supplementary-material
https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Zhou et al.

REFERENCES

Adegoke, A., Faleye, A., Singh, G., and Stenstrém, T. (2016). Antibiotic Resistant
Superbugs: Assessment of the Interrelationship of Occurrence in Clinical
Settings and Environmental Niches. Molecules. 22, 29-55. doi:10.3390/
molecules22010029

Arif, D., Niazi, M. B. K,, Ul-Hag, N., Anwar, M. N,, and Hashmi, E. (2015).
Preparation of Antibacterial Cotton Fabric Using Chitosan-Silver
Nanoparticles. Fibers Polym. 16, 1519-1526. doi:10.1007/s12221-015-5245-6

Asghar, M. A, Yousuf, R. I, Shoaib, M. H., and Asghar, M. A. (2020). Antibacterial,
Anticoagulant and Cytotoxic Evaluation of Biocompatible Nanocomposite of
Chitosan Loaded Green Synthesized Bioinspired Silver Nanoparticles. Int.
J. Biol. Macromolecules. 160, 934-943. doi:10.1016/j.ijbiomac.2020.05.197

Bilal, M., Rasheed, T., Igbal, H. M. N,, Li, C, Hu, H., and Zhang, X. (2017).
Development of Silver Nanoparticles Loaded Chitosan-Alginate Constructs
With Biomedical Potentialities. Int. J. Biol. Macromolecules. 105, 393-400.
doi:10.1016/j.ijbiomac.2017.07.047

Carapeto, A. P., Ferraria, A. M., and do Rego, A. M. B. (2017). Unraveling the
Reaction Mechanism of Silver Ions Reduction by Chitosan From So Far
Neglected Spectroscopic Features. Carbohydr. Polym. 174, 601-609.
doi:10.1016/j.carbpol.2017.06.100

Chen, Y., Gao, Y., Chen, Y., Liu, L., Mo, A., and Peng, Q. (2020). Nanomaterials-
Based Photothermal Therapy and its Potentials in Antibacterial Treatment.
J. Controlled Release. 328, 251-262. doi:10.1016/j.jconrel.2020.08.055

Diez-Pascual, A. (2020). Recent Progress in Antimicrobial Nanomaterials.
Nanomaterials. 10, 2315-2319. doi:10.3390/nano010112315

Dou, W.-T., Qin, Z.-Y., Li, J., Zhou, D.-M., and He, X.-P. (2019). Self-Assembled
Sialyllactosyl Probes With Aggregation-Enhanced Properties for Ratiometric
Detection and Blocking of Influenza Viruses. Sci. Bull. 64, 1902-1909.
doi:10.1016/j.scib.2019.08.020

Dou, W.-T., Xu, F,, Xu, C.-X,, Gao, J., Ru, H.-B,, Luan, X,, et al. (2021). Graphene
Nanoribbon-Based Supramolecular Ensembles With Dual-Receptor Targeting
Function for Targeted Photothermal Tumor Therapy. Chem. Sci. 12,
11089-11097. doi:10.1039/d1sc02154k

Gopinath, V., MubarakAli, D., Vadivelu, J., Manjunath Kamath, S., Syed, A., and
Elgorban, A. M. (2020). Synthesis of Biocompatible Chitosan Decorated Silver
Nanoparticles Biocomposites for Enhanced Antimicrobial and Anticancer
Property. Process Biochem. 99, 348-356. doi:10.1016/j.procbio.2020.09.011

Hu, X.-L,, Li, D, Shao, L., Dong, X., He, X.-P., Chen, G.-R., et al. (2015). Triazole-
Linked Glycolipids Enhance the Susceptibility of MRSA to p-Lactam
Antibiotics. ACS  Med. Chem. Lett. 6, 793-797. doi:10.1021/
acsmedchemlett.5b00142

Hu, X. L, Chu, L, Dong, X,, Chen, G. R, Tang, T., Chen, D,, et al. (2019).
Multivalent Glycosheets for Double Light-Driven Therapy of Multidrug-
Resistant Bacteria on Wounds. Adv. Funct. Mater. 29, 1806986. doi:10.1002/
adfm.201806986

Huang, Y., Dou, W.-T., Xu, F,, Ru, H.-B,, Gong, Q., Wu, D., et al. (2018).
Supramolecular ~ Nanostructures of Structurally Defined Graphene
Nanoribbons in the Aqueous Phase. Angew. Chem. Int. Ed. 57, 3366-3371.
doi:10.1002/anie.201712637

Jatoi, A. W., Ogasawara, H., Kim, L. S., and Ni, Q.-Q. (2020). Cellulose Acetate/
Multi-Wall Carbon Nanotube/Ag Nanofiber Composite for Antibacterial
Applications. Mater. Sci. Eng. C. 110, 110679-110687. doi:10.1016/
j.msec.2020.110679

Johnson, A. P., Gangadharappa, H. V., and Pramod, K. (2020). Graphene
Nanoribbons: A Promising Nanomaterial for Biomedical Applications.
J. Controlled Release. 325, 141-162. doi:10.1016/j.jconrel.2020.06.034

Jose, M., Sienkiewicz, P., Szymanska, K., Darowna, D., Moszynski, D., Lendzion-
Bielun, Z., et al. (2019). Influence of Preparation Procedure on Physicochemical
and Antibacterial Properties of Titanate Nanotubes Modified With Silver.
Nanomaterials. 9, 795-814. doi:10.3390/nan09050795

Kumar-Krishnan, S., Prokhorov, E., Herndndez-Iturriaga, M., Mota-Morales, J. D.,
Vazquez-Lepe, M., Kovalenko, Y. et al. (2015). Chitosan/Silver
Nanocomposites: Synergistic Antibacterial Action of Silver Nanoparticles
and  Silver Ions. Eur. Polym. ] 67, 242-251. doi:10.1016/
j.eurpolym;j.2015.03.066

Near-Infrared Light-Triggered Bacterial Eradication

Kupferschmidt, K. (2016). Study Suggests Hidden Epidemic in CF Patients. Science.
354, 695. doi:10.1126/science.354.6313.695-696

Luan, X., Martin, C,, Zhang, P., Li, Q., Vacchi, I. A,, Delogu, L. G,, et al. (2020).
Degradation of  Structurally Defined Graphene Nanoribbons by
Myeloperoxidase and the Photo-Fenton Reaction. Angew. Chem. Int. Ed. 59,
18515-18521. doi:10.1002/anie.2020089210.1002/anie.202008925

Ma, Z., 1i, ], Bai, Y., Zhang, Y., Sun, H., and Zhang, X. (2020). A Bacterial
Infection-Microenvironment Activated Nanoplatform Based on Spiropyran-
Conjugated Glycoclusters for Imaging and Eliminating of the Biofilm. Chem.
Eng. J. 399, 125787-125796. doi:10.1016/j.cej.2020.125787

Morris, D. E., Cleary, D. W., and Clarke, S. C. (2017). Secondary Bacterial
Infections Associated With Influenza Pandemics. Front. Microbiol. 8,
1041-1057. doi:10.3389/fmicb.2017.01041

Mousavi, S. M., Soroshnia, S., Hashemi, S. A., Babapoor, A., Ghasemi, Y.,
Savardashtaki, A., et al. (2019). Graphene Nano-Ribbon Based High
Potential and Efficiency for DNA, Cancer Therapy and Drug Delivery
Applications. ~ Drug ~ Metab. ~ Rev. 51, 91-104.  doi:10.1080/
03602532.2019.1582661

Miisken, M., Di Fiore, S., Romling, U., and Haussler, S. (2010). A 96-Well-Plate-
Based Optical Method for the Quantitative and Qualitative Evaluation of
Pseudomonas Aeruginosa Biofilm Formation and its Application to
Susceptibility Testing. Nat. Protoc. 5, 1460-1469. doi:10.1038/nprot.2010.110

Niu, W, Liu, J., Mai, Y., Miillen, K, and Feng, X. (2019). Synthetic Engineering of
Graphene Nanoribbons With Excellent Liquid-Phase Processability. Trends
Chem. 1, 549-558. d0i:10.1016/j.trechm.2019.06.008

Ou, F., McGoverin, C., Swift, S., and Vanholsbeeck, F. (2019). Near Real-Time
Enumeration of Live and Dead Bacteria Using a Fibre-Based Spectroscopic
Device. Sci. Rep. 9, 4807-4816. doi:10.1038/s41598-019-41221-1

Peng, Y., Song, C., Yang, C., Guo, Q., and Yao, M. (2017). Low Molecular Weight
Chitosan-Coated Silver Nanoparticles Are Effective for the Treatment of
MRSA-Infected Wounds. Int. J. Nanomed. 12, 295-304. doi:10.2147/
IJN.S122357

Pérez-Diaz, M., Alvarado-Gomez, E., Magana-Aquino, M., Sanchez-Sanchez, R.,
Velasquillo, C., Gonzalez, C., et al. (2016). Anti-Biofilm Activity of Chitosan
Gels Formulated With Silver Nanoparticles and Their Cytotoxic Effect on
Human Fibroblasts. Mater. Sci. Eng. C. 60, 317-323. doi:10.1016/
j.msec.2015.11.036

Pérez-Kohler, B., Garcia-Moreno, F., Brune, T., Pascual, G., and Bell6n, J. M.
(2015). Preclinical Bioassay of a Polypropylene Mesh for Hernia Repair
Pretreated With Antibacterial Solutions of Chlorhexidine and Allicin: An In
Vivo  Study. PLoS One 10, e0142768-1427684.  doi:10.1371/
journal.pone.0142768

Siriwardena, T. N., Stach, M., He, R., Gan, B.-H., Javor, S., Heitz, M., et al. (2018).
Lipidated Peptide Dendrimers Killing Multidrug-Resistant Bacteria. J. Am.
Chem. Soc. 140, 423-432. doi:10.1021/jacs.7b11037

Sun, D., Turner, J., Jiang, N, Zhu, S., Zhang, L., Falzon, B. G., et al. (2020).
Atmospheric Pressure Microplasma for Antibacterial Silver Nanoparticle/
Chitosan Nanocomposites With Tailored Properties. Composites Sci. Techn.
186, 107911-107932. doi:10.1016/j.compscitech.2019.107911

Verma, J., Kanoujia, J., Parashar, P., Tripathi, C. B., and Saraf, S. A. (2017). Wound
Healing Applications of Sericin/Chitosan-Capped Silver Nanoparticles
Incorporated Hydrogel. Drug Deliv. Transl. Res. 7, 77-88. do0i:10.1007/
$13346-016-0322-y

Wang, X,, Su, K,, Tan, L,, Liu, X,, Cui, Z,, Jing, D., et al. (2019). Rapid and Highly
Effective Noninvasive Disinfection by Hybrid Ag/CS@MnO2 Nanosheets
Using Near-Infrared Light. ACS Appl. Mater. Inter. 11, 15014-15027.
doi:10.1021/acsami.8b22136

Wei, L., Wu, S., Shi, W., Aldrich, A. L., Kielian, T., Carlson, M. A, et al. (2019).
Large-Scale and Rapid Preparation of Nanofibrous Meshes and Their
Application for Drug-Loaded Multilayer Mucoadhesive Patch Fabrication
for Mouth Ulcer Treatment. ACS Appl. Mater. Inter. 11, 28740-28751.
doi:10.1021/acsami.9b10379

Wu, H,, Moser, C., Wang, H.-Z., Haiby, N., and Song, Z.-]. (2015). Strategies for
Combating Bacterial Biofilm Infections. Int. J. Oral Sci. 7, 1-7. doi:10.1038/
1j0s.2014.65

Xie, Y., Liao, X, Zhang, J., Yang, F., and Fan, Z. (2018). Novel Chitosan Hydrogels
Reinforced by Silver Nanoparticles With Ultrahigh Mechanical and High

Frontiers in Chemistry | www.frontiersin.org

October 2021 | Volume 9 | Article 767847


https://doi.org/10.3390/molecules22010029
https://doi.org/10.3390/molecules22010029
https://doi.org/10.1007/s12221-015-5245-6
https://doi.org/10.1016/j.ijbiomac.2020.05.197
https://doi.org/10.1016/j.ijbiomac.2017.07.047
https://doi.org/10.1016/j.carbpol.2017.06.100
https://doi.org/10.1016/j.jconrel.2020.08.055
https://doi.org/10.3390/nano10112315
https://doi.org/10.1016/j.scib.2019.08.020
https://doi.org/10.1039/d1sc02154k
https://doi.org/10.1016/j.procbio.2020.09.011
https://doi.org/10.1021/acsmedchemlett.5b00142
https://doi.org/10.1021/acsmedchemlett.5b00142
https://doi.org/10.1002/adfm.201806986
https://doi.org/10.1002/adfm.201806986
https://doi.org/10.1002/anie.201712637
https://doi.org/10.1016/j.msec.2020.110679
https://doi.org/10.1016/j.msec.2020.110679
https://doi.org/10.1016/j.jconrel.2020.06.034
https://doi.org/10.3390/nano9050795
https://doi.org/10.1016/j.eurpolymj.2015.03.066
https://doi.org/10.1016/j.eurpolymj.2015.03.066
https://doi.org/10.1126/science.354.6313.695-696
https://doi.org/10.1002/anie.2020089210.1002/anie.202008925
https://doi.org/10.1016/j.cej.2020.125787
https://doi.org/10.3389/fmicb.2017.01041
https://doi.org/10.1080/03602532.2019.1582661
https://doi.org/10.1080/03602532.2019.1582661
https://doi.org/10.1038/nprot.2010.110
https://doi.org/10.1016/j.trechm.2019.06.008
https://doi.org/10.1038/s41598-019-41221-1
https://doi.org/10.2147/IJN.S122357
https://doi.org/10.2147/IJN.S122357
https://doi.org/10.1016/j.msec.2015.11.036
https://doi.org/10.1016/j.msec.2015.11.036
https://doi.org/10.1371/journal.pone.0142768
https://doi.org/10.1371/journal.pone.0142768
https://doi.org/10.1021/jacs.7b11037
https://doi.org/10.1016/j.compscitech.2019.107911
https://doi.org/10.1007/s13346-016-0322-y
https://doi.org/10.1007/s13346-016-0322-y
https://doi.org/10.1021/acsami.8b22136
https://doi.org/10.1021/acsami.9b10379
https://doi.org/10.1038/ijos.2014.65
https://doi.org/10.1038/ijos.2014.65
https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Zhou et al.

Antibacterial Properties for Accelerating Wound Healing. Int. ]. Biol.
Macromolecules. 119, 402-412. doi:10.1016/j.ijbiomac.2018.07.060

Xu, Y, Liu, J., Guan, S., Dong, A., Cao, Y., and Chen, C. (2020). A Novel Ag/AgO/
Carboxymethyl Chitosan Bacteriostatic Hydrogel for Drug Delivery. Mater.
Res. Express. 7, 085403-085415. doi:10.1088/2053-1591/aba5cd

You, C., Han, C., Wang, X., Zheng, Y., Li, Q., Hu, X,, et al. (2012). The Progress
of Silver Nanoparticles in the Antibacterial Mechanism, Clinical
Application and Cytotoxicity. Mol. Biol. Rep. 39, 9193-9201.
d0i:10.1007/s11033-012-1792-8

Yu, L., Zhang, Y., Zhang, B., and Liu, J. (2014). Enhanced Antibacterial
Activity of Silver Nanoparticles/Halloysite Nanotubes/Graphene
Nanocomposites With Sandwich-Like Structure. Sci. Rep. 4, 4551-4555.
doi:10.1038/srep04551

Yu, Z. H.,, Li, X., Xu, F., Hu, X. L., Yan, J., Kwon, N,, et al. (2020). A Supramolecular-
Based Dual-Wavelength Phototherapeutic Agent With Broad-Spectrum
Antimicrobial Activity Against Drug-Resistant Bacteria. Angew. Chem. Int.
Ed. 59, 3658-3664. doi:10.1002/anie.201913506

Near-Infrared Light-Triggered Bacterial Eradication

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Zhou, Gan, Chen, James, Zhang, Hu, Xu, Hu, He and Mai. This is
an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other
forums is permitted, provided the original author(s) and the copyright owner(s)
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Chemistry | www.frontiersin.org

October 2021 | Volume 9 | Article 767847


https://doi.org/10.1016/j.ijbiomac.2018.07.060
https://doi.org/10.1088/2053-1591/aba5cd
https://doi.org/10.1007/s11033-012-1792-8
https://doi.org/10.1038/srep04551
https://doi.org/10.1002/anie.201913506
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

	Near-Infrared Light-Triggered Bacterial Eradication Using a Nanowire Nanocomposite of Graphene Nanoribbons and Chitosan-Coa ...
	Introduction
	Results and Discussion
	Conclusion
	Data Availability Statement
	Author Contributions
	Acknowledgments
	Supplementary Material
	References


