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ABSTRACT: Superbug infections are currently one of the biggest
global health problems in our society. Herein, we report the design
of a plasmonic gold nanoparticle (GNP)-decorated WO; nano-
wire-based heterojunction for the proficient usage of sunlight-
based renewable energy to inactivate 100% superbugs via
photothermally boosted photocatalytic action. Additionally, a
synergistic photothermal and photocatalytic approach has been
used for sunlight-driven complete eradication of carbapenem-
resistant Enterobacteriaceae Escherichia coli (CRE E. coli) and
methicillin-resistant Staphylococcus aureus (MRSA) superbugs.
Interestingly, photocatalytic activity of methylene blue (MB) dye
degradation in the presence of 670 nm near-infrared light shows
that photothermally boosted photocatalytic performance is much
superior to that of only a photocatalytic or photothermal process. The observed higher photocatalytic performance for the
heterojunction is because the plasmonic GNP enhanced the absorption capability at 670 nm and increased the temperature of the
photocatalyst surface, which reduces the activation energy of the degradation reaction. Similarly, sunlight-driven photocatalytic
experiments show 100% degradation of MB after 60 min of sunlight irradiation. Moreover, sunlight-based photocatalytic inactivation
of MRSA and CRE E. coli experiments show 100% inactivation after 60 min of light irradiation.
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1. INTRODUCTION

Pathogenic bacteria resistant to currently available antibiotics

Enterobacteriaceae Escherichia coli (CRE E. coli) and
methicillin-resistant Staphylococcus aureus (MRSA) superbugs

in the market have emerged as a serious concern to the global
public health."™®'>*" According to the World Health
Organization (WHO), superbugs or multiple drug-resistant
pathogenic bacterial infections are responsible for more than
4.95 million deaths every year." As per the United Nations, if
antibiotic abuse continues at the same rate, superbug infections
will be responsible for more than 10 million/year deaths by
2050.”~%'>*” Moreover, superbugs are becoming resistant to a
new type of antibiotic faster than the antibiotics established in
clinics, and as a result, no new class of antibiotics has been in
the market in the last 30 years.””'%***

Since in the 21st century, superbug infection is one of the
biggest battles in global health, the development of innovative
antisuperbug agents that do not cause drug resistance is
extremely important to save lives.'”*"*' Driven by the need of
our society, in the current article, we report the design of a
sunlight-driven photothermal—photocatalytic heterojunction
using plasmonic gold nanoparticle (GNP)-decorated WO,
nanowires for complete eradication of carbapenem-resistant
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as shown in Figure 1. Since sunlight is a renewable energy
source that is the most efficient and easily available, developing
a sunlight-based catalyst for inactivation of superbugs will have
huge implications for our society.” "’

Moreover, sunlight energy, which reaches the ground of this
earth, consists of ~4% ultraviolet light (<400 nm), ~43%
visible light (400—650 nm), and $3% near-infrared (NIR)
(>650 nm).”"¥""*" As a result, the development of a new
catalyst that has strong absorption in visible and NIR regions
will be highly effective for the inactivation of superbugs using

. 1., 9-16,30,46
sunlight. [

Received: June 6, 2024
Revised:  June 13, 2024
Accepted: June 14, 2024
Published: July 8, 2024

https://doi.org/10.1021/acsomega.4c05327
ACS Omega 2024, 9, 32256—32267


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Avijit+Pramanik"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shivangee+Rai"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kaelin+Gates"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Olorunsola+Praise+Kolawole"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sanchita+Kundu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Pragathi+Kasani-Akula"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Pragathi+Kasani-Akula"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jagriti+Singh"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jerusha+Dasary"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Huimin+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Fengxiang+X.+Han"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Paresh+Chandra+Ray"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Paresh+Chandra+Ray"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.4c05327&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c05327?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c05327?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c05327?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c05327?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c05327?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/9/29?ref=pdf
https://pubs.acs.org/toc/acsodf/9/29?ref=pdf
https://pubs.acs.org/toc/acsodf/9/29?ref=pdf
https://pubs.acs.org/toc/acsodf/9/29?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.4c05327?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/

ACS Omega

http://pubs.acs.org/journal/acsodf

Degradation
Products

go )’rQ Live
:§ ' Bacteria
Photocatalytic
Photothermal ﬂ
Inactivation
5D Dead
Bacteria

Figure 1. (A) Schematic representation shows the possible pathway
for the sunlight-driven photothermally boosted photocatalytic
degradation of MB dye using a plasmonic GNP-decorated WOj,
nanowire-based heterojunction catalyst. (B) Schematic representation
shows the possible pathway for the sunlight-driven photothermally
boosted photocatalytic inactivation of superbugs using a plasmonic
GNP-decorated WO; nanowire-based heterojunction catalyst.

Recently, photothermal and photocatalytic agents used for
killing pathogens have become promising strategies for the
treatment of antibiotic-resistant pathogens.”*™>" In the case of
photocatalytic agents, the reactive oxygen species (ROS)
produced in the presence of light can effectively degrade
superbugs.’* ™" In the presence of light, the dipole of a
photocatalytic system interacts with the electric field of the
light, which generate holes (h*) in the valence bond and
electrons (e7) in the conductance band.”>~*’ Next, due to the
strong oxidizing abilities of holes, the h* helps form hydroxy
radicals (*OH),'7*%*' as shown in Figure 1. On the other
hand, due to the strong reducing abilities of electrons, e™ helps
form the superoxide radical (*O,”) and singlet oxygen
(10,),"*7***¢ a5 shown in Figure 1. It is now well
documented that WO;-based nanomaterials are indirect band

gap semiconductor material, with a band gap of 2.8 eV, and can
generate electron—hole pairs in the presence of UV
light."”~>**" However, WO,-based nanomaterials exhibit
lower photocatalytic efficiency under sunlight, which is due
to the lack of good absorption in the visible and NIR regions;
as a result, sunlight cannot be used in full capacity to produce
ROS when WOj;-based nanomaterials have been used as
photocatalysts.*>~*°

To overcome this, we have designed a heterojunction using
a plasmonic GNP-decorated WO; nanowire. In our design of
the heterojunction photocatalyst, the localized surface plasmon
resonance (SPR) of the plasmonic GNP has been utilized to
enhance the light—matter interactions in the visible and NIR
regions.ZS_35 So, the GNP has been used to enhance the
photocatalytic performance of the WO; nanowire via
enhancing visible and NIR light absorption, which allow us
to use sunlight in full capacity to produce ROS. Similarly, it is
also now well documented that the photocatalytic efficiency of
WO; nanomaterials is significantly low, which is due to the
high degree of the recombination process between holes (h*)
and electrons (e”) pairs.”> > The recombination process
between e~ and h* restricts WO, to be used in full capacity to
produce ROS, which is the most important step for the
photocatalytic process.”” > To overcome this, we have
designed a heterojunction using a plasmonic GNP-decorated
WO; nanorod. In our design of the heterojunction photo-
catalyst, the plasmonic GNP has been utilized to decrease the
recombination process between electrons and holes for
photoexcited WO,.>~**

The Schottky barrier formed at the WO;/GNP interface can
facilitate the separation of photogenerated carriers and thus
suppresses the detrimental recombination process,”'****® as
shown in Figure 1. Similarly, GNPs have the capability of
converting light energy into thermal energy, which can degrade
superbugs via a hyperthermia process.**™" The photothermal
effect of the GNP can enhance the local temperature of the
WO, photocatalyst surface, which can reduce the activation
energy of the reaction and improve the charge separation
efficiency.””™>" Reported data show that the heterojunction
can destroy 100% CRE E. coli and MRSA superbugs within 20
min of 670 nm light exposure via a photothermally boosted
photocatalytic mechanism.
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Figure 2. Schematic representation shows the design steps we have used for the synthesis of the spherical GNP-decorated WO; nanowire-based
heterojunction. (A) Synthesis of spherical GNPs. (B) Solvothermal synthesis of WO; nanowires. (C) Development of the GNP-decorated WO,

nanowire-based heterojunction.
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Figure 3. (A) TEM image of freshly prepared spherical GNPs with a diameter of 25 = 2 nm. (B) TEM image of freshly prepared WO; nanowires.
(C) SEM image of freshly prepared WO; nanowires. (D) TEM image of the freshly prepared GNP-decorated WO; nanowire-based heterojunction.
(E) SEM image of the freshly prepared GNP-decorated WO, nanowire-based heterojunction. 2D r-GO-attached 1D WOj; nanowire-based
heterostructure. (F) XRD patterns from the heterojunction shows the Au (111), (200), and (220) planes for the GNP and (020), (120), (112),
and (222) planes for WO;. (G) EDX spectrum of the heterojunction shows the presence of Au, O, and W. (H) Absorption spectra of the spherical
GNP, WO; nanowire, and heterojunction. (I) Raman spectra of the WO; nanowire and heterojunction show the presence of O—W—O stretching
and bending, W—0O symmetric stretching, and W—O asymmetric stretching bands from WO,.

2. EXPERIMENTAL SECTION

2.1. Synthesis of Plasmonic GNPs. We have synthesized
plasmonic spherical shaped citrate-stabilized GNPs from
H[AuCl,]-3H,0 as a precursor according to our group’s
previous work,*”*? as shown in Figure 2A. Experimental details
are reported in the Supporting Information.

2.2. Synthesis of WO; Nanowires. WO; nanowires were
synthesized by the template/surfactant-free solvothermal
synthetic approach using the methods reported by us and
others,”***~* as shown in Figure 2B. Experimental details are
reported in the Supporting Information.

2.3. Development of the WO; Nanowire—Plasmonic
GNP Heterojunction. The plasmonic GNP- decorated WO,
nanowire heterojunction was prepared with stirring by simply
using a commercially available stirrer bar at room temperature.
Experimental details are reported in the Supporting Informa-
tion.

2.4. Finding the Photocatalytic Degradation of
Methylene Blue Dye in the Presence of the Hetero-
junction and 670 nm Light. To determine the photo-
catalytic degradation efficiency and degradation kinetics for
methylene blue (MB) dye, we have exposed the dye—catalyst
to 532 or 670 nm light for different time intervals.
Experimental details are reported in the Supporting Informa-
tion.

2.5. MRSA and CRE E. coli Pathogens Sample
Preparation. Different superbugs like MRSA and CRE E.
coli were cultured according to the American type culture
collection protocol, as we have reported before.”'>>*72¢2%4>
Experimental details are reported in the Supporting Informa-
tion.

2.6. Finding the Possible Toxicity of the WO;
Nanowire—Plasmonic GNP Heterojunction. Possible
toxicity of the GNP-decorated WO; nanowire-based hetero-
junction catalyst was determined using a cell viability test, as
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Figure 4. (A) Change of the absorption spectra of MB after exposure to 670 nm light for 20 min without the catalyst and with the WO; nanowire,
GNP, and heterojunction catalyst. (B) Change of fluorescence spectra of MB after exposure to 670 nm light for 20 min without the catalyst and
with the WO; nanowire, GNP, and heterojunction catalyst. (C) Time-dependent fluorescence intensity changes for MB during the exposure of 670
nm light in the presence of the heterojunction catalyst. (D) Time-dependent absorption intensity changes for MB during exposure to 670 nm light
in the presence of the heterojunction catalyst. (E) Plot shows complete degradation of MB after exposure to 670 nm light for 25 min in the
presence of the heterojunction catalyst. (F) Photograph shows IR thermography images of buffer in the presence of the WO; nanowire, GNP, and
heterojunction catalyst when they are exposed to 670 nm NIR light for 15 min. (G) Degradation percentage changes with time for MB during the
exposure to 670 nm light without the catalyst and with the WO, nanowire, GNP, and heterojunction catalyst. (H) Degradation percentage changes
with time for MB during 670 and 532 nm light and sunlight exposure in the presence of the heterojunction catalyst. (I) Plot shows how the
presence of different scavengers changes the degradation percentage of MB during 670 nm light exposure with the heterojunction catalyst.

we have reported before.”#*750 Experimental details are
reported in the Supporting Information.

3. RESULTS AND DISCUSSION

3.1. Design and Characterization of the Plasmonic
GNP-Decorated WO; Nanowire-Based Heterojunction.
Spherical GNP-decorated WO; nanowire-based heterojunc-
tions were designed using a three-step method, as shown in
Figure 2. Initially, we synthesized plasmonic spherical shaped
citrate-stabilized GNPs from H[AuCl,]-3H,0 as a precursor
according to our group’s previous work,””*”* as shown in
Figure 2A. Experimental details are reported in the Supporting
Information. The purified GNPs were kept at 4 °C for further
use. At the end, GNPs were characterized using tunneling
electron microscopy (TEM),”!' 2472628424950 45 reported in
Figure 3A, which shows the spherical GNP with a diameter of

32259

25 =+ 2 nm. Figure 3H shows the absorption spectra of freshly
prepared GNPs, which clearly show a strong plasmon band at
520 nm.

In the next step, WO; nanowires were synthesized by the
template/surfactant-free solvothermal synthetic approach using
our method and other reported methods,”**"~*"** as shown in
Figure 2B. Synthesis details have been reported in the
Supporting Information. At the end, the clear suspension was
separated by centrifugation at 10,000 rpm for 5 min. Finally,
the pure solid precipitate was washed repeatedly with distilled
water and freeze-dried at —55 °C for a few days. At the end,
the WO; nanowire was characterized using TEM and scanning
electron microscopy (SEM),”'#*#72628424950 46 renorted in
Figure 3B,C, which indicates that the length is around 900 +
300 nm and the diameter is around 20 + 10 nm. Using energy-
dispersive X-ray (EDX) data, as reported in Figure S1, and
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atom % of elements contained, as reported in Table S1, we
have determined the ratio of W and O to be 1:3. Figure 3I
shows the Raman spectrum of freshly prepared nanowires,
which indicates the presence of O—W-—O stretching and
bending, W—O symmetric stretching, and W—O asymmetric
stretching bands from WO; Figure 3H shows the absorption
spectra for WO; nanowires, which show strong absorption
below 400 nm.

After that, the plasmonic GNPs-decorated WO; nanowire
heterojunction was prepared with stirring by simply using a
commercially available stirrer bar at room temperature, as
shown in Figure 2. For this purpose, 25 mL of WO, nanowires
(1 mg/mL) was added into a 100 mL round-bottom flask.
Then, 25 mL of GNPs (e = 265 X 10" mol™' L cm™') was
slowly injected under stirring, and stirring was continued
vigorously for several hours. After that, the heterojunction was
purified by centrifugation for 15 min at 5000 rpm. Finally, the
solid was freeze-dried and kept in a refrigerator at 4 °C for
future use. At the end, the plasmonic GNPs-decorated WO,
nanowire heterojunction was characterized using TEM and
SEM, as shown in Figure 3D,E, which clearly shows that GNPs
are decorated on the WO; nanowire. Absorption spectra of the
heterojunction, as reported in Figure 3H, clearly show a strong
plasmon band at 520 nm, which indicates that GNPs are
present in the heterojunction. As reported in Figure 3H, we
have also observed a broad band between 640 and 750 nm,
which is due to strong plasmon coupling between GNPs and
the surface of the WO; nanowire. As shown in the TEM and
SEM images reported in Figure 3D,E, GNPs are assembled on
the WO; nanowire surface, and due to the plasmon coupling
effect between the GNPs at the assembly, a new plasmon band
is observed between 640 and 720 nm, which allows us to use
NIR light for photocatalytic applications. EDX spectroscopy
data”!52472628424950 of the plasmonic GNP-decorated WO,
nanowire heterojunction, reported in Figure 3G, show the
presence of W, Au, and O. The X-ray powder diffraction
(XRD) data”!¥?*720:28424950 of freshly prepared WO,
nanowires, as reported in Figure S2, show the (020), (120),
(112), and (222) planes for WO; (JCPDS card number for
WO,: 32-1395).

Similarly, XRD data for freshly prepared plasmonic GNPs, as
reported in Figure S2, show the (111), (200), (220), and
(311) planes for Au (JCPDS card number for Au: 04-0784).
Moreover, XRD data for the freshly prepared plasmonic GNPs-
decorated WO; nanowire heterojunction, as reported in Figure
3F, show the presence of Au (111), (200), and (220) planes
for GNPs (JCPDS card number for Au: 04-0784) and (020),
(120), (112), and (222) planes for WO, (JCPDS card number
for WO4: 32-1395). Figure 31 shows the Raman spectra of the
freshly prepared heterojunction, which indicate Raman
intensity enhancement for the WO; bands such as O—W-0
stretching and bending, W—O symmetric stretching, and W—
O asymmetric stretching bands, which is due to the
electromagnetic enhancement associated with the plasmon
excitation of GNPs,***%3137=4145

3.2. Finding Photocatalytic Efficiency for the Plas-
monic GNPs-Decorated WO; Nanowire Heterojunction
at 670 nm Using MB Dye Degradation. Next, to determine
the photocatalytic activity for the plasmonic GNPs-decorated
WO; nanowire heterojunction, we have used MB dye as a
model dye.”****"*7=*1% Ag shown in Figure 3H, plasmonic
GNPs-decorated WO; nanowire heterojunctions have strong
absorption at 520 and 690 nm. As a result, for the

photocatalytic experiment, we used 532 nm visible light and
670 nm NIR light with 200 mW/cm? laser power. Although
heterojunctions have strong absorption at 690 nm, we have
used a 670 nm diode-pumped solid-state laser, which is a
highly stable red laser available in our lab. To determine the
photocatalytic degradation efficiency and degradation kinetics,
we have used MB solution with an optical density of around
~1.0. For this purpose, we have added 2 mg/mL plasmonic
GNPs-decorated WO; nanowire heterojunction catalyst or
WO, catalyst or GNP catalyst. After that, the mixture of dye
and the plasmonic GNPs-decorated WO; nanowire hetero-
junction catalyst was magnetically stirred for 1 h in the dark to
reach the adsorption and desorption equilibrium. In the next
step, the mixture was exposed to 532 or 670 nm light for
different time intervals. To measure the photocatalytic
degradation percentage, we measured the absorption and
fluorescence of MB at different times during 670 nm light
exposure, as shown in Figure 4A-D.

From the time-resolved absorption data, we have deter-
mined degradation efficiency using eq 1,7%°%"377#145

At]
1 —_
4ol (1)

where A, is the absorption intensity at 665 nm from MB at
time 0 and A, is the absorption intensity at 665 nm from MB at
time t. We performed the experiment five times to determine
the error bar. Figure 4G shows how the time-dependent
degradation percentage changes for MB during the exposure to
670 nm light in the absence of the catalyst, in the presence of
the WO; nanowire catalyst, in the presence of the GNP
catalyst, and in the presence of the GNP-decorated WO,
nanowire-based heterojunction catalyst. Reported data indicate
no degradation for MB in the absence of the catalyst, even after
exposure to 670 nm light for 120 min. On the other hand, 20%
degradation of MB has been observed after the exposure to
670 nm light for 120 min when the WO; nanowire catalyst has
been used. Similarly, 15% degradation of MB has been
observed after the exposure to 670 nm light for 120 min when
the GNP catalyst has been used. Moreover, 100% degradation
of MB has been observed after the exposure to 670 nm light for
25 min when the GNP-decorated WO; nanowire-based
heterojunction catalyst has been used. The change of the
absorption ratio (A,/A,) with time, as reported in Figure 4E,
shows complete degradation of MB after exposure to 670 nm
light for 25 min in the presence of the GNP-decorated WO,
nanowire-based heterojunction catalyst. Reported experimental
data clearly show that synergistic photocatalytic activity has
been observed for the GNP-decorated WO; nanowire-based
heterojunction in comparison to that with only the GNP or
only the WO; nanowire catalyst.

3.3. Understanding the Photothermally Boosted
Photocatalytic Degradation Mechanism. The experimen-
tally observed better photocatalytic activity for the GNP-
decorated WO; nanowire-based heterojunction catalyst in
comparison to that for the WO; nanowire-based catalyst or
GNP catalyst can be attributed to several factors, which have
been discussed below. In the case of the GNP-decorated WO,
nanowire-based heterojunction photocatalyst, the localized
SPR of the plasmonic GNP has the capability to enhance the
light—matter interactions in the 670 nm region.”'”*’~*'* Ag
reported in Figure 3H, the absorption spectra for the WO,
nanowire show strong absorption below 400 nm and very low

degradation (%) = 100 X
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absorption at 670 nm, which has been used for the
photocatalytic reaction. On the other hand, as reported in
Figure 3H, the GNP shows a strong plasmon band at 520 nm
and very low absorption at 670 nm, which has been used for
the photocatalytic reaction. As reported in Figure 3H, we have
also observed a broad band between 640 and 750 nm, which is
due to strong plasmon couplingig between the GNPs and the
surface of WO; nanowires.”'”*”~*"* Since GNPs are
assembled on the WO; nanowire surface, the plasmon coupling
effect between the GNPs at the assembly leads to a new
plasmon band between 640 and 720 nm, and as a result, 670
nm has been used for the photocatalytic reaction. So, GNP
assembly has been used to enhance the photocatalytic
performance of the WO; nanowire via enhancing visible light
absorption in the NIR region. As we have discussed before, the
photocatalytic efficiency of the WO; nanowire is significantly
low, which is mainly due to the high degree of the
recombination process between holes (h*) and electron (e™)
pairs.”>~* Since the recombination process between e~ and h*
restricts, WO; can be used in full capacity to produce ROS,
which is the most important step for the photocatalytic
process.”>~* However, in the case of heterojunctions, due to
the presence of GNPs, efficient separation of e /h* pairs
occurs as shown in Figure 1, which helps generate more ROS,
which enhances the degradation. Equations 2—15 show the
possible degradation mechanism for MB using the GNP-
decorated WOj; nanowire-based heterojunction-based photo-
catalyst.” 5%

WO,(NW) + hv - WO,(NW)[h*(VB)]

+ WO, (NW)[e (CB)] (2)
WO,(e”) + GNP - WO, + GNP(e") (3)
GNP(e”) + O, = *0; + GNP (4)
"0, + H™ — "HO, )
*HO, + ¢~ —» HO; (6)
HO, + H" - H,0, ()
H,0, + ¢ — "OH + OH" (8)
‘0, +h - '0, ©)
h" 4+ H,0 - "OH + H* (10)
"+ OH™ — *OH (11)
‘OH + *OH - H,0, (12)
*OH + MB — degradation product (13)
MB + 'O, — degradation product (14)
MB + *0; — degradation product (15)

As reported in eqs 2—15, due to the strong oxidizing abilities
of holes, the h* helps form the hydroxy radicals (*OH) by
oxidizing water.”' —>**' The hydroxy radicals (*OH) formed by
the above reaction can combine with each other to form
hydrogen peroxide.”’ —***' On the other hand, due to the
strong reducing abilities of electrons, e~ helps form the
superoxide radical (*O,”) by reducing the oxygen mole-

cule.”’ >*! In the next step, some superoxide radicals (*0,")
combine with holes and form singlet oxygen (*0,).”' ~>>*" All
ROS formed by electron and holes [(*OH), (*0O,7), and
(*0,)] are highly active oxidants that have capabilities to
degrade MB.”' ~*>*! It is now well documented that due to the
localized plasmon surface resonance, GNPs can absorb light
and act as photothermal agents. During this process, GNPs
have the capability to convert light energy into heat via
nonradiation processes. As we and others have discussed
before, when light interacts with metal nanoparticles, depend-
ing on the excitation cross-section, the amount of photons
absorbed by plasmonic nanoparticles will be released either via
emission of photons, which is known as luminescence, or as
generated heat via the formation of phonons.”'**##9~5!

Since the luminescence quantum vyield for plasmonic
nanoparticles is below 1%, one can assume that most of the
absorbed energy will be transformed into heat.””'**** 7! Ag
reported in Figure 3H, since the light absorption cross-section
for the assembly of GNPs on the GNP-decorated WO,
nanowire-based heterojunction catalyst is very high at 670
nm, it will exhibit strong light-to-heat conversion ability at 670
nm excitation.

The photograph in Figure 4F shows IR thermography
images of buffer in the presence of the WO; nanowire, GNP,
and heterojunction catalyst when they are exposed to 670 nm
NIR light for 15 min. The IR thermography images indicate
that the maximum temperature increases to 52 °C in the case
of the heterojunction catalyst. On the other hand, the
temperature increased to only 41 °C in the presence of the
WO; nanowire, which is also due to the very low absorption
capacity of the WO; nanowire at 670 nm. Similarly, the
temperature increased to about 36 °C when the GNP
nanoparticle was exposed to 670 nm light, and it is due to
the very low absorption capacity for GNPs at 670 nm. The
photothermal conversion efficiencies (1) for the WO,
nanowire, GNP nanoparticle, and heterostructure were
calculated using eq S1 reported in the Supporting Information,
which indicates that the photothermal efficiency for the
heterojunction catalyst (37.3%) is much higher than that of the
WO, nanowire (21.4%) and GNP (15.8%). All the above
photothermal experiments indicate that during 670 nm light
exposure, due to the photothermal effect, the temperature
increase is around 24 °C in the presence of the GNP-decorated
WO; nanowire-based heterojunction photocatalyst. As a result,
the photogenerated electrons could gain heat energy and move
faster, which improves the charge separation efficiency and
enhances the ROS formation amount to increase the
degradation efficiency.””'¥**™* Similarly, the photothermal
effect of the GNP can enhance the local temperature of the
WO, photocatalyst surface, which can reduce the activation
energy of the reaction and improve the charge separation
efficiency.57192435=45

Next, we have used different scavengers to determine
whether hydroxyl radicals (*OH), superoxide radicals (*O,”),
and holes (h*) are the necessary ROS for the photocatalytic
decomposition of MB.>”'¥*#337% In this case, we have used
benzoquinone as a scavenger for superoxide radicals (*O,"),
which is a well-known trapping agent/scavenger for superoxide
radicals.®”'”**3°™% On the other hand, we have used
isopropyl alcohol (IPA) as a scavenger for hydroxyl radicals
(*OH), which is well-known trapping agent/scavengers for
hydroxyl radicals.””'*****~*° Similarly, we have used a sodium
iodide scavenger for holes (h*), which is a well-known trapping
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Figure S. (A) MRSA inactivation efficiency after exposure to 670 nm light for 20 min in the presence of the WO; nanowire, GNP, and
heterojunction catalyst. (B) MRSA inactivation efficiency in the presence of sunlight at different time intervals when the heterojunction catalyst is
present. (C) Biocompatibility of the heterojunction catalyst against different cells in the absence of light. (D) MRSA inactivation efficiency in the
presence of the heterojunction catalyst without light, only light, light with the heterojunction catalyst, GNPs catalyst, and WO; nanowire catalyst.
(E) Relative cellular ATP leakage percentage from MRSA in the presence of the heterojunction catalyst without light, with light only, and with light
in the presence of the heterojunction catalyst, GNPs catalyst, and WO; nanowire catalyst. (F) Plot shows time-dependent superbug inactivation
efficiency in the presence of sunlight and the heterojunction catalyst. (G) Plot shows time required for 100% MRSA inactivation in the presence of
670 and 532 nm light and sunlight using the heterojunction catalyst. (H) Plot shows time required for 100% of CRE E. coli inactivation in the
presence of 670 and 532 nm light and sunlight using the GNPs-decorated WO; nanowire heterojunction catalyst. (I) TEM image shows that
heterojunction wraps the MRSA bacterial surface. (J) SEM image shows high membrane damage on the superbug surface when MRSA bacteria are
exposed to sunlight and heterojunction catalysts for 60 min. (K) SEM image shows high membrane damage on the superbug surface when CRE E.
coli bacteria are exposed to sunlight and heterojunction catalysts for 60 min.

agent/scavenger for hydroxyl radicals.””'****>~*> Figure 41 degradation percentage of MB during 670 nm light exposure in
shows how the presence of different scavengers change the the presence of the GNP-decorated WO; nanowire-based
32262 https://doi.org/10.1021/acsomega.4c05327
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heterojunction. From the reported experimented data, one can
clearly see that IPA is the most effective scavenger.””'*>*357%
Similarly, the scavenger efliciency for sodium iodide is higher
than that for benzoquinone. Reported experimental data
clearly show that hydroxyl radicals (*OH), superoxide radicals
(*0,7), and holes (h*) are the necessary ROS for the
photocatalytic decomposition of MB using the GNP-decorated
WO; nanowire-based heterojunction photocatalyst.

3.4. Understanding Wavelength-Dependent Photo-
catalytic Efficiency for the Plasmonic GNPs-Decorated
WO; Nanowire Heterojunction. Next, we have determined
a wavelength-dependent photocatalytic degradation experi-
ment of MB using a GNP-decorated WO; nanowire-based
heterojunction photocatalyst. In this case, we have used 532
and 670 nm light from green and red lasers. As shown in
Figure 3H, the plasmonic GNPs-decorated WO; nanowire
heterojunction has strong absorption at 520 and 690 nm. As a
result, for the photocatalytic experiment, we used 532 nm
visible light and 670 nm NIR light with 200 mW/ cm? laser
power. As shown in Figure 4H, 100% degradation of MB has
been observed after the exposure to 670 nm light for 25 min
when the GNP-decorated WO, nanowire-based heterojunction
catalyst has been used. On the other hand, as shown in Figure
4H, 100% degradation of MB has been observed after the
exposure to 532 nm light for 35 min when the GNP-decorated
WO; nanowire-based heterojunction catalyst has been used.
The above data clearly show that the degradation kinetics is
superior at 670 nm excitation than at 532 nm excitation. As
reported in Figure 3H, the plasmon coupling effect between
the GNPs at the assembly leads to a new plasmon band
between 640 and 720 nm. As a result, during 670 nm
excitation, GNP assembly has been used to enhance the
photocatalytic performance of WO; nanorods via enhancing
visible light absorption in the NIR region. Since it is well
documented that catalytic reactions mainly happen on the
surface of nanoparticles,””'*****™* an increase in the
accessible surface area via self-assembly would considerably
improve the catalyst’s efficiency. We have also measured the
photothermal conversion efficiency (#) for the heterostructure,
which was calculated using eq S1 reported in the Supporting
Information, which indicates the photothermal efliciency for
the heterojunction catalyst (37.3%) when excited at 670 nm
light. On the other hand, the photothermal efficiency for the
heterojunction catalyst is 30.8% when excited at 532 nm light,
which is due to lower absorption efficiency at 532 nm than at
670 nm excitation for the heterojunction catalyst. Due to the
lower temperature increase, the photothermally boosted
photocatalytic degradation rate is lower.

3.5. Determining Sunlight-Based Photocatalytic Effi-
ciency for the Plasmonic GNPs-Decorated WO; Nano-
wire Heterojunction. As we have discussed before, sunlight
is a renewable energy source that is the most efficient and
easily available®”'"****™* source, so to determine the
possible practical application, we have also performed the
same experiment under sunlight illumination. For this purpose,
we have used a full spectrum natural sunlight 200 W light bulb.
As reported in Figure 4H, the sunlight illumination degrades
100% of MB after 60 min exposure in the presence of the
GNP-decorated WO; nanowire-based heterojunction catalyst
(6 mg/mL). We have also performed the same experiment
using natural sunlight, and experimental data indicate that the
natural sunlight illumination degrades 100% of MB after 60
min of exposure of sunlight in the presence of the GNP-

decorated WO; nanowire-based heterojunction catalyst (6 mg/
mL). The observed lower degradation rate in the presence of
natural sunlight is due to the low power of light. Since laser
light is focused, the power density is much higher for laser light
than that for sunlight. As we have discussed before, for the
photocatalytic experiment, we used 532 nm visible light and
670 nm NIR light with 200 mW/cm?* laser power. On the
other hand, the power density of the sunlight was
approximately 44 mW/cm?® Since laser light is focused, the
power density is much higher for laser light; as a result, we
have observed higher degradation for laser light. We also
measured the temperature, which indicates that the temper-
ature enhancement is very low, and as a result, the
photothermal contribution will be lower for sunlight excitation.

3.6. Finding the Biocompatibility of the GNP-
Decorated WO; Nanowire-Based Heterojunction. For
real life application of the photothermally boosted photo-
catalytic material in society, biocompatibility of the GNP-
decorated WO; nanowire-based heterojunction catalyst in the
absence of light is the most important parameter.””'**#35~%
For determining the biocompatibility, we have performed
cytotoxicity experiments using different normal and cancer cell
lines such as HaCaT normal skin cells and LnCaP prostate
cancer cells. In this case, we have used 4.6 X 10 cells/mL
LnCaP prostate cancer cells and 4.2 X 10° cells/mL HaCaT
normal cells.”****>*° Similarly, we have also performed
biocompatible experiments against MRSA, Salmonella, and
CRE E. coli.*****°° In this case, we have used 1.6 X 10° cfu/
mL Salmonella, 2.2 X 10° cfu/mL MRSA, and 1.2 X 10° cfu/
mL CRE E. coli LnCaP and HaCaT cell lines, and all bacteria
were incubated with the GNP-decorated WO; nanowire-based
heterojunction catalyst for 24 h. After that, the cell viability for
SK-BR-3 breast cancer cells and HaCaT normal cells was
measured using the MTT colorimetric test,”*>¢™>%#90
Similarly, we have used the colony counting technique and
LIVE/DEAD BacLight Bacterial Viability Kits to determine the
number of live bacteria after the photocatalytic proc-
ess.! 3226728950 Ag reported in Figure SC, the biocompat-
ibility data of the plasmonic GNPs-decorated WO; nanowire
heterojunction against HaCaT normal skin cells, LnCaP
prostate cancer cells, MRSA, Salmonella, and CREE. coli in
the absence of light show about 99% cell viability even after 24
h of incubation. The above data clearly indicate that the GNPs-
decorated WO; nanowire heterojunction is not cytotoxic in the
absence of light.

3.7. Finding the 670 nm Based Superbug Inactivation
Efficiency Using the Plasmonic GNPs-Decorated WO;
Nanowire Heterojunction via a Photothermally
Boosted Photocatalytic Mechanism. Next, to determine
the 670 nm-based superbug inactivation efficiency using the
plasmonic GNPs-decorated WO nanowire heterojunction via
a photothermally boosted photocatalytic mechanism, we have
performed a 670 nm light and sunlight-based exposure
experiment. In this case, for the photocatalytic inactivation
experiment, we have used MRSA and CRE E. coli.”'****072¢
Experimental details have been reported in the Supporting
Information. The superbug inactivation test has been
performed using the GNP-decorated WO; nanowire-based
heterojunction catalyst, WO; nanowire catalyst, and GNP
catalyst, as reported in Figure SA. After the exposure of
superbugs to 670 nm or sunlight in the presence of different
catalysts for different time intervals, the superbug inactivation
efficiency was determined using the colony counting
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technique,”'****°7>® a5 reported in Figure SA. Similarly, we

have also used LIVE/DEAD BacLight Bacterial Viability
Kits”'****°™** to find the inactivation efficiency in the
presence of different catalysts, as reported in Figure 5B,
where SYTO 9 green-fluorescent stain has been used for the
imaging of live bacteria and propidium iodide red-fluorescent
stain for the imaging of dead bacteria via a binding
event, 13242628

As reported in Figure SA, we have observed 100%
inactivation of MRSA superbugs after exposure to 670 nm
light for 20 min in the presence of the GNP-decorated WO,
nanowire-based heterojunction catalyst. The observed 100%
inactivation efficiency is due to the multimodal photocatalytic
and photothermal inactivation of superbugs when we have
used a GNP-decorated WO, nanowire-based heterojunction
catalyst. On the other hand, we observed 20% inactivation of
MRSA superbugs after exposure to 670 nm light for 20 min in
the presence of the WO; nanowire-based catalyst. The
observed 20% inactivation efficiency is due to the occurrence
of only photocatalytic inactivation of superbugs when we have
used the WO; nanowire-based catalyst. Similarly, we have
observed 25% inactivation of MRSA superbugs after exposure
to 670 nm light for 20 min in the presence of the GNP catalyst.
The observed 25% inactivation efficiency is due to the
occurrence of only photothermal inactivation of superbugs
when we have used a GNP-based catalyst.

3.8. Understanding the Photothermally Boosted
Photocatalytic Inactivation Mechanism. As we have
discussed, 100% inactivation efficiency in the presence of the
GNP-decorated WO; nanowire-based heterojunction catalyst
is due to the photothermally enhanced photocatalytic
inactivation mechanism. As reported in Figure 3H, due to
high absorption at 670 nm for the assembly of GNPs on the
GNP decorated WO; nanowire-based heterojunction catalyst,
it has strong light-to-heat conversion ability during exposure to
670 nm light. Figure 4F shows that the temperature increased
to about 49 °C when the GNP-decorated WO, nanowire-
based heterojunction photocatalyst was exposed to 670 nm
light. As we have discussed before, since the temperature
increase is around 24 °C in the presence of the GNP-decorated
WO; nanowire-based heterojunction photocatalyst, the photo-
generated electrons could gain the heat energy and move
faster, which improves the charge separation efficiency and
enhances the ROS formation amount to increase the
inactivation efficiency.”>~*° Similarly, the photothermal effect
of the GNP can enhance the local temperature of the WO,
photocatalyst surface, which can reduce the activation energy
of the reaction and improve the charge separation
efficiency. "

The reported SEM image in Figure SI indicates that the
GNP-decorated WO; nanowire-based heterojunction catalyst
wraps the MRSA superbugs and generates significant
membrane stress for MRSA. As reported in Figure 5J, when
MRSA superbugs are exposed to light in the presence of the
GNP-decorated WO; nanowire-based heterojunction catalyst,
significant membrane damage results on the surface of MRSA
superbugs. Similarly, the SEM image reported in Figure SK
indicates that when CRE E. coli superbugs are exposed to light
in the presence of the GNP-decorated WO; nanowire-based
heterojunction catalyst, significant membrane damage results
on the surface of CRE E. coli superbugs. This pore formation
due to membrane damage for MRSA and CRE E. coli
superbugs allows higher diffusion of ROS such as holes,

hydroxyl radicals, and superoxide radicals inside superbugs,
which increases the rate of collapse of superbugs via
transmembrane leakage of adenosine triphosphate (ATP),
deoxyribonucleic acid (DNA)/ribonucleic acid (RNA),
etc.”'#*%2%7%% Gince ATP is an important indicator of cell
viability, to better understand the above-discussed mechanism,
we have measured the superbug ATP leakage amount after
light exposure for MRSA and CRE E. coli superbugs using the
ATP kit.”'>**2°7*% ATP leakage data during light exposure as
reported in Figure SE show maximum leakage of cellular ATP
when superbugs are exposed to light in the presence of the
GNP-decorated WO; nanowire-based heterojunction catalyst.

3.9. Finding Wavelength-Dependent Superbugs
Inactivation Efficiency for the Plasmonic GNPs-Deco-
rated WO; Nanowire Heterojunction Catalyst. Next, we
have determined the wavelength-dependent superbug inacti-
vation efficiency using a GNP-decorated WO; nanowire-based
heterojunction photocatalyst. For this purpose, we have used
532 and 670 nm light from green and red lasers. As shown in
Figure SG,H, plasmonic GNPs-decorated WOj; nanowire
heterojunctions have strong absorption at 520 and 690 nm.
As a result, for the photocatalytic experiment, we used 532 nm
visible light and 670 nm NIR light with 200 mW/ cm? laser
power. As shown in Figure 5G, 100% inactivation of MRSA
superbugs has been observed after the exposure to 670 nm
light for 20 min when the GNP-decorated WO; nanowire-
based heterojunction catalyst has been used. On the other
hand, as shown in Figure 5G, 100% inactivation of MRSA
superbugs has been observed after the exposure to 532 nm
light for 26 min when the GNP-decorated WO; nanowire-
based heterojunction catalyst has been used. Similarly, as
shown in Figure SH, 100% inactivation of the CRE E. coli
superbug has been observed after the exposure to 670 nm light
for 18 min when the GNP-decorated WO; nanowire-based
heterojunction catalyst has been used. On the other hand, as
shown in Figure SH, 100% inactivation of MRSA superbugs
has been observed after the exposure to 532 nm light for 26
min when the GNP-decorated WO; nanowire-based hetero-
junction catalyst has been used. The above data clearly show
that the superbug inactivation kinetics is superior at 670 nm
excitation compared to that for 532 nm excitation. As reported
in Figure 3H, due the plasmon coupling effect between the
GNPs at the assembly, a new plasmon band is observed
between 640 and 720 nm, and as a result, during 670 nm
excitation, GNP assembly has been used to enhance the
photocatalytic performance of the WOj; nanorod via enhancing
visible light absorption in the NIR region. Since it is well
documented that catalytic reactions mainly happen on the
surface of nanoparticles, an increase in the accessible surface
area via self-assembly would considerably improve the
catalyst’s efficiency. As we have discussed before, the
temperature increase is around 24 °C when 670 nm excitation
has been used, and the temperature increase is around 19 °C
when 532 nm excitation has been used. Due to the lower
temperature increase, the photothermally boosted photo-
catalytic inactivation of superbugs rate is lower for 532 nm
excitation.

3.10. Determining Sunlight-Based Superbugs in
Activation Efficiency Using the Plasmonic GNPs-
Decorated WO; Nanowire Heterojunction. As we have
discussed before, sunlight is a renewable energy source that is
the most efficient and easily available source. Next, to
determine the possible practical application, we also performed
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the same experiment under sunlight illumination. For this
purpose, we have used a full spectrum natural sunlight 200 W
light bulb (42 mW/cm?). As reported in Figure SB, sunlight
illumination can kill 1009% MRSA after 60 min of exposure to
sunlight in the presence of the GNP-decorated WO; nanowire-
based heterojunction catalyst (6 mg/mL). The observed red
fluorescence after 60 min sunlight exposure as shown in Figure
SB is due to the dead MRSA, which binds with propidium
iodide red-fluorescent nucleic acid stain. Similarly, the
observed green fluorescence after zero minute sunlight
exposure, as shown in Figure 5B, is due to the live MRSA,
which binds with SYTO 9 green, fluorescent stain,”'***2°~*%
Reported MRSA viability data in Figure SB also show yellow
fluorescence after 30 min sunlight exposure, which is due to
the overlap between green color from live MRSA and red color
from dead MRSA. Figure SF—H shows time-dependent
superbug inactivation efficiency for CRE E. coli and MRSA
in the presence of sunlight and the GNPs-decorated WO,
nanowire heterojunction catalyst, which indicates that in both
cases, 60 min of exposure to sunlight is necessary for 100%
inactivation of superbugs. We have also performed the same
experiment using natural sunlight, and experimental data
indicate that the natural sunlight illumination degrades 100%
MB after 140 min of exposure in the presence of the GNP-
decorated WO; nanowire-based heterojunction catalyst (6 mg/
mL). The observed lower inactivation rate in the presence of
natural sunlight is due to the low power of light. We have also
measured the temperature, which indicates that the temper-
ature enhancement is very low, and as a result, the
photothermal contribution will be lower.

4. CONCLUSIONS

Herein, our findings reveal that the GNP-decorated WO,
nanowire-based heterojunction catalyst has the capability for
100% combating of superbugs under sunlight. Moreover, 670
nm NIR light-based photocatalytic activity demonstrated 100%
degradation of MB dye in the presence of the heterojunction
catalyst, which is much higher than that with only the WO,
nanowire (20%) or GNP (15%). The observed higher
photocatalytic performance for the heterojunction is due to
the enhanced absorption capability of the plasmonic GNP at
670 nm and increase in temperature of the photocatalyst
surface via the photothermal effect, which reduces the
activation energy of the degradation reaction. Our exper-
imental finding shows that the temperature increase is around
24 °C in the presence of the GNP-decorated WO; nanowire-
based heterojunction photocatalyst. As a result, the photo-
generated electrons move faster, which improves the charge
separation efliciency and enhances the ROS formation amount
to increase the degradation efficiency. Photocatalytic exper-
imental data with different scavengers reveal that hydroxyl
radicals (*OH) play an important role in the photocatalytic
degradation of MB using a GNP-decorated WO; nanowire-
based heterojunction catalyst.

Our investigation shows that the photothermally boosted
photocatalytic performance is much superior to that of only
the photocatalytic or photothermal process. Sunlight-driven
photocatalytic experiments show 100% inactivation of CRE E.
coli and MRSA after 60 min of light irradiation. Reported SEM
image shows that when superbugs are exposed to light in the
presence of the GNP-decorated WO; nanowire-based
heterojunction catalyst, it results in significant membrane
damage on the surface of superbugs, which allows higher

diffusion of ROS inside superbugs. The above process
increases the rate of collapse of superbugs via transmembrane
leakage of ATP and DNA/RNA. We envision that sunlight-
driven inactivation of superbugs using a photothermal—
photocatalytic heterojunction is a powerful approach for
combating drug-resistant bacteria.
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