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a b s t r a c t

Plasmonic metal nanomaterials with intrinsic surface–enhanced Raman scattering (SERS) and photother-

mal properties, especially AuAg nanoalloys with both the outstanding merits of Au and Ag nanocrystals,

show huge application prospects in bacterial theranostics. However, the direct exposure of AuAg nanoal-

loys in external conditions probably cause undesirable reactions and poisonous metal ion leakage during

SERS detection and photothermal antibacterial therapy process, which severely hinder bacterial theranos-

tics applications. Herein, we report an ultrastable graphene–isolated AuAg nanoalloy (GAA) with AuAg

core confined in few–layer graphitic shell as a versatile platform for bacterial detection and therapy. The

encapsulation of graphene ensures the good stability of AuAg core, that its superior SERS and photother-

mal properties are therefore further guaranteed. GAA is used for SERS detection of two vital bacterial

biomarkers (including corrosive cyanide and pyocyanin), exhibiting good SERS quantitative and multi-

plexing ability. GAA is further used for photothermal antibacterial therapy application, and ultrahigh an-

tibacterial efficacies for both Gram–negative Escherichia coli and Gram–positive Staphylococcus aureus are

achieved under 808nm laser irradiation. This work proposes a valuable method to develop robust bacte-

rial theranostic platform.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

High morbidity and mortality caused by bacterial infection has

become a major threat to human beings [1–3], thus robust plat-

form is urgently required for bacterial detection and therapy. Plas-

monic metal nanomaterials with superior surface–enhanced Ra-

man scattering (SERS) and photothermal properties are reported

to have great application potential in bacterial theranostics [4–6].

SERS technique not only provides rich molecular fingerprint infor-

mation, but also shows ultralow detection limit down to single

molecule level, resistance to photodegradation and photobleaching

as well as low background interference, it is therefore suited for

bioanalysis [7–9]. Photothermal therapy (PTT) strategy, especially

the near infrared (NIR) light mediated photothermal antibacterial

therapy with the merits of acceptable controllability, high tissue

penetration and minor tissue trauma, is considered as one of the

most promising next–generation antibacterial strategies [10–12].

∗ Corresponding author.

E-mail address: zhuochen@hnu.edu.cn (Z. Chen).

Au and Ag nanocrystals (NCs) are the most widely used plas-

monic metal nanomaterials [13,14]. Au NCs with satisfactory chem-

ical stability and tunable optical absorption in NIR region, show

immense promise in photothermal antibacterial applications, but

they are expensive and have relative lower SERS activity than Ag

NCs. As compared, Ag NCs have more extensive applications in

SERS bioanalysis theoretically because of their larger optical ab-

sorption cross section and lower cost, but they are highly sensi-

tive to oxidation environments and their optical absorption is com-

monly within ultraviolet–visible (UV–vis) region [15,16]. It is thus

reasonable to infer that AuAg nanoalloy containing both Au and Ag

particle domains show much greater application prospects in SERS

detection and PTT of bacterial infection. However, AuAg nanoalloy

probably exhibits poor stability in some harsh conditions like Pseu-

domonas aeruginosa (P. aeruginosa) infection environment rich in

corrosive cyanide (CN–) [17] and hyperthermia environment [18].

Also, the direct exposure of AuAg nanoalloy in external conditions

is bound to cause side reactions and poisonous metal ion leakage

during SERS detection and photothermal antibacterial therapy pro-

cess [19,20]. Hence, it is highly non–trivial to prevent AuAg nanoal-
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loy from complex environments for more reliable SERS bioanalysis

and effective photothermal antibacterial therapy.

Graphene with excellent stability is considered to be a desir-

able isolation material to prevent plasmonic metal nanomaterials

from dissolution and agglomeration, and meanwhile without sig-

nificantly affecting their inherent properties [21,22]. Especially, it is

able to quench the background fluorescence interference and avoid

undesired reactions catalyzed by metal core during the SERS de-

tection process, and its broad–spectrum absorption characteristic

is beneficial to improve the photothermal property of plasmonic

nanomaterials [19–22]. In this work, we applied the chemical va-

por deposition (CVD) method to prepare ultrastable graphitic shell

isolated AuAg nanoalloy (GAA) as a versatile platform for SERS de-

tection and PTT of bacterial infection. GAA with optimized SERS

property and superior stability was obtained via rational modu-

lation of experimental parameters. Subsequent studies proved the

GAA had excellent stability in high concentration of H2O2, NaHS

and HNO3 solution, indicative of its satisfactory corrosion resis-

tance. Also, its superior NIR laser mediated photothermal heating

capacity was also proved. On that basis, GAA was firstly used as

a robust SERS substrate for the detection of two vital biomark-

ers in P. aeruginosa infection, including corrosive CN– and py-

ocyanin (PYO), and the results illustrated its good SERS quantitative

and multiplexing ability. GAA was further used as a photothermal

reagent for NIR light mediated photothermal antibacterial applica-

tions, and ultrahigh antibacterial efficiencies for Gram–negative Es-

cherichia coli (E. coli) and Gram–positive Staphylococcus aureus (S.

aureus) were achieved under 808nm laser irradiation. We expected

the versatile and ultrastable GAA platform could be a robust tool

for bacterial theranostics in future clinical trials.

Ultrastable GAA with AuAg nanoalloy confined in few–layer

graphitic shell was prepared by the CVD method [19,22]. The pro-

cedure and possible mechanism for GAA preparation were showed

in Fig. 1a. Concretely, the Au and Ag precursors confined in the

fumed SiO2 template firstly became AuAg alloy nanodroplets via

H2 reduction under high temperature, then the saturated carbon

atoms from CH4 cracking were dissolved and deposited on AuAg

alloy surface. Finally, graphene was encapsulated on AuAg surface

to form GAA.

To achieve both superior SERS property and stability, Au/Ag ra-

tio and CH4 supply time were systematically optimized. At first, 8

groups of GAAs with different Au/Ag mass ratios (groups 1–8: ∼1:

0.3, 0.9, 1.5, 2.3, 3.1, 3.5, 3.7 and 4.1, respectively) were prepared

through adjusting the input amount of Ag precursor in preparing

the metal catalyst, while CH4/H2 flow rate and CH4 supply time

were fixed at 160/10 cm3/min and 6min, respectively (Fig. S1a in

Supporting information). Transmission electron microscope (TEM)

showed that they were all spherical and had similar particle sizes.

The localized surface plasmon resonance (LSPR) absorption peak

of GAA gradually blue–shifted with the increasing of Ag content,

while there was almost no obvious difference in groups 6–8 (Fig.

S1b in Supporting information). The results in Fig. S1c (Supporting

information) showed all 8 groups of GAAs could resist the etching

of 100mmol/L H2O2, indicating the current CH4/H2 flow rate and

supply time was suitable for GAA synthesis. We further used crys-

tal violet (CV, 1 μmol/L) as the model analyte, and compared the

SERS performances of different GAAs. As shown in Fig. S1d (Sup-

porting information), the SERS signals of CV gradually augmented

from groups 1–5, but that in groups 6, 7 and 8 were not signifi-

cantly different. Vital information for Au/Ag ratio optimization was

listed in Fig. 1b, and the conditions for the preparation of GAA in

group 6 were used as the reference for further studies.

Next, we further explored the CH4 supply time on the perfor-

mance of GAA when the input amount of Ag precursor and CH4/H2

flow rate were fixed. As shown in the TEM images in Fig. S2a (Sup-

porting information), the CH4 supply time of GAA<6min tended

to aggregation, while that ≥ 6min had better dispersion and more

uniform particle size. Also, the CH4 supply time of GAA≥6min

could resist the etching of 100mmol/L H2O2 (Fig. S2b in Support-

ing information). We further used 1μmol/L CV as the model an-

alyte, the SERS performance of different GAAs with CH4 supply

time of 6, 7 and 8min were compared. As shown in Fig. S2c (Sup-

porting information), the SERS signal of CV decreased significantly

with the increment of CH4 supply time, which was probably be-

Fig. 1. Preparation and applications of GAA. (a) Procedure and mechanism of GAA synthesis via the CVD method. Results for optimized preparation of GAA via modulation

of (b) Au/Ag ratio and (c) CH4 supply time. (d) GAA used for SERS detection of bacterial biomarker and photothermal antibacterial therapy.
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Fig. 2. Characterization of GAA. (a) TEM, (b, c) high–resolution TEM (HR–TEM) and (d) TEM/EDS elemental mapping, (e) UV–vis absorption spectrum (Inset: photo of GAA

aqueous solution), (f) Raman spectra, (g) XRD spectrum and (h–j) C 1s, Ag 3d and Au 4f XPS spectra of GAA.

cause the increased thickness of graphitic shell weakened the SERS

performance of AuAg nanocore. Hence, AgNO3 input amount of

0.1680g, CH4/H2 flow rate of 160/10 cm3 min–1 and CH4 supply

time of 6min were used for GAA preparation, and the main infor-

mation for CH4 supply time optimization was listed in Fig. 1c. The

resultant GAA was expected to have both superior SERS and near–

infrared (NIR) laser mediated photothermal properties, and used as

a versatile platform for SERS detection of bacterial biomarker and

photothermal antibacterial applications (Fig. 1d).

As shown in Fig. 2a, the GAA showed spherical and its average

particle size was ∼100nm. The GAA surface was completely en-

capsulated with few–layer graphene (Figs. 2b and c), Au and Ag

elements were evenly distributed in the AuAg nanoalloy (Fig. 2d).

UV–vis absorption spectroscopy characterization indicated the light

yellow colored GAA had a strong LSPR absorption peak at ∼441nm

from AuAg nanoalloy and a weak absorption peak at ∼265nm from

graphitic shell (Fig. 2e), and its hydrated particle size and zeta po-

tential were 141.8 nm and –13.4mV, respectively (Fig. S3 in Sup-

porting information). D, G bands from graphitic shell at 1345 cm–1

and 1600 cm–1 were observed in Fig. 2f under the excitation of

both 532 and 633nm laser. We further studied the structural infor-

mation of GAA in detail. As shown in the X–ray diffraction (XRD)

spectrum of GAA in Fig. 2g, four strong and sharp diffraction peaks

at ∼38.17°, 44.37°, 64.60° and 77.52° from 111, 200, 220 and 311

crystal planes of AuAg nanoalloy were observed, respectively, in-

dicative of its high crystallinity. [23,24] However, the diffraction

peak at ∼24.64° from 002 crystal plane of graphitic shell [25,26]

was weak and flat, which was probably attributed to the small

amount of graphene in GAA (Fig. 2g and Fig. S4 in Supporting in-

formation). X–ray photoelectron spectroscopy (XPS) tests were also

used for further studying the structural information. The band at

284.48 eV belonged to the sp2 hybridization of graphene [27], and

the existence of C–O and C=O vibration indicated the graphitic

shell had some defects (Fig. 2h) [28,29]. The bands at 374.08 and

368.14 eV were assigned to the Ag 3d3/2 and Ag 3d5/2 states of the

Ag binding energy (Fig. 2i) [30], the bands at 87.68 and 84.07 eV

were originated from the Au 4f5/2 and Au 4f7/2 states of the Au

binding energy (Fig. 2j) [31], and the existence of both Au0 and Ag0

was also proved. Of note was that the GAA’s Au and Ag binding en-

ergies had little shift compared to that of single metal Au and Ag,

which fully indicated the formation of AuAg nanoalloy [32,33]. In

conclusion, the results above jointly proved the GAA was well syn-

thesized.

We explored the unique properties of GAA. As shown in Fig.

3a, the UV–vis absorbance spectra of GAA in 500mmol/L H2O2,

10mmol/L NaHS and 100mmol/L HNO3 were unchanged within

30min compared with that of GAA water solution, indicative of

its superior corrosion resistance and stability. As compared, the

absorbance of Ag nanoparticles (NPs) decreased quickly with the

addition of the above solutions even though their concentrations

were one tenth of that added in GAA (Figs. S5 and S6 in Support-

ing information). Therefore, the encapsulation of graphitic shell fa-

cilitated the protection of AuAg nanoalloy core from various harsh

environments.

We further studied the SERS effect and NIR laser mediated pho-

tothermal property of GAA. As shown in Figs. 3b–d, the SERS sig-

nals of 1 μmol/L CV, 1 μmol/L malachite green (MG) and 10μmol/L

rhodamine (R6G) boosted evidently in the presence of GAA sub-

strate, proving its superior SERS property. The SERS spectra of

these molecules recorded in the presence of GAA were consistent

with their spontaneous Raman spectra, and the assignments of the

major SERS bands of these molecules were exhibited in Table S1
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Fig. 3. Properties of GAA. (a) UV–vis absorption spectra of GAA and GAA incubated with 500mmol/L H2O2, 1mmol/L NaHS and 100mmol/L HNO3 for different times,

respectively. SERS spectra of (b) CV, (c) MG and (d) R6G without or with the incubation of GAA under 633nm laser excitation. (e) Heating curves of ddH2O and diverse

concentrations of GAA under the irradiation of 2W/cm2 808nm laser. (f) Heating curves and (g) heating–cooling curves of 0.2mg/mL GAA under the irradiation of different

powers of 808nm laser.

(Supporting information). As shown in Fig. 3e, double–distilled wa-

ter (ddH2O), 0.1, 0.15, and 0.2mg/mL GAA increased by 2.8, 21.1,

24.9, and 27.5 °C, respectively, under 2W/cm2 808nm laser irradia-

tion for 10min. Also, 0.2mg/mL GAA under 0.5, 1, 1.5 and 2W/cm2

808nm laser irradiation for 10min increased by 7.2, 16.1, 21.4 and

28 °C, respectively (Fig. 3f). The corresponding photothermal con-

version efficiency (PCE) was up to 20.73% (Fig. S7 in Supporting

information). The results revealed GAA had superior NIR laser me-

diated photothermal property, and this property was closely re-

lated to the laser power and GAA concentration. We also proved

that GAA had acceptable photothermal stability by five heating and

cooling cycling tests (Fig. 3g).

CN– and PYO are two vital biomarkers for P. aeruginosa infec-

tion [17,34], thus realizing their sensitive detection is of immense

importance. SERS technique provides rich chemical fingerprint in-

formation and exhibits ultrahigh sensitivity, hence it shows huge

potential for bioanalysis [35–40]. Herein, we used GAA solution as

the SERS substrate, and quantitative analysis of CN– and PYO as

well as their simultaneous detection were inquired. It was reported

that CN– could etch noble metals including Au NPs and Ag NPs

(as evidenced in Figs. S8, S9a and b in Supporting information) to

form M(CN)2
– complex in oxygen–contained environments [41,42],

making them unsuitable for SERS analysis of CN–. Fortunately, GAA

showed excellent stability in CN– contained condition even the CN–

concentration was up to 1mmol/L (Fig. 4a and Fig. S9c in Support-

ing information). SERS signals (∼2100 cm–1) [17,43] increased with

the increment of CN– concentrations (cCN– ) between 50nmol/L and

500μmol/L (Fig. 4b), and the corresponding linear fitting curve be-

tween SERS intensities and logarithm of cCN– in Fig. 4c showing

acceptable linearity. We found the SERS spectrum of PYO within

1300–1700 cm–1 (marked with green box) overlapped with the D

and G bands of graphitic shell from GAA substrate (Fig. 4d). Hence,

spectral range of 300–1000 cm–1 was used for SERS quantitative

analysis of PYO, and the corresponding SERS spectra (∼546 cm–1

[44,45], marked with orange box) of different PYO concentrations

in the range of 50nmol/L and 5mmol/L were showed in Fig. 4e. A

satisfactory linear fitting curve between SERS intensities and log-

arithm of cPYO was also observed (Fig. 4f). Of note, CN– and PYO

tended to coexist in the P. aeruginosa infection scenario, we thus

explored the simultaneous SERS detection property of GAA (Fig.

4g). As shown in Figs. 4h and i, the characteristic peaks of both

CN– and PYO were clearly observed although their concentrations

were 100 times different. The results above proved the superior

SERS quantitative analysis and multiplexing ability of GAA, show-

ing broad prospects in SERS bioanalysis.

We further studied the NIR laser (2W/cm2 808nm laser for

10min) mediated photothermal antibacterial property of GAA us-

ing Gram–negative E. coli and Gram–positive S. aureus as the model

via plate counting experiments (Fig. 5a). Both S. aureus and E. coli

colony counts in the laser irradiation group had no obvious dif-

ference compared with that in control group (no GAA addition),

indicating the negligible inhibitory effect of laser on the bacteria.

Without the laser irradiation, the colony counts of both S. aureus

and E. coli kept almost unchanged with the rising of GAA con-

centrations, indicating GAA had no obvious bacteriostatic activity.

However, the colony counts of both S. aureus and E. coli decreased

sharply as GAA concentration increased when treated with laser ir-

radiation. Statistical analysis indicated the photothermal antibacte-

rial efficiency of 0.1, 0.15 and 0.2mg/mL GAA on E. coli were 65.2%,

97.9% and 99.6%, while that on S. aureus were 67.5%, 94.3% and

99.8%, respectively. Hence, ultrahigh antibacterial efficacy could be

achieved using GAA as the photothermal agent under NIR laser ir-

radiation, indicating it had potential photothermal antibacterial ef-

fect on both Gram–negative and Gram–positive bacteria.

Also, conventional live/dead bacterial viability tests were fur-

ther used to study the photothermal antibacterial property of GAA.

As shown in Fig. 5b, the viability of both E. coli and S. aureus ir-

radiated with laser showed no difference compared with that in

control group, while the bacterial viabilities significantly decreased

with the addition of 0.2mg/mL GAA after the laser irradiation,

which further proved the satisfactory photothermal antibacterial

ability of GAA. Moreover, the micromorphology of both S. aureus
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Fig. 4. GAA for SERS analysis of bacterial biomarker. (a) Relative absorbance of GAA, Au NPs and Ag NPs incubated with 1mmol/L CN– for different times. (b) SERS spectra

of diverse concentrations of CN– in GAA. (c) Curve fitting between SERS intensities and logarithm of CN– concentrations. Error bars, standard deviation (SD), n=5. (d) SERS

spectra of PYO using GAA as the SERS substrate. (e) SERS signals of diverse concentrations of PYO in GAA. (f) Curve fitting between SERS intensities (the labeled peak in (e))

and logarithm of PYO concentrations. Error bars, SD, n=5. (g) Illustration for simultaneous detection of CN– and PYO in GAA. SERS spectra of the mixture of (h) 500μmol/L

CN– +5μmol/L PYO and (i) 5 μmol/L CN– +500μmol/L PYO in GAA.

Fig. 5. GAA for photothermal antibacterial therapy in vitro. (a) Photos of E. coli and S. aureus colonies incubated with different concentration of GAA without or with 2W/cm2

808nm laser irradiation (left) and statistical analysis of the bacterial viability (right). Error bars, SD, n=3. (b) Confocal fluorescence images of bacteria without or with laser

irradiation after stained with AO/PI. (c) Scanning electron microscope (SEM) images of bacteria before and after the laser irradiation.
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and E. coli before and after photothermal antibacterial experiments

were also recorded. As shown in Fig. 5c, E. coli and S. aureus ex-

hibited smooth rods and full sphere, respectively, before photother-

mal treatment. However, their membranes shrank or even cracked

seriously after the laser irradiation, illustrating the photothermal

induced the damage of bacterial membrane. Finally, we evaluated

the biocompatibility level of GAA. As shown in Fig. S10 (Supporting

information), viability of C3H/10T1/2 cells kept almost unchanged

with the increment of GAA concentrations up to 30μg/mL, indica-

tive of its superior biocompatibility. Hence, GAA could be used as a

robust photothermal agent for extensive antibacterial applications.

In conclusion, ultrastable GAA with superior SERS and pho-

tothermal properties were prepared via the CVD method in this

work, and sensitive detection of bacterial biomarkers and NIR

laser mediated photothermal antibacterial therapy were achieved.

Firstly, GAA with satisfactory stability and SERS property was op-

timized via rational experimental parameter control of the CVD

process. Secondly, the superior stability, its SERS performance and

NIR–mediated photothermal heating capacity were proved, those

outstanding merits endowed it with great potential for bacterial

theranostics. Next, GAA was used for SERS quantitative detection of

bacterial biomarker including CN– and PYO, and its good SERS mul-

tiplexing ability was also identified. Finally, GAA was used as the

robust photothermal agent for photothermal antibacterial of both

Gram–negative and Gram–positive bacteria, and ultrahigh antibac-

terial efficacies were achieved under NIR laser irradiation. Notably,

benefiting from the good SERS and photothermal performance of

ultrastable GAA, it was expected to build robust platforms for fu-

ture clinical bacterial theranostics.
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