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Bacterial infections have become a serious global health problem due to the misuse of antibiotics which

causes the emergence of antibiotic-resistant strains. Photothermal therapy (PTT) has been widely studied

in recent years as a method to combat the development of bacterial resistance. However, PPT may

cause damage to the human body due to excessive laser power. Therefore, it is important and urgent to

develop a multifunctional platform that can sensitively detect bacteria and effectively inhibit or kill

bacteria at low laser power. Herein, a novel multifunctional paper substrate of Ti3C2Tx-AuNP was

successfully synthesized by a self-assembly and freeze-drying method for bacterial detection and

photothermal sterilization at low laser power. The typical Gram-negative Escherichia coli (E. coli) and the

Gram-positive Methicillin-resistant Staphylococcus aureus (MRSA) were used as models to perform

label-free, rapid and sensitive detection of bacteria based on the surface-enhanced Raman spectroscopy

(SERS) method with detection limits as low as 105 CFU mL−1 and 5 × 105 CFU mL−1, respectively,

demonstrating the paper substrate's ability to detect bacteria with sensitivity and accuracy. The paper

substrate of Ti3C2Tx-AuNP exhibits significant antibacterial effects when irradiated with 808 nm light at

a low laser power of only 300 mW cm−2 and a short irradiation time of 5 minutes, and the germicidal

rates for E. coli and MRSA were 99.94% and 92.71%, respectively. At the same time, the paper substrate

of Ti3C2Tx-AuNP also produces a variety of reactive oxygen species under 808 nm laser irradiation,

resulting in photodynamic therapy (PDT). Accordingly, this paper substrate of Ti3C2Tx-AuNP can not only

sensitively detect bacteria, but also has photothermal and photodynamic sterilization, providing

a promising countermeasure for the clinical treatment of diseases caused by multidrug-resistant bacteria.
1. Introduction

Ubiquitous pathogenic bacteria pose a serious danger to
humans. The misuse of antibiotics leads to the emergence of
antibiotic-resistant strains of bacteria, which further threatens
human health.1–3 Therefore, in order to prevent and treat
bacterial disease infections, efficient detection of bacteria and
antibacterial-resistant sterilization methods are particularly
important. Common bacterial detection methods usually
require cumbersome sample preparation and a long processing
time, which hinders the rapid detection of pathogenic
bacteria.4,5 Surface enhancement of Raman scattering (SERS)
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has become a popular bacterial detection method in recent
years due to its high sensitivity, ease of operation, rapidity and
efficiency.6 Xiang Lin's group studied amachine learning-driven
3D plasmonic cavity-in-cavity (CIC) SERS platform which was
proposed for sensitive and quantitative detection of antibi-
otics.7 Dan Wang et al., developed to fabricate an ultra-thin
layered exible wearable SERS substrate, which consisted of
biocompatible SF lm as exible support, ultrathin cavity AAO
as template, and plasmonic AuNP.8 Au or Ag nanomaterials are
the most common SERS substrates because of their strong
localized surface plasmon resonance effect (LSPR). As a new
family of 2D materials, MXene has rapidly gained popularity
due to its abundant surface electrons, high biocompatibility,
and metal-like band structure, and has been widely used in the
eld of SERS.9,10 In MXene/metal hybrids, their interfaces are
very important to the interfacial electromagnetic enhancement
(EM) and chemical enhancement (CT) enhancements, which
greatly inuence the nal SERS performances.11 Our group has
reported many similar SERS substrates, among which Zizhen
Yu et al., have successfully synthesized a novel multifunctional
MXene-Au nanocomposite by self-assembly method for rapid
RSC Adv., 2024, 14, 18739–18749 | 18739
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detection and photothermal sterilization of bacteria.12 Ron-
gyang Liu reported a exible SERS platform for the detection of
dye molecules based on common laboratory lter paper modi-
ed with Ti3C2Tx akes.13 However, the use of exible MXene
composites as SERS substrates for the detection of bacteria has
not been addressed, which may limit the application in bacteria
detection in some scenarios.14

In addition, MXene exhibits antibacterial properties by
multiple routes. A. A. Shamsabadi et al. found that the good
antibacterial properties of the smaller sized Ti3C2 nanosheets
were attributed to the direct physical interaction between the
sharp edges of the nanosheets and the bacterial membrane
surface.15 The bactericidal effect achieved through physical
contact reduces the effect of bacterial resistance, but it usually
takes a long time to achieve good bactericidal effect in this way.
Photothermal therapy (PTT) has emerged as an effective anti-
bacterial strategy. PTT relies on photothermal agents to convert
near-infrared (NIR) light energy into localized physical heat to
effectively kill bacteria. It has the advantages of high efficiency,
good specicity, and minimally invasive to normal tissues.
MXene has been reported to be widely used in photothermal
therapy. As Yuwei Zheng et al., reported, a hybrid hydrogel was
constructed by incorporating Cip-Ti3C2 nanocomposites into
the network structure of a Cip-loaded hydrogels to trap and kill
bacteria.16 In Chenhao Yu's work, it combined the photo-
thermal effect of MXene with the photodynamic effect of
indocyanine green (ICG), which had great anti-MRSA activity
under NIR.17 Despite the variety of materials, these photo-
thermal agents typically require high laser power and are
unable to provide useful therapeutic results without the use of
high laser irradiation that can be harmful to the skin. For
example, for the 808 nm laser, a widely used light source in
photothermal research, an irradiation power density of $0.5 W
cm−2 is used,16–20 although the maximum value allowed to the
skin at this wavelength is only 0.33 W cm−2 (ref. 21 and 22). In
addition, MXene has been reported to possibly induce the
generation of reactive oxygen species. As Gongyuan Liu et al.
reported that ultrathin Ti3C2 MXene nanosheets have been
synthesized by supplying additive Al3+ to avoid Al loss and
employed as a photothermal/photodynamic agent for cancer
therapy.23 It is possible that the addition of photodynamic
therapy has enhanced the sterilizing effect.

In our current work, we successfully synthesized Ti3C2Tx-
AuNP nanocomposites by a self-assembly strategy and depos-
ited it on cellulose paper by freeze-drying. Subsequently, E. coli
and MRSA were used as models to verify the excellent perfor-
mance of paper substrate of Ti3C2Tx-AuNP in label-free SERS
detection, bacterial inhibition, photothermal and photody-
namic therapy of bacteria. This study offers promising pros-
pects for Ti3C2Tx nanocomposites for rapid detection and low
laser power sterilization in biomedical elds.

2. Experimental section
2.1. Materials and reagents

Titanium aluminum carbide powder (Ti3AlC2, 400 mesh) was
purchased from FoShan XinXi Technology Co., Ltd
18740 | RSC Adv., 2024, 14, 18739–18749
(Guangzhou, China). Hydrochloric acid (HCl, 35–38%), lithium
uoride (LiF), (3-amino propyl)triethoxysilane (APTES, 98%),
trisodium citrate (C6H5Na3O7$2H2O 99.0%), 2.5% glutaralde-
hyde and ethanol (99.7%) were all purchased from Macklin
(Shanghai, China). Chloroauric acid (HAuCl4) was purchased
from Adamas-beta Co., Ltd (Shanghai, China). NaCl (0.9%) were
purchased from Yuanye Bio-Technology Co., Ltd (Shanghai,
China). The bacterial strains E. coli and MRSA were purchased
from the Sangon Biotech Co., Ltd (Shanghai China). Porcine
serum was purchased from Stallion Biotechnology Co., Ltd
(shanxi, China). Porcine skin was purchased from local market.
The Lauria Broth (LB) agar was obtained from Sigma-Aldrich
and stored at 4 °C. All reagents were analytical grade and were
used without further purication.

2.2. Instruments

Scanning electron microscopy (SEM) images were obtained on
ZEISS Sigma 300. X-ray diffraction (XRD) was measured on
a powder diffractometer (D2 PHASER, Bruker) 2q angle from 3°
to 60° with Cu Ka radiation using 0.02° steps. UV-vis absorption
spectra were collected by UV-vis spectrophotometer (TU-1901,
PERSEE, Beijing). Raman spectra were collected by a Raman
spectrometer with a 50 × lens (LabRAM HR Evolution,
HORIBA), and all the detections were proceeded under a holo-
graphic grating of 600 g mm−1. Excited lasers were 633 nm at
room temperature. The SERS spectra were obtained with an
accumulated time of 60 s. The NIR laser used for treatment was
operated at 808 nm (Infrared Diode Laser system, Changchun
CNI, China). Photothermal images and temperature data were
collected by a PS400 High Performance Thermal Camera
(Wuhan Guide Infrared Co., Ltd China).

2.3. Synthesis of paper substrate of Ti3C2Tx-AuNP

Ti3C2Tx was synthesized according to the similar procedure
described in our previous report.12 Briey, 1.6 g LiF was added
to 20 mL of 9 M HCl and le under continuous stirring for
15 min. Then 1 g of Ti3AlC2 MAX powder was slowly added to
the above solution and stirred at 35 °C for 24 h, the mixture was
centrifuged for 10 min at 3500 rpm. The resulting acidic
suspension was then washed using deionized (DI) water by
centrifugation (5 min at 3500 rpm) until the pH of the super-
natant reached about 6. Then, the Ti3C2Tx precipitate was
dispersed in 100 mL of DI water and sonicated for 30 min. Aer
that, the mixture was centrifuged for 60 min to obtain the dark
green supernatant, which was the resulting monolayer Ti3C2Tx

suspension. The prepared colloidal solution was stored at 4 °C
for further use.

AuNP were synthesized by reducing HAuCl4 with sodium
citrate. 370 mL of HAuCl4 solution (100 mM) was added to
100 mL of DI water and stirred until boiling. Subsequently,
1.3 mL of sodium citrate solution (1% w/v) was quickly added to
the mixture and stirred for 30 min and cool to room tempera-
ture naturally. The nal product was obtained from the above
suspension and stored at 4 °C before the next use.

The Ti3C2Tx-AuNP was synthesized using self-assembly
method. Firstly, 5 mL of ethanol was added to 10 mL of
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Ti3C2Tx solution and then 200 mL of APTES solution was added
dropwise and stirred for 24 h. Aer the reaction, the suspension
was washed 3 times with DI water for 10 min at 3500 rpm to
remove the unreacted silane coupling agent. The nal suspen-
sion was dispersed in 10 mL of DI. Next, 335 mL of APTES-
Ti3C2Tx dispersion and 40 mL of AuNP solution were mixed
under stirring for 2 h at room temperature, and then sonicated
for 30 min. Aer that, the mixture was centrifuged with
3500 rpm for 20 min. The supernatant was eliminated. Finally,
4 mL of DI was added to the residue to prepare Ti3C2Tx-AuNP
solution.

The Whatman 3 mm cellulose chromatography lter paper
was cut and soaked in the Ti3C2Tx-AuNP solution for 12 h. The
soaked lter paper was put into −20 °C to pre-freeze for more
than 2 hours. Then freeze-dry in a vacuum freeze-dryer. Finally,
paper substrate of Ti3C2Tx-AuNP was obtained.

2.4. SERS measurement

E. coli and MRSA were cultured in LB until the initial concen-
tration of bacterial strains was approximately 1010 colony
forming units CFU mL−1. Next, bacteria were centrifuged at 10
000 rpm for 2 min and sediment obtained were washed three
times with NaCl solution (0.9%) to remove residual macro-
molecules and other growth medium constituents. Following
that, bacterial suspension was diluted with NaCl (0.9%) solu-
tion, and then stored at 4 °C for future use. The paper substrate
of Ti3C2Tx-AuNP was immersed in the different concentration
bacteria suspension for 12 h and then dried in air. Then, the
specimen was measured using a Raman microscope. Porcine
skin was cut and dripped with bacteria, and the paper substrate
of Ti3C2Tx-AuNP was attached to the porcine skin containing
bacteria. Porcine serum was mixed with the bacteria and le to
be tested. Subsequently, the paper substrates of Ti3C2Tx-AuNP
were rinsed with DI and dried for further testing.

2.5. Antibacterial activity assessment

The antibacterial properties of paper substrate of Ti3C2Tx-AuNP
were evaluated using E. coli and MRSA as the model Gram-
negative and Gram-positive bacteria, respectively. The antibac-
terial effect of the paper substrate of Ti3C2Tx-AuNP was evalu-
ated by the colony counting method. Firstly, 5 mL of bacteria
(1010 CFU mL−1) suspension was dropped on cellulose paper
soaked in 200–800 mg mL−1 Ti3C2Tx-AuNP, Ti3C2Tx and AuNP,
and incubated on the shaker (37 °C, 200 rpm) for 5 hours. This
allows bacteria to fully contact with the material and fall off the
cellulose paper. A control group was prepared by dropping 5 mL
of bacteria (1010 CFU mL−1) suspension on cellulose paper
soaked in NaCl solution (0.9%). Then, aliquots of the samples
were withdrawn and CFU were counted by plating 100 mL of 10-
fold serial dilutions onto LB agar plates. All plates were cultured
in the dark at 37 °C until bacterial colonies became visible and
countable. The survival rate of bacterial cells is calculated
according to the following equation: bacterial survival rate =

Nm/Nc × 100%, where Nc is bacterial colonies of the control
sample and Nm is colonies for cells treated with paper substrate
of Ti3C2Tx-AuNP.
© 2024 The Author(s). Published by the Royal Society of Chemistry
2.6. Photothermal antibacterial activity assessment

Firstly, 5 mL of bacteria (1010 CFU mL−1) suspension was
dropped on cellulose paper soaked in 200–800 mg mL−1 Ti3C2Tx-
AuNP nanocomposite, Ti3C2Tx and AuNP. A control group was
prepared by dropping 5 mL of bacteria (1010 CFU mL−1)
suspension on cellulose paper soaked in NaCl solution (0.9%).
Then, the paper was immediately illuminated with NIR laser
(808 nm, 5 min, 10 cm distance, 300 mW cm−2). Photothermal
images and temperature data were collected by a PS400 High
performance thermal camera. Aer the irradiation is
completed, the paper incubated on the shaker (37 °C, 200 rpm)
for 5 hours. Finally, aliquots of the samples were withdrawn and
CFU were counted as described previously.
2.7. Determination of reactive oxygen species

1,2-Phenylenediamine tablet (OPD), Nitrotetrazolium Blue
chloride (NBT) and 1,3-Diphenylisobenzofuran (DPBF) were
used to detect hydroxyl radical (cOH), superoxide anion radical
(O2c

−) and singlet oxygen 1O2. Briey, the paper substrate of
Ti3C2Tx-AuNP was placed into 2 mm quartz cuvettes containing
600 mL of probe solution. UV-vis absorption measurements were
made with TU-1901 in quartz cuvettes aer 808 nm laser irra-
diation every ve minutes.
3. Results and discussion
3.1. Characterization of paper substrate of Ti3C2Tx-AuNP

The process for the preparation of paper substrate of Ti3C2Tx-
AuNP is shown in Fig. 1a and b. Ti3C2Tx-AuNP is formed from
Ti3C2Tx and AuNP by self-assembly and then uniformly depos-
ited on the surface of cellulose lter paper by freeze-drying.

To enlarge the surface area and delaminate MAX into several
layers of nanosheets, the Ti3C2Tx is prepared from Ti3AlC2

powders. As we reported previously, Ti3C2Tx was prepared by
Ti3AlC2 etched the intermediate Al layer. Fig. 2a shows the XRD
patterns of Ti3AlC2 and Ti3C2Tx. It shows that aer mixed
etchant treatment, the peak at 2q z 39° [corresponding to the
(104) plane] disappears, which proves Al atoms have been
removed from Ti3AlC2. In addition, compared with pristine
Ti3AlC2, the (002) diffraction peak of Ti3C2Tx nanosheets is
broadened and shied to a lower angle, which conrms that the
interlayer spacing of Ti3C2Tx nanosheets has increased.24 As
shown in the SEM image (Fig. 2d), the Ti3C2Tx nanosheets
display a large surface area and sharp edges aer etching.
Fig. 2b shows the Raman of Ti3AlC2 and Ti3C2Tx. Comparison of
Raman spectra of Ti3AlC2 and etched Ti3C2Tx. The peaks at
123 cm−1 and 202 cm−1 corresponds to a group vibration of
carbon, two titanium layers, and surface groups. The peaks at
377 cm−1 and 580 cm−1 corresponds to surface group vibration.
And the peak at 719 cm−1 corresponds to the vibration of the
carbon. A1g (Ti, C) at 182 cm−1 and 199 cm−1 vibrations of MAX
phase shied to 202 cm−1 because of etching and MXene
formation. The disappearance of A1g (Ti, Al) at 270 cm−1 is
further evidence that the Al layer has been etched.25

As reported, AuNP were synthesized by reducing HAuCl4 with
sodium citrate.26 In order to assemble AuNP on the surface of
RSC Adv., 2024, 14, 18739–18749 | 18741
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Fig. 1 Schematic illustration of (a) the preparation of paper substrate of Ti3C2Tx-AuNP. (b) SERS detection of bacteria and multi-therapeutic
antibacterial by paper substrate of Ti3C2Tx-AuNP exposed to NIR laser.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
Ju

ne
 2

02
4.

 D
ow

nl
oa

de
d 

on
 7

/2
0/

20
25

 3
:4

5:
26

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
Ti3C2Tx nanosheets, the surface of Ti3C2Tx is modied with
amino groups and connected through dehydration condensa-
tion of APTES. The morphology and microstructure of AuNP
Fig. 2 (a) XRD patterns of Ti3C2Tx and Ti3AlC2. (b) SERS spectra of Ti3
suspensions. SEM of: (d) monolayer Ti3C2Tx nanosheet, (e) Au nanopar
substrate of Ti3C2Tx-AuNP. Elemental mapping image of C (j), Au (k), Ti

18742 | RSC Adv., 2024, 14, 18739–18749
and Ti3C2Tx-AuNP are characterized through SEM images
(Fig. 2e and f). The results show that the diameter of AuNP is
about 45 nm and they are evenly and densely distributed on the
C2Tx and Ti3AlC2. (c) UV-vis spectra of AuNP, Ti3C2 and Ti3C2-AuNP
ticles, (f) Ti3C2Tx-AuNP nanocomposite, (g) paper substrate, (h) paper
(l), and their overlay distribution (i).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Ti3C2Tx nanosheets. Fig. 2c shows the UV-vis spectroscopy
results for AuNP, Ti3C2Tx and Ti3C2Tx-AuNP suspensions. The
absorbance of Ti3C2Tx-AuNP at 600–850 nm was signicantly
higher than AuNP. The Ti3C2Tx-AuNP composites showed a red-
shi of the absorption peak at 532 nm compared to AuNP,
which proved the change of the local refractive index in the
vicinity of the AuNP and the broadening of the absorption peak.
This indicates that Ti3C2Tx-AuNP nanocomposites were
successfully prepared.12 Fig. 2g and h shows the comparison of
cellulose paper before and aer loaded Ti3C2Tx-AuNP. As shown
in the SEM image (Fig. 2h), Ti3C2Tx-AuNP are uniformly and
densely distributed on the bers of cellulose paper. In addition,
elemental map analysis (Fig. 2i–l) shows that Ti, C, and Au
elements are evenly distributed on the bers of cellulose paper.
Therefore, these results indicate that Ti3C2Tx-AuNP are
successfully adsorbed on the cellulose paper surface.
3.2. SERS properties of paper substrate of Ti3C2Tx-AuNP

MXene has been reported to have plasmon resonance effects in
the visible and near-infrared range. Combined with the rich
surface functional group of MXene, it can effectively combine
more metal nanostructures and analyte molecules, and is
promising to become an excellent SERS substrate.9,27,28 It is well
known that infections by pathogenic bacteria cause serious
damage to human health and social security. Among them, E.
coli and MRSA, as two common and dangerous pathogens, are
urgently needed for immediate detection in the pre-infection
stage.29–31 In addition, compared to the common silicon-based
SERS substrate, the exible paper-based SERS substrate has
the advantages of being more portable, tting more closely to
the surface to be inspected, and being able to be split for
inspection. A cellulose paper with weak background signal was
chosen as the paper substrate (Fig. S7†). In the paper substrate
of Ti3C2Tx-AuNP, Ti3C2Tx-AuNP is uniformly and tightly
deposited on the bers of the lter paper, which allows the
detected object to better contact with Ti3C2Tx-AuNP. Paper
substrate of Ti3C2Tx-AuNP may be endowed with more unpar-
alleled SERS performance than silicon-based SERS substrates.
To demonstrate this, E. coli and MRSA were tested using the
paper-base and silicon-based, respectively. Fig. 3a shows the
SERS spectra of paper-based and silica-based at 5 × 106 and 106

CFU mL−1 bacterial concentrations, which reveals character-
istic peaks at 657 cm−1, 735 cm−1 and 962 cm−1 assigned to G,
COO− str (Tyr), Glycosidic ring mode of A and polyadenine in
FAD and NAD and C]C def, C–N str, respectively.32 As shown in
Fig. 3a, when the concentration of E. coli is 5 × 106, the silicon-
based only has a weakly E. coli characteristic peak at 657 cm−1.
And when the concentration decreased to 106, the silicon-based
showed almost no characteristic peak. Meanwhile, the paper-
based exhibited strong characteristic peaks at both concentra-
tions. There is no doubt that the paper-based exhibited better
SERS performance. Besides, Fig. 3c shows the SERS spectra of E.
coli in concentrations varying from 108 CFU mL−1 to 105 CFU
mL−1. According to previous research, the LOD of the assay is
estimated based on the signal-to-noise ratio of detected spectral
peaks greater than three, where signal is the peak height of the
© 2024 The Author(s). Published by the Royal Society of Chemistry
analyte molecule at the lowest concentration and noise is the
peak background. The results showed that the detection limit
was as low as 105 CFU mL−1, which proved that the paper
substrate of Ti3C2Tx-AuNP had good SERS performance. Simi-
larly, MRSA was used to assay the SERS performance of paper
substrate of Ti3C2Tx-AuNP. A similar situation occurred with the
detection of MRSA. As shown in Fig. 3b, the paper-based had
better SERS performance than the silicone-based for MRSA.
Fig. 3d shows the SERS spectra of MRSA in concentrations
varying from 108 CFU mL−1 to 5 × 105 CFU mL−1 and reveals
characteristic peaks at 660 cm−1, 734 cm−1 and 960 cm−1

assigned to d(COO−) guanine, tyrosine and aromatic rings,
respectively.33 The results showed that the detection limit was as
low as 5 × 105 CFU mL−1 for MRSA. Therefore, the above
experimental results demonstrate that the present paper
substrate of Ti3C2Tx-AuNP biosensor exhibits excellent SERS
performance.

Considering the practical application scenarios, the homo-
geneity and stability of biosensors are crucial to maintain their
sensing performance. An ideal SERS biosensor should have good
reproducibility and homogeneity. To evaluate the homogeneity of
paper substrate of Ti3C2Tx-AuNP, Raman measurements were
performed at 15 randomly selected locations on the substrate.
The SERS spectra of the characteristic peaks of E. coli at different
points were highly consistent (Fig. 3e). In addition, the statistical
analysis of the intensities of their characteristic peaks showed
that the relative standard deviation (RSD) of the Raman charac-
teristic peak at 735 cm−1 was 12.7% (Fig. 3e), which indicated
that the paper substrate of Ti3C2Tx-AuNP was homogeneous over
a large area. In the stability test, the SERS intensity of E. coli at
735 cm−1 was essentially unchanged within one month
compared with the newly prepared substrate (Fig. 3f).

The analysis of actual samples is an integral part of the SERS
detection. In our work, porcine skin and porcine serum were
selected as actual samples. For the analysis of porcine skin
samples, as shown in Fig. S8,† the characteristic peak intensity of
tyrosine of MRSA at 734 cm−1 decreased with decrease MRSA
concentration, and the detection limit was as low as 5× 105 CFU
mL−1. In the detection of porcine serum (Fig. S9†), although the
peak was broadened due to the interference of serum, the char-
acteristic peak at 734 cm−1 was clearly visible when high
concentrations of MRSA were present. When the concentration
decreased to 106 CFU mL−1, the characteristic peak at 734 cm−1

could still be distinguished from interfering peak, and MRSA
could still be specically recognised. The results show that the
paper substrate of the Ti3C2Tx-AuNP is anti-interference for the
detection of bacteria.

Compared with the method of direct SERS detection of
bacteria without complex capture and labeling (Table S1†), the
detection limits of paper substrate of Ti3C2Tx-AuNP for E. coli and
MRSA reached 105 CFUmL−1 and 5× 105 CFUmL−1 respectively.
It shows good SERS ability to directly detect bacteria.
3.3. Evaluation of antibacterial activity

Infection of humans by microorganisms has the probability of
causing many serious diseases. In addition to the ability to
RSC Adv., 2024, 14, 18739–18749 | 18743
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Fig. 3 (a) SERS spectral of E. coli: 5 × 106 and 106 CFUmL−1 on paper-based and silicon-based substrate. (b) SERS spectral of MRSA: 107 and 5×

106 CFU mL−1 on paper-based and silicon-based substrate. (c) SERS spectral of E. coli under different concentrations: 0 CFU mL−1 to 108 CFU
mL−1 (d) SERS spectral of MRSA under different concentrations: 0 CFU mL−1 to 108 CFU mL−1. SERS spectra of E. coli (5 × 106 CFU mL−1): on 15
arbitrary spots of the paper substrate of Ti3C2Tx-AuNP (e) and on the Ti3C2Tx-AuNP paper-based within 1 month (f).
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detect bacteria, the prepared paper substrate of Ti3C2Tx-AuNP
was also investigated as bactericidal materials. As stated above,
the risk to human health from E. coli and MRSA should not be
underestimated. Aer rapid detection of the bacteria, it is more
important to continue to effectively kill the pathogenic bacteria.
In order to evaluate the bactericidal ability of the materials, the
Gram-negative bacterium E. coli and the Gram-positive bacte-
rium MRSA were selected as typical strains, and the antibacte-
rial effect of the paper substrate of Ti3C2Tx-AuNP was evaluated
by the colony counting method. 5 mL of bacteria (1010 CFU
mL−1) suspension was dropped on cellulose paper soaked in
200–800 mg mL−1 Ti3C2Tx-AuNP, Ti3C2Tx and AuNP, and incu-
bated on the shaker (37 °C, 200 rpm) for 5 hours. In this
experiment, the concentrations of Ti3C2Tx and AuNP were the
same as those in Ti3C2Tx-AuNP of 600 mg mL−1.

Fig. S1† shows typical photographs of E. coli and MRSA
colonies aer treatment of cellulose paper with different
concentrations of Ti3C2Tx-AuNP. The pictures show that as the
concentration of Ti3C2Tx-AuNP increased, the number of colo-
nies appeared to decrease. It means that paper substrate of
Ti3C2Tx-AuNP showed some antibacterial activity against both
Gram-negative and Gram-positive bacteria. As shown in Fig. 4a
and b, the survival rates of E. coli and MRSA aer treatment
were counted. With the increase of Ti3C2Tx-AuNP concentra-
tion, the survival rate of bacteria both showed decrease. It is
obvious that the bactericidal rate of the paper substrate of
Ti3C2Tx-AuNP for bacteria shows a dependence on the concen-
tration of the Ti3C2Tx-AuNP. Aer 5 h of co-cultivation, the
survival rate of E. coli and MRSA at a Ti3C2Tx-AuNP concentra-
tion of 600 mg mL−1 decreased to 53.76% and 50%, respectively,
proving that the paper substrate of Ti3C2Tx-AuNP has a certain
degree of bacteriostatic ability. Meanwhile, cellulose paper
impregnated by Ti3C2Tx and AuNP also showed some degree of
18744 | RSC Adv., 2024, 14, 18739–18749
sterilization. For E. coli, the survival rates of cellulose paper
soaked with Ti3C2Tx and AuNP were 60.12% and 70.01%,
respectively.

For MRSA, the survival rates of cellulose paper soaked with
Ti3C2Tx and AuNP were 86.04% and 97.67%, respectively. It is
easy to see that the sterilization rate of cellulose paper soaked
with Ti3C2Tx or AuNP alone is lower than that of Ti3C2Tx-AuNP
with the same respective content. In order to further explore the
sterilization mechanism of the material, Fig. S2† showed the
morphological changes of E. coli and MRSA before and aer
treatment, respectively. In the SEM images of cellulose paper
soaked in NaCl solution (0.9%) (Fig. S2a and S2c†), both E. coli
and MRSA had intact smooth surfaces. E. coli and MRSA
bacterial cells were recultivated aer treatment with cellulose
paper soaked in 600 mg mL−1 Ti3C2Tx-AuNP nanocomposite, the
bacteria were ruptured to varying degrees (Fig. S2b and S2d†).
This maybe since the monolayer MXene has sharp edges. It was
concluded that prepared paper substrate of Ti3C2Tx-AuNP was
able to inhibit bacterial growth by contact killing.
3.4. Photothermal effect of paper substrate of Ti3C2Tx-AuNP

Obviously, the antibacterial power of Ti3C2Tx-AuNP alone does
not achieve the desired bactericidal effect. In addition to
bacteriostatic effect of Ti3C2Tx-AuNP itself through contact
killing, Ti3C2Tx-AuNP can also achieve sterilization through
photothermal therapy. It has been reported that bacteria are
irreversibly damaged when the ambient temperature is main-
tained at 55 °C for period.34,35 Near-infrared photothermal
therapy (PTT) is known for its deep penetration suitable for
biological applications, and its excellent photothermal conver-
sion ability can realize effective killing of bacteria in a short
period of time. Previous work in this paper has shown that both
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Bacterial viability measurements of E. coli (a) and MRSA (b) grown on fresh LB agar plates for 24 h: recultivated after treatment with
cellulose paper soaked in 200 mg mL−1 to 800 mg mL−1 Ti3C2Tx-AuNP nanocomposite, Ti3C2Tx, AuNP and NaCl solution (0.9%), respectively.
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Ti3C2Tx and Ti3C2Tx-AuNP exhibit unique absorptions at NIR-I
(Fig. 2c), exhibiting localized surface plasmon resonance
effects. The absorption is located within the biological NIR
window resulting in high penetration depth and low body
damage, which is favourable for biological applications.9 For
808 nm laser, the laser power density below 300 mW cm−2 is
considered harmless to the human body.21 Therefore, the pho-
tothermal properties of the prepared materials were evaluated
to explore the possibility of using paper substrate of Ti3C2Tx-
AuNP for low-power photothermal antibacterial applications.

As shown in Fig. 5a, at the same concentration of Ti3C2Tx,
paper substrate of Ti3C2Tx-AuNP has a higher absorbance at
808 nm than paper substrate of Ti3C2Tx. This may allow for
a higher temperature rise for it in the same situation. Herein,
a paper substrate in a dry state was irradiated with low laser
power (300 mW cm−2). The results showed that at low laser
power it takes only a few seconds for the temperature of the
cellulose paper to rise to an extremely high level (Fig. S3,† above
90 °C).

Fig. S4 and S5† illustrates the temperature increase of
cellulose paper soaked with different concentrations of Ti3C2Tx-
AuNP when irradiated with 300 mW cm−2 laser power, which
showed the excellent ability of the paper substrate of Ti3C2Tx-
AuNP for fast photothermal conversion at low laser power. In
order to simulate the application of cellulose paper over wet
wounds or in vivo, moist cellulose paper was used to simulate
these scenarios. The moist cellulose paper soaked in 600 mg
mL−1 Ti3C2Tx-AuNP nanocomposite was exposed to 808 nm
laser with different laser power densities (100, 200, 300 and 400
mW cm−2). As shown in Fig. 5b, the temperature of the cellulose
paper increased rapidly within 5 seconds and remained near the
maximum temperature. In addition, the temperature change of
the solution is closely related to the laser power density. For
example, the moist cellulose paper soaked in 600 mg mL−1

Ti3C2Tx-AuNP nanocomposite could reach 73.1 °C under 400
mW cm−2 laser irradiation, while a same moist cellulose paper
reached 42.7 °C under 100 mW cm−2 laser irradiation. Fig. 5c
shows the temperature trends of different materials under NIR
radiation (300 mW cm−2 for 30 s). The temperature of H2O
© 2024 The Author(s). Published by the Royal Society of Chemistry
remained almost unchanged, and the temperature of Ti3C2Tx

cellulose paper increased to 41.2 °C. In the case of paper
substrate of Ti3C2Tx, concentrations above 400 mg mL−1 can
quickly reach temperature above 55 °C, which can effectively
destroy the bacteria. The temperature of paper substrate of
Ti3C2Tx-AuNP increases higher than that of pure Ti3C2Tx, which
implies that paper substrate of Ti3C2Tx-AuNP has better pho-
tothermal properties. Meanwhile, the temperature rise of the
paper substrate of Ti3C2Tx-AuNP is concentration-dependent.
Thermal imaging showed that as the concentration increased,
the temperature reached by the paper substrate also increased.
These results are supported by the infrared thermography in
Fig. 5d. In order to verify the photothermal stability of the paper
substrate, the NIR photothermal conversion ability of the moist
cellulose paper soaked in 600 mg mL−1 Ti3C2Tx-AuNP was
examined under 808 nm continuous-wave laser irradiation (300
mW cm−2) (Fig. 5e). No signicant attenuation of the temper-
ature increase was observed over ve consecutive cycles of the
laser switching process, which reveals the high photothermal
stability of Ti3C2Tx-AuNP. The above experiments veried the
photothermal performance of the paper substrate of Ti3C2Tx-
AuNP in very short time at low laser power, indicating that paper
substrate of Ti3C2Tx-AuNP has ability to convert 808 nm near-
infrared light energy into thermal energy quickly and efficiently.
3.5. Photothermal antibacterial activity of paper substrate of
Ti3C2Tx-AuNP

Since paper substrate of Ti3C2Tx-AuNP exhibit excellent photo-
thermal properties, the above results suggest that paper
substrate of Ti3C2Tx-AuNP offer the possibility of further
application for photothermal sterilization. Similar to the
previous work, paper substrate dripped with bacterial uids
were immediately illuminated with 808 nm laser (5 min, 300
mW cm−2). Aer the irradiation is completed, the paper incu-
bated on the shaker (37 °C, 200 rpm) for 5 hours. Finally, ali-
quots of the samples were withdrawn and CFU were counted
as described previously. As shown in Fig. 6a, it can be clearly
seen that aer NIR irradiation, the number of bacteria on the LB
RSC Adv., 2024, 14, 18739–18749 | 18745
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Fig. 5 (a) UV-vis spectra of paper substrate of Ti3C2Tx-AuNP and paper substrate of Ti3C2Tx. Photothermal effects of moist paper substrate of
Ti3C2Tx-AuNP: (b) temperature changes of moist cellulose paper soaked in 600 mg mL−1 Ti3C2Tx-AuNP nanocomposite with a series of power
densities of 808 nm laser irradiation. Temperature changes (c) and thermal imaging (d) after NIR irradiation (300 mW cm−2) for 20 s with various
materials and different concentrations of Ti3C2Tx-AuNP. (e) Photothermal heating curves of moist cellulose paper soaked in 600 mg mL−1

Ti3C2Tx-AuNP nanocomposite for five cycles under laser on/off cycles with 808 nm laser (300 mW cm−2) irradiation.
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agar plates of the samples aer co-incubation with paper
substrate of Ti3C2Tx-AuNP was signicantly reduced compared
to the bacteria treated with NaCl solution. Photothermal ster-
ilization using pure Ti3C2Tx and pure AuNP were performed as
a control experiment. As shown in Fig. 6c and d, the number of
bacteria on the LB agar plates was reduced aer NIR irradiation.
For pure Ti3C2Tx, the photothermal sterilization of E. coli and
MRSA was 57.59% and 45.3%, respectively. And for pure AuNP,
the photothermal sterilization of E. coli and MRSA was 65.06%
and 88.4%, respectively. Compared with pure Ti3C2Tx or AuNP,
the photothermal sterilization rate of paper substrate of
Ti3C2Tx-AuNP was signicantly improved. It was estimated that
photothermal sterilization of E. coli and MRSA could reach
more than 99.94% and 92.71%, respectively, when the immer-
sion concentration was higher than 600 mg mL−1. The signi-
cant increase in photothermal sterilization rate as compared to
the antibacterial experiment may be due to the synergistic effect
of NIR radiation and paper substrate of Ti3C2Tx-AuNP. The
bacterial morphology of E. coli and MRSA treated with NaCl
solution was observed by SEM images (Fig. 6a–c), and both E.
coli and MRSA remained intact and smooth, with hardly any
damaged bacteria observed. However, aer treatment with
paper substrate of Ti3C2Tx-AuNP and NIR, the cell membranes
were obviously ruptured, which indicated that the bacterial
walls of the bacterial cells were severely damaged. Previous
reports have shown that common bacteria such as E. coli are
irreversibly and severely damaged at temperatures of 55 °C. In
this work, paper substrate of Ti3C2Tx-AuNP can strongly absorb
light energy and convert it into heat upon near-infrared laser
18746 | RSC Adv., 2024, 14, 18739–18749
irradiation, which can damage the bacterial cell wall of bacteria
by high-temperature ablation and lead to the death of bacteria.
According to ANSI Z136.1–2014 (American National Standard
for Safe Use of Lasers), the maximum permissive exposure
(MPE) corresponding to 808 nm laser is 330 mW cm−2 (ref. 21
and 22). Compared with previous work (Table S2†) under the
irradiation of 808 nm laser (300 mW cm−2), the paper substrate
of Ti3C2Tx-AuNP prepared in this paper could be heated to
67.2 °C in just 5 seconds, thus rapidly converting light energy
into heat energy. The photothermal sterilization rates were
99.94% and 92.71% for E. coli and MRSA aer only 5 minutes,
respectively. Thus, our work provides a basis for the efficient
sterilization strategies under safe laser power.
3.6. Capacity to generate reactive oxygen species

In order to counteract the resistance generated by the overuse of
antibiotics, photodynamic therapy can be utilized in addition to
photothermal therapy.36,37 As has been reported, light can acti-
vate photosensitizing materials that kill pathogens by gener-
ating reactive oxygen species (ROS). The ROS produced during
treatment can lead to apoptosis or necrosis of the pathogen by
physically damaging its cell membrane. It has been reported
that MXene can generate ROS, which is expected to enable the
paper substrate of Ti3C2Tx-AuNP to further enhance bactericidal
capabilities through photodynamic therapy. In this study,
hydroxyl radical (cOH), superoxide anion radical (O2c−) and
singlet oxygen 1O2 were considered as possible ROS generated
and were detected by their corresponding probes, respectively.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a) Antibacterial activities in aqueous suspensions with NIR irradiation (808 nm, 300mW cm−2, 5 min) after 5 h: bacterial suspensions with
cellulose paper soaked in NaCl solution (0.9%) with NIR irradiated were used as control. Photographs of agar plates onto which E. coli and MRSA
bacterial cells were recultivated after treatment with cellulose paper soaked in 200 mg mL−1 to 800 mg mL−1 Ti3C2Tx-AuNP nanocomposite,
Ti3C2Tx and AuNP, respectively. (b) SEM images of the E. coli (b) and MRSA (d) treated with cellulose paper soaked in 600 mg mL−1 of Ti3C2Tx-
AuNP. Control bacterial cells (a and c). Bacterial viability measurements of E. coli (c) and MRSA (d) with NIR irradiated (808 nm, 300 mW cm−2, 5
min) grown on fresh LB agar plates for 24 h: recultivated after treatment with cellulose paper soaked in 200 mg mL−1 to 800 mg mL−1 Ti3C2Tx-
AuNP nanocomposite, Ti3C2Tx (e), AuNP (f) and NaCl solution (0.9%), respectively.
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To detect the generation of reactive oxygen species, 808 nm
laser irradiation was applied to paper substrate of Ti3C2Tx-AuNP
immersed in several probe solutions for 30 minutes. As control,
the paper substrate of Ti3C2Tx-AuNP was immersed in the probe
solutions but no laser irradiation. Under laser irradiation, the
cOH generated on the surface of the paper substrate of Ti3C2Tx-
AuNP oxidized the colourless OPD to produce dia-
minophenazine (DAP), which was yellow in colour and had
a uorescent signal. In contrast to before laser irradiation
(Fig. 7a), the absorbance at 420 nm of the mixed solution aer
laser irradiation increased signicantly with time (Fig. 7d). The
O2c

− generated from the paper substrate of Ti3C2Tx-AuNP under
laser irradiation reacted with NBT to form a blue-violet for-
mazan, which showed a decrease in absorbance at 260 nm.
Compared with no laser irradiation (Fig. 7b), the absorbance at
260 nm of the laser-irradiated mixed solution decreased with
increasing irradiation time (Fig. 7e). DPBF was chosen as a ROS
© 2024 The Author(s). Published by the Royal Society of Chemistry
probe for the measurement of the amount of 1O2 produced
under light conditions. DPBF is a commonly used singlet
oxygen indicator that binds to singlet oxygen in solution and is
also sensitive to trace amounts of 1O2. Therefore, the produc-
tion of 1O2 by the sample can be known by measuring the
change in the UV absorption peak of DPBF in a solution of
paper substrate of Ti3C2Tx-Au mixed with DPBF. As shown in
Fig. 7f, the absorbance of the solution at 418 nm decreased
slightly aer laser irradiation.

The above experimental results indicate that the paper
substrate of Ti3C2Tx-AuNP produces a variety of reactive oxygen
species under 808 nm laser irradiation, which has certain
photodynamic properties. This is promising to help the paper
substrate of Ti3C2Tx-AuNP combine the material itself antibac-
terial, photothermal therapy and photodynamic therapy, to
achieve combined antibacterial and improved bactericidal effi-
cacy. Therefore, the prepared paper substrate of Ti3C2Tx-Au is
RSC Adv., 2024, 14, 18739–18749 | 18747
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Fig. 7 UV-vis spectra of OPD (a), NBT (b), DPBF (c). UV-vis spectra of OPD (d), NBT (e), DPBF (f) with 808 nm irradiation (300 mW cm−2, 30 min)
on paper substrate of Ti3C2Tx-Au.
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a material for simultaneous detection of bacteria and photo-
thermal sterilization, which is expected to be a platform for
simultaneous diagnosis and precise treatment of bacteria.
4. Conclusions

In summary, paper substrate of Ti3C2Tx-AuNP was successfully
synthesized by a self-assembly and freeze-drying method, which
uniformly attached Ti3C2Tx-AuNP to the surface of cellulose.
The prepared exible paper substrates can be used for non-
contact sensitive SERS detection of bacteria without the need
for tedious pretreatment, labelling and specic aptamers. In
addition, compared to the common silicon-based SERS
substrate, the exible paper-based SERS substrate has the
advantages of being more portable, tting more closely to the
surface to be inspected, and being able to be split for inspec-
tion. The paper substrate was used as a SERS substrate for
bacterial detection with detection limits as low as 105 CFUmL−1

and 5 × 105 CFU mL−1 for E. coli and MRSA, respectively,
demonstrating the paper substrate's ability to detect bacteria
with sensitivity. The antibacterial properties of the materials
were subsequently tested by colony counting method, which
showed a concentration-dependent bacterial survival rate. The
survival rates of cellulose paper soaked in 600 mg mL−1 Ti3C2Tx-
AuNP nanocomposite against E. coli and MRSA were 53.76%
and 50%, respectively, which proved that the material has
certain antibacterial properties. Furthermore, under the irra-
diation of 808 nm laser (300 mW cm−2), the temperature of
paper substrate of Ti3C2Tx-AuNP could be increased to 67.2 °C
in just 5 seconds, which rapidly converted the light energy into
heat energy. The photothermal sterilization rates were 99.94%
and 92.71% for E. coli and MRSA, respectively. The SEM images
18748 | RSC Adv., 2024, 14, 18739–18749
of the bacteria showed that the photothermal sterilization
caused irreversible damage to the bacterial cells and might lead
to bacterial death. The multiple reactive oxygen species gener-
ated by paper substrate of Ti3C2Tx-AuNP are likely to provide
further guarantee for stable sterilization. Therefore, the
prepared novel multifunctional self-assembled paper substrate
of Ti3C2Tx-AuNP can rapidly and sensitively label-free detect
bacteria based on SERS and effectively inhibit bacterial, pho-
tothermal or photodynamic sterilization at low laser power. It is
expected to be applied in the elds of antibacterial of human
wounds under safe laser and resistance to drug-resistant
bacteria.
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