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a b s t r a c t

Rapid and ultrasensitive detection of pathogen-associated biomarkers is vital for the early diagnosis and
therapy of bacterial infections. Herein, we developed a close-packed and ordered Au@AgPt array coupled
with a cascade triggering strategy for surface-enhanced Raman scattering (SERS) and colorimetric
identification of the Staphylococcus aureus biomarker micrococcal nuclease (MNase) in serum samples.
The trimetallic Au@AgPt nanozymes can catalyze the oxidation of 3,3’,5,5’-tetramethylbenzidine (TMB)
molecules to SERS-enhanced oxidized TMB (oxTMB), accompanied by the color change from colorless to
blue. In the presence of S. aureus, the secreted MNase preferentially cut the nucleobase AT-rich regions of
DNA sequences on magnetic beads (MBs) to release alkaline phosphatase (ALP), which subsequently
mediated the oxTMB reduction for inducing the colorimetric/SERS signal fade away. Using this “on-to-
off” triggering strategy, the target S. aureus can be recorded in a wide linear range with a limit of
detection of 38 CFU/mL in the colorimetric mode and 6 CFU/mL in the SERS mode. Meanwhile, the
MNase-mediated strategy characterized by high specificity and sensitivity successfully discriminated
between patients with sepsis (n ¼ 7) and healthy participants (n ¼ 3), as well as monitored the prog-
nostic progression of the disease (n ¼ 2). Overall, benefiting from highly active and dense “hot spot”
substrate, MNase-mediated cascade response strategy, and colorimetric/SERS dual-signal output, this
methodology will offer a promising avenue for the early diagnosis of S. aureus infection.
© 2024 The Author(s). Published by Elsevier B.V. on behalf of Xi’an Jiaotong University. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction blood can lead to severe sepsis, a systemic inflammatory response
Staphylococcus aureus is the leading cause of hospital- and
community-acquired infections [1]. The presence of S. aureus in the
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characterized by fever, infection, and poisoning symptoms. Sepsis
caused by S. aureus combines inflammation and immunosuppres-
sion, and renders the host defenseless against disease-causing
pathogens and secondary infections, leading to fatal organ
dysfunction [2]. Therefore, point-of-care (POC) and unltrasensitive
recognition of S. aureus in clinical samples (e.g., saliva and blood)
would be conducive to early intervention and drug choices for
treating bacterial infections. Currently, analysis based on species-
specific biomarker has been applied as an ideal alternative for
microbiological analysis given their convenience, simplicity and
practicability. Micrococcal nuclease (MNase) is a unique exoen-
zyme excreted by S. aureus that preferentially digests single-
University. This is an open access article under the CC BY-NC-ND license (http://

Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:xjlxj.lxj@163.com
mailto:panbin@jnu.edu.cn
mailto:junxiazheng@gdut.edu.cn
mailto:haibo.zhou@jnu.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jpha.2024.101085&domain=pdf
www.sciencedirect.com/science/journal/20951779
www.elsevier.com/locate/jpa
https://doi.org/10.1016/j.jpha.2024.101085
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.jpha.2024.101085


X. Huang, Y. Yang, H. Zhou et al. Journal of Pharmaceutical Analysis 15 (2025) 101085
stranded DNA and double-stranded DNA and RNA, especially those
in the AT- or AU-rich regions [3]. Furthermore, this MNase remains
stable and active even after incubation at 97 �C for 1 h [4]. More
importantly, there is a remarkable correlation between thermo-
stable MNase and S. aureus count [5], making it a reliable indicator
for diagnosing diseases caused by S. aureus. Several techniques have
been proposed for detecting MNase, including enzyme linked
immunosorbent assay (ELISA), polymerase chain reaction (PCR),
and gel electrophoresis; however, these methods require compli-
cated sample pretreatment, long procedural times (approximately
days) and professional technical users, which, in turn, obsolete
their widespread application [6,7]. Despite molecular imaging,
various methods such as fluorescence and colorimetric assay with
merit of convenient and fast response are promising for detection
of MNase; however, these methods are relatively less sensitive and
prone to interference [8e10]. Therefore, developing a highly sen-
sitive, simple and fast strategy for MNase analysis remains su-
premely important.

Surface-enhanced Raman scattering (SERS) has emerged as a
fascinating analytical method for the rapid, highly sensitive and
specific detection of various biomarkers [11e13]. Owing to localized
surface plasmon resonance (LSPR), the electromagnetic field
enhancement (“hot spots”) formed by the rough surfaces, tips or
nanogaps of plasma substrates vigorously causes SERS effect, from
which single molecule detection can be realized [14e16]. Particu-
larly, by integrating different functional properties of metals, multi-
metallic nanoparticles (NPs) open the possibility for marrying
plasmonic and catalytic properties, which is defined as a nanozyme
[17e20]. Such nanozyme can directly catalyze the conversion of
certain organic dyes into SERS-active molecules, accompanied with
alteration of colorimetric/SERS signal [21e23], thus offering signifi-
cant potential in catalysis-based SERS assays.More importantly, SERS
technology can monitor changes in substances adsorbed on catalyst
surfaces and detect enzyme-like reaction kinetics occurring on the
interface or surface of nanozyme [24,25]. Our previous study pro-
posed Au@AgPt nanozyme for in situ SERS monitoring of plasmon-
mediated halogenated benzene dehalogenated coupling reaction
[17]. Regrettably, weak SERS signals attributed to the coverage of Pt
shell that shielded the plasmonic performance would somewhat
limit the ultratrace detection. Although the aforementioned issue
could be effectively tackled by controlling the thickness of the Pt
shell on the surface of plasmonic NPs [26,27], the poor reproduc-
ibility caused by the stochastic aggregation of the colloidal system in
the sample solution remained quite challenging for SERS-based
detection.

One fascinating strategy for enhancing the consistency of SERS
analysis is to construct a well-ordered nanostructured array. In such
arrays, the coupling effect between adjacent repeating units creates a
dense plasmonic network on the film surface, enabling strong and
uniform enhancement of the electromagnetic effect in terms of in-
tensity and spatial distribution [28,29]. Additionally, an open and
wide surface can easily capture and absorb more targets into the
regions of “hot spots” for SERS signal high and stable output. Until
now, a variety of techniques for preparing SERS-active plasmonic
nanoarray have been reported, among which the bottom-up self-
assembly of nanomaterials on the immiscible water-oil interface
stands out as one of themost favorable tools on account of its simple
preparation, high reproducibility, low-cost engineering and defect-
free characteristics. As a result, several types of homogenous plas-
monic array substrates have been successfully proposedwith regular
patterns, such as gold nanospheres, gold nanorods, and gold trisoc-
tahedron arrays [30e33]. However, despite the gold nanostructures
with uniform distributionwere beneficial for forming highly ordered
arrays, few studies focused on developing self-assembled multime-
tallic NP arrays for achieving nanozyme catalyzed-SERS sensing.
2

In this work, a novel Au@AgPt trimetallic nanozyme was self-
assembled into a close-packed array with an ordered distribution
of “hot spots” via a bottom-up approach (Scheme 1A). Herein, the
Au@AgPt nanozyme catalyzes the conversion of colorless 3,3’,5,5’-
tetramethylbenzidine (TMB) molecules into blue-colored oxidized
TMB (oxTMB) with strong Raman response through the deposited
Pt shell, and concomitantly the Au/Ag core acts as a SERS substrate
to amplify the SERS-active oxTMB signal. Thus, a simple and sen-
sitive Au@AgPt array-mediated sensing platformwas developed for
colorimetric/SERS dual-mode identifying S. aureus indicator
MNase. As presented in Scheme 1B, the heat-treated MNase can
cleave the AT-rich regions of alkaline phosphatase-oligonucleotide-
connected magnetic beads (ALP-DNA-MBs), releasing ALP. After
magnetic separation, the free ALP catalyzed conversion of L-ascor-
bic acid 2-phosphotrisodium salt (AAP) into ascorbic acid (AA),
which subsequently mediated the reduction of oxTMB to nonre-
sponsive TMB, resulting in the colorimetric and SERS signal fade
away on the Au@AgPt array (Scheme 1C). In this case, the colori-
metric and SERS signal of the composite system exhibits a negative
correlation with the concentration of MNase, allowing it suitable
for quantitative analysis of MNase excreted from S. aureus in real
infected samples. This Au@AgPt array sensing system possessed the
following three prominent properties: 1) the close-packed arrays
has a large surface area that allows the molecules to be effectively
confined to the nanogap, where the high density and uniform “hot
spots” enable strong and highly reproducible output of the signal;
2) trimetallic Au@AgPt incorporated plasmonic and nanozyme-
catalytic activities for colorimetric/SERS sensing, which inherited
the advantage of each mode and provided double insurance on the
same analysis to drastically reduce false positive or false results; 3)
crucially, the “on-to-off” ingenious strategy that initiated through
the cascade triggering procedure was favorable for improving anti-
interference and specificity in MNase measurement. Thus, by
integrating the merits of well-distributed array, MNase-specific
responsiveness, and colorimetric/SERS dual-mode sensing, the
proposed platform held a great potential for diagnosing and pre-
dicting the prognosis of infectious diseases caused by S. aureus.

2. Experimental

2.1. Materials and reagents

Hydrogen tetrachloroaurate (HAuCl4,3H2O), silver nitrate
(AgNO3), AA, trisodium citrate, chloroplatinic acid hexahydrate
(H2PtCl6,6H2O), TMB, and phosphate-buffered saline (PBS) were
supplied byMacklin (Shanghai, China). Exonuclease (Exo III and Exo
I), deoxyribonuclease I (DNase I), MNase, and biotin-DNA oligonu-
cleotide (biotin-DNA) were obtained from Sangon Biotech Co. Ltd.
(Shanghai, China). The biotin-DNA oligonucleotide sequences were
5’-biotin-AAAAAAAAAAAATATATAGATAGCATCGGACA-3’, and their
partially complementary sequences were 5’-biotin-
AAAAAAAAAAAATGTCCGATGCT-3’. AAP, streptavidin (SA)-ALP, and
SA functionalized magnetic beads (SA-MBs) were obtained from
Sigma Co., Ltd. (St. Louis, MO, USA). The water used in this study
was purified via an ultrafilter system (Milli-Q, Millipore, Marl-
borough, MA, USA). The blood samples were kindly provided by the
Second Affiliated Hospital of Jinan University (Shenzhen, China).

2.2. Synthesis of Au@AgPt NPs

The fabricationprocessofAu@AgPtNPs isschematically illustrated
in Scheme 1A. In brief, the Au NPs as the seeds were first synthesized
byapreviously reportedmethod [34,35]. Then, the fabricatedAu seed
solution (1 mL) was diluted with an aqueous solution (11.5 mL) con-
taining 1.8 mL of cetyltrimethylammoniumchloride (CTAC, 10 mM)



Scheme 1. Colorimetric/surface-enhanced Raman scattering (SERS) sensing for micrococcal nuclease (MNase)-responsive detection. (A) Interfacial self-assembly process for
Au@AgPt array. (B) Preparation process of alkaline phosphatase (ALP)-DNA-magnetic beads (MBs) through the interplay between biotin-DNA-MBs and streptavidin (SA)-ALP. (C)
Principle of Au@AgPt array-mediated cascade triggering strategy for colorimetric/SERS dual-mode detection of MNase. NPs: nanopatricles; cDNA: complementary DNA; TMB:
3,3’,5,5’-tetramethylbenzidine; oxTMB: oxidized TMB; AA: ascorbic acid; AAP: L-ascorbic acid 2-phosphotrisodium salt.
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with stirring under 25 �C. After 10min,100 mL of AA (100mM) and 50
mL NaOH (200 mM) were added into the mixture and stirred vigor-
ously for another 30min. Subsequently, 1 mL of AgNO3 (10 mM)was
added rapidly, with the change of color from wine-red to saffron
yellow. 0.5mL of H2PtCl6 (10mM)was then injected (one drop per 40
s) under vigorous shaking. After H2PtCl6 drops addition completely,
the solution continued to react for 30min to formAu@AgPt NPs with
dark brown color. The products were collected by centrifugation
(10,000 rpm, 5 min) and washed thrice with deionized water, then
stored at 4 �C for future use. In this experiment, Au@AgPt NPs with
variousof shell thicknesseswere fabricatedbycontrolling the volume
ratio of AgNO3 and H2PtCl6 (5:1, 3:1, 2:1, 1:1, 1:2, 1:3, and 1:5, v/v)
while keeping the total volume constant.
3

2.3. Self-assembly of Au@AgPt NPs for preparing an array

We assembled the Au@AgPt array at the water-hexane inter-
facial system. The Au@AgPt NPs colloid (6 mL) was poured into the
clean glass beaker, and hexane (2 mL) was added slowly to form an
immiscible liquid system. After that, ethanol (1.5 mL) as the
inducer was then added into the mixed solution to entrap
Au@AgPt NPs at the water-hexane interface by decreasing the
interfacial energy. The entrapped Au@AgPt NPs were self-
assembled into a monolayer film with the evaporation of
organic phase solution spontaneously. Finally, the above-
mentioned Au@AgPt array was transferred and fixed onto a clean
silicon wafer using a method described previously [36] and air-
dried at room temperature.
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2.4. Preparation of ALP-DNA-modified MBs

ALP-DNA-modified MBs were constructed based on the princi-
ple of complementary pairing. In detail, 100 mL of SA-MBs (4 mg/
mL) were washed three times with sterile deionized water and re-
dispersed in 100 mL of 1% bovine serum albumin (BSA) solution.
Subsequently, 4 mL of biotin-DNA oligonucleotide (100 mM) was
added, incubated at 25 �C for 60 min with continuous shaking, and
washed three times to remove excess unbound biotin-DNA. Then,
the DNA-functionalizedMBswere obtained through the interaction
between biotin and SA, and they were re-suspended in 100 mL of a
binding buffer solution for reaction with 4 mL of biotin-
complementary DNA (cDNA) oligonucleotide (100 mM). After in-
cubation at 25 �C for 1 h, the resulting biotin-DNA-MBs were
collected using a magnetic force and washed three times to remove
the unreacted biotin-cDNA. Finally, biotin-DNA-MBs were mixed
with 4 mL of SA-ALP (1 mg/mL) in binding buffer and gently stirred
for 1 h. The prepared ALP-DNA-MBs were separated, washed,
dispersed as described above, and stored at 4 �C for further use.

2.5. Characterization

The ultravioletevisible (UVevis) absorption spectra were ob-
tained by UVevis-NIR spectrophotometer (Shimadzu UV-3600,
Shimadzu Co., Tokyo, Japan). The z potential and morphology
were measured using the Malvern Nanoparticle size & zeta po-
tential analyzer (Nano ZS, Malvern Panalytical, Worcestershire, UK)
and field-emission transmission electron microscopy (TEM) anal-
ysis (JEM-2100F, JEOL Ltd., Tokyo, Japan), respectively. The
morphology of the Au@AgPt array was observed using a scanning
electron microscopy (SEM) equipment (Merlin, Zeiss, Oberkochen,
Germany) and an atomic force microscopy (AFM) system (Bioscope
Catalyst, Bruker, Bremen, Germany), which provided the topo-
graphical and corresponding three-dimensional (3D) images.
Element composition was assessed using energy-dispersive X-ray
(EDX) and X-ray photoelectron spectroscopy (XPS) analysis (PHI
5000 Versa Probe, ULVAC-PHI, Tokyo, Japan). SERS spectra were
measured by a Raman microscope (LabRAM HR, Horiba Ltd., Kyoto,
Japan) equipped with a 633-nm extinction laser (2s of accumula-
tion) and 50� objective lens (NA ¼ 0.75), optimized for maximum
Raman intensity. Data acquisition and processing were performed
using the LabSpec software, and all Raman spectra were presented
after baseline adjustment.

2.6. Detection of MNase activity

MNase enzymes were incubated at 95 �C for 10 min before use
due to their thermoresistance property, while other interfering
enzymes or proteins were denatured to exclude interference. For
MNase assays, ALP-DNA-MBs (15 mL) were mixed MNase with
different concentrations, and placed at 37 �C for 30 min. After
convenient magnetic separation, supernatants (25 mL) was
collected and mixed with Tris-HCl buffer (200 mL, pH 9.0) and 25 mL
of AAP solution (10 mM) evenly, followed by pre-reaction for 30
min. Then, acetate buffer (160 mL, 50mM, pH 4.0), colorless TMB (20
mL, 3 mM) and H2O2 (20 mL, 600 mM) were added to the self-
assembled Au@AgPt array silicon wafers, and reacted for 30 min
to form stable blue oxTMB. Finally, the 50 mL of resulting solutions
were mixed to the oxTMB solution on the silicon wafer, the optical
images were then recorded, and SERS spectra of TMB oxidation
were determined immediately. For UVevis analysis, the oxTMB
solutions were transferred to the microplate to obtain the absorp-
tion spectra.

To detect the MNase released from S. aureus, we centrifugated a
series of bacterial standard suspensions with concentrations of
4

101e108 CFU/mL. The supernatant was collected, boiled, incubated
and treated as described above. In view of the high ionic strength
and salt concentration in the serum which may affect analysis
stability [37], the patient serum was diluted to 1% with PBS for all
subsequent experiments.

2.7. Evaluation of selectivity and anti-interference of assay

To evaluate the anti-interference of the assay, we also measured
several other nucleases, namely Exo III, Exo I, and DNase I (800 U/L),
under the same experimental conditions as those for MNase
detection. To assess the selectivity of the assay, we tested different
types of bacteria (Escherichia coli and Pseudomonas aeruginosa) and
bacterial mixtures. To determine the stability and repeatability, we
stored the Au@AgPt array in the dark at 4 �C for varying durations
before conducting MNase detection using SERS and colorimetric
sensing. To increase statistical reliability, we collected data from at
least 10 different points within each group and averaged the values
as the final result. The limit of detection (LOD) was calculated based
on the ratio of the standard deviation (SD) of the blank to the slope
of the linear equation of the calibration plot (LOD ¼ 3SD/slope, n ¼
3).

2.8. Statistical analysis

We conducted all experiments at least thrice and all data pre-
sented as mean ± standard deviation (SD). Statistical significance
was assessed using analysis of variance, supplemented by inde-
pendent t-tests for pairwise comparisons. P values of < 0.05 were
considered as statistically significant.

3. Results and discussion

3.1. Synthesis and characterization of Au@AgPt NPs

In this study, by incorporating the advantages of the well-
known plasmonic activities of Au/Ag and peroxidase-like proper-
ties of Pt, the trimetallic Au@AgPt NPs perform superior plasmonic
and catalytic activity, enabling it suitable for colorimetric/SERS
dual-mode sensing. Scheme 1A described the high performance
Au@AgPt NPs containing a plasmonic core (Au) wrapped by an
irregular catalytic shell (Ag/Pt) that were effectively fabricated us-
ing a seed-mediated growth method combined with a galvanic
replacement reaction. Specifically, CTAC-capped spherical Au NPs
were used as cores for the growth of tiny Ag shell by AA reduction,
with the change of color from wine-red to yellow. Then, the Ag
atoms deposited on the surface of Au NPs acted as electron donors
for the reduction and growth of Pt, at which the galvanic replace-
ment reaction proceeded simultaneously between Ag shell and Pt
precursor, eventually resulting in the fabrication of dark-brown
Au@AgPt NPs (Figs. 1A and S1). TEM images demonstrated a
morphological change from spherical Au NPs to rattle-like Au@AgPt
NPs, containing an outer shell thickness of approximately 8 nm,
interior nanogaps of approximately 10 nm, and an Au nanosphere
of 20 nm within the core (Fig. S2). In comparison with previous
method that utilized Au@Ag core-shell NPs as the sacrificial tem-
plates for Pt shell reduction [27], we fabricated Au@AgPt NPs in a
co-deposition method with a larger hollow interior that might
absorb more substrates for achieving high catalytic efficiency (Fig.
S3).

Furthermore, EDX spectroscopy elemental mapping and line
profiles analysis showed a uniform distribution of Ag/Pt atoms
around the core area of Au atoms, which was indicative of the
successful formation of Au@AgPt NPs (Figs. 1B, S4 and S5). The
surface composition and the electronic interactions of elements



Fig. 1. Preparation and optimization of the Au@AgPt nanoparticles (NPs). (A) Representative transmission electron microscopy (TEM) images of Au NPs and Au@AgPt NPs fabricated
with different Ag/Pt ratios (5:1, 3:1, 2:1, 1:1, 1:2, 1:3, and 1:5, v/v). (B) Transmission electron microscopy (TEM) elemental mapping images of Au@AgPt NPs. (C, D) High-resolution Ag
3d (C) and Pt 4f (D) X-ray photoelectron spectroscopy (XPS) spectra of Au@AgPt NPs. (E) Ultraviolet-visible (UVevis) absorption spectra of Au@AgPt NPs fabricated with different Ag/
Pt ratios. (F, G) UVevis absorption spectra (F) and surface-enhanced Raman scattering (SERS) spectra (G) of 3,3’,5,5’-tetramethylbenzidine (TMB) catalyzed by Au@AgPt NPs.
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were also characterized using XPS, revealing the existence of Au,
Ag, and Pt (Fig. S6). The spectrum of Ag showed double peaks
attributed to Ag 3d3/2 and Ag 3d5/2 at binding energies of 373.3 and
367.3 eV, respectively; meanwhile, distinct peaks observed at 70.5
and 73.8 eV were attributed to Pt 4f7/2 and Pt 4f5/2 in the metallic
state of Pt, respectively (Figs. 1C and D). Compared to the standard
values of pure atomic Ag and Pt, the binding energies in Ag 3d
shifted to higher values, whereas the Pt 4f peak underwent a
concurrent negative binding energy shift, which ascertained
migration of electrons from Ag sites to Pt sites occurs during the
formation of the Ag/Pt alloy shell. The X-ray diffraction (XRD)
pattern of Au@AgPt NPs further revealed the presence of the Au/Ag
5

and Ag/Pt alloys (Fig. S7), which is in accordance with element
composition of TEM mapping and XPS analysis.

Furthermore, the morphology and properties of Au@AgPt NPs
were tuned by controlling the different dosage of AgNO3 and
H2PtCl6. The decrease ratio of Ag/Pt led to a constant drop in the
LSPR peak (Fig. 1E), a positive shift in the surface charge (Fig. S8)
and a change in themorphology of the NPs toward a rattle structure
(Fig. 1A), whereas Au cores maintained their morphology well
during the atomic transference of Ag and Pt. Undoubtedly, the more
Ag shell it etched by the Pt precursor, the larger internal space and
the thicker Ag/Pt layer it formed. This unique hollow structure
endowed Au@AgPt NPs with the larger specific surface area, which



Fig. 2. Self-assembly of the Au@AgPt array. (A) Representative scanning electron microscopy (SEM) and enlarged image of Au@AgPt array. Inset: actual photograph of Au@AgPt
substrate. (B) Atomic force microscopy (AFM) images of Au@AgPt array in different magnifications. (C) Surface-enhanced Raman scattering (SERS) mapping images (6 mm � 6 mm)
were obtained at 1611 cm�1 before or after the catalytic reaction of 3,3’,5,5’-tetramethylbenzidine (TMB). (D) Photographs taken after different concentrations of TMB reacting on
Au@AgPt array. (E, F) Ultravioletevisible (UVevis) absorption (E) (inset: photograph of TMB solutions after different treated groups) and SERS (F) spectra of different treated groups.
I: pure L-ascorbic acid 2-phosphotrisodium salt (AAP); II: alkaline phosphatase (ALP); III: ALP-DNA-magnetic beads (ALP-DNA-MBs); IV: ALP-DNA-MBs þ micrococcal nuclease
(MNase); V: ALP-DNA-MBs þ AAP; and VI: ALP-DNA-MBs þ AAP þ MNase solutions, all of which reacted with TMB on Au@AgPt array. oxTMB: oxidized TMB.
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is beneficial to the catalytic property and local electromagnetic field
generation. However, overly dense Pt layer formed a fully encap-
sulated shell and might shield the plasmonic performance of
Au@Ag, implying a decline in SERS enhancement. It has been
demonstrated that nanozyme can catalyze the weak Raman signal
of the parent diamine (TMB0) to a radical cation (TMBþ), which
mediates the production of charge transfer complex of the diamine
with strong Raman signal. Therefore, we utilized TMB as a model
catalytic substance and SERS-active molecules to explore a suitable
etching ratio of Au@AgPt NPs that balances the catalytic-SERS
signal activity. As displayed in Fig. S9, colorless TMB is oxidized
by Au@AgPt NPs in the presence of H2O2, generating blue-colored
oxTMB and characteristic absorption peaks at 652 nm. The ab-
sorption intensity went upward constantly with the increased
content of Pt precursor and tended to equilibrium until the ratio of
2:1, at which Pt atoms had covered nearly all the surface of
Au@AgPt NPs, causing TMB catalytic saturation (Fig. 1F). Moreover,
the SERS-based biosensing of the Au@AgPt NPswas evaluated using
SERS-active oxTMB upon a 633 nm extinction laser (1 mW) (Fig.
S10). As recorded in Fig. 1G, the SERS characteristic peak of
oxTMB at 1611 cm�1 provided evidence of the combination of CeH
bending modes and ring stretching, whereas the bands at 1192
6

cm�1 and 1337 cm�1 were attributed to the CH3 bending modes
and inter-ring CeC stretching modes, respectively [38]. As the ratio
of Ag/Pt continued to touch up to 2:1, SERS signal intensity reached
a maximum, so the Ag/Pt ratio of 2:1 was selected as the optimized
condition, at which the fabricated Au@AgPt NPs exhibited satis-
factory SERS and catalytic signals. Under optimum conditions (pH¼
4, 37 �C) for the catalytic reaction (Figs. S11 and S12), the steady-
state kinetics calculated in Fig. S13 further proved the satisfactory
affinity of Au@AgPt NPs for TMB, which is due to the larger specific
surface area within the interior cavity that allows the substrate to
fully interact with these catalytically active sites, thereby improving
the overall catalytic efficiency.

3.2. Feasibility of Au@AgPt array for MNase activity detection

In this study, Au@AgPt NPs can not only observe the reaction in
solution directly by the colorimetric assay, but also monitor the real
catalytic process on the catalyst surface or interface via SERS assay.
Unfortunately, the randomNPaggregates in solution tend to produce
SERS signals with poor reproducibility, inevitably leading to false
positive or false negative results during detection. To overcome this
disadvantage, constructing a well-organized nanostructured array
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that allows analytes to quickly and tightly concentrate on the uni-
form “hot spots” seems to be an effective strategy. We induced
colloidal Au@AgPt NPs to self-assemble into a thin monolayer film
using an oil-water separation method and obtained highly repro-
ducible SERS signals. Then, this filmwas transferred onto the silicon
wafer to prepare a dense Au@AgPt array.

As revealed by SEM, a close-packed Au@AgPt array was pre-
pared successfully with open and wide surface, where the abun-
dant nanogaps between NPs could generate strong and uniform
plasmonic coupling enhancement, affording great SERS activity
(Fig. 2A). It was notable that different batches of Au@AgPt array also
showed the satisfactory homogeneity, indicating the high repeat-
ability of the signals acquired from each fabricated substrate (Fig.
S14). However, the Au@AgPt NPs were dispersive with some
cracks because of the ineluctable solvent volatilization during the
transfer and drying process. Besides, the polarity of the organic
solvent also played a vital role for self-assembly performance
owing to the synergistic effect between interfacial energy and
solvent polarity. In AFM imaging, the scanned area revealed a sur-
face morphology characterized by rough bump shapes, with
heights consistent with the results of SEM analysis, around 40 nm
(Fig. 2B). The uniformly distributed NPs on the Si surface were
essential for improving sensitivity in subsequent colorimetric/SERS
analysis. Moreover, the SERS and catalytic performance was further
characterized by the reaction of TMB, whose oxTMB as SERS-active
molecules displayed the characteristic SERS peak at 1611 cm�1

(Figs. 2C and S15). It was obvious that an increasing amount of
oxTMB caused blue color of the droplets to become deeper and the
SERS signals increase (Figs. 2D and S16). In comparison to the
conventional Au array, the Au@AgPt array exhibited stronger SERS
and catalytic signals due to pronounced electromagnetic mecha-
nism of Au/Ag NPs and mimetic enzyme activity of Pt shell (Fig.
S17). Moreover, fast evaluation of MNase at room temperature
can be achieved by this colorimetric/SERS-based array, which will
address the high-throughput detecting of analytes.

To further estimate repeatability of this prepared Au@AgPt
array, we randomly tested 12 spots on the array and compared the
signal change of the correlative SERS peak after reaction with TMB
substrate. Results revealed that the relative standard deviation
(RSD) of SERS signals at different locations was only 5.42%, further
manifesting the great uniformity of this Au@AgPt array (Fig. S18).
Besides, long-term stability is also a crucial index that should be
considered for the Au@AgPt array. To further evaluate their catalytic
stability, we stored the Au@AgPt substrate in the dark at 4 �C for
varying durations, followed by a catalysis reaction with TMB for
analysis. Fig. S19 showed that even after 10 days of storage, the
SERS intensity and catalytic activity of the Au@AgPt array remained
high.

Given the aforementioned outstanding properties, the feasi-
bility of Au@AgPt array for following MNase detection was further
determined by colorimetric/SERS dual-model sensing. As illus-
trated in Scheme 1C, the free ALP cleaved by MNase can catalyze
the conversion of AAP into AA that mediated the afterward
reduction of oxTMB, accompanying with the conversion of solution
from blue to colorless and the distinct diminishment of SERS in-
tensity. The change in absorbance and SERS signals of the TMB
reaction were assessed via several controlled experiments. After
incubation on the Au@AgPt array, the blue oxTMB cannot be
reversed in the AAP, ALP, or ALP-DNA-MB alone, all of which
exhibited significant absorption spectra of oxTMB (Fig. 2E). Also,
there was the negligible change of color or absorption signal in
other control groups including ALP-DNA-MB þ MNase and ALP-
DNA-MB þ AAP. Only when MNase cleaved DNA strand on MB did
the ALP release in the solutions to react with AAP for the production
of AA, which can mediate the reduction of oxTMB, causing the blue
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color to fade and a decline in absorbance. The colorimetric results
were further supported by the SERS assay (Fig. 2F), in which a
distinctive SERS signal of oxTMB appeared without the addition of
MNase, while its Raman peak diminished rapidly once MNase-
initiated cascade generation of AA. Hence, all these results
strongly confirmed the validity of Au@AgPt array for colorimetric/
SERS detecting the target MNase.

3.3. Sensitivity of Au@AgPt array for MNase detection

We further investigated the sensitivity of the proposed Au@AgPt
array based on its excellent response to the MNase. Initially, the
obvious colorimetric/SERS signal of oxTMB was obtained on the
Au@AgPt array. As the MNase concentration increased, the cascade
reaction led to the formation of more AA, causing the colorimetric/
SERS signal of oxTMB to fade away (Fig. 3A). As depicted in Fig. 3B,
the colorimetric intensity of oxTMB at 652 nm gradually decreased
with the increasing concentration ofMNase from 25 to 800 U/L. The
regression equation was Y ¼ �0.0014X þ 1.205, (Y represented the
absorption intensity at 652 nm; X represented the MNase con-
centration), demonstrating a good linear correlation. The squares of
correlation coefficients (R2) was 0.991, and the calculated LOD to-
ward MNase was 8.6 U/L, determined by three times the SD of the
background.

For SERS analysis, MNase was detected by recording the SERS
intensity of oxTMB. Similar to the colorimetric results, SERS in-
tensities also decreased with increasing MNase concentration (Fig.
3C), while showing nonlinear as the concentration increased to
over 400 U/L (Fig. 3D). A good linear plot was obtained in the
concentration range of 5e400 U/L (Fig. 3E), and the SERS mapping
profile presented a uniform signal output across the selected region
(64 pixel points in a 8 mm � 8 mm area on the array), further
illustrating the weak SERS signal of oxTMB with the increasing
concentration of the target MNase (Fig. 3F). The linear relationship
equation was Y ¼ �18.76X þ 9748.7 (Y represented the SERS in-
tensity at 1611 cm�1; X represented the MNase concentration) with
a LOD of 2.3 U/L (R2 ¼ 0.985), which is much lower than that of the
colorimetric model, elucidating the high sensitivity of SERS sensing
toward MNase detection. However, in comparisonwith SERSmode,
colorimetric visualization mode is more convenient, direct and has
a wider detection range for MNase detection. Therefore, the inte-
gration of dual-mode detection displayed the inherent character-
istics of each mode, and also gave more choices and double
insurance on the same analysis, thereby enhancing the accuracy
and reliability of results. Although the LOD is comparable with the
reported optical sensors, our SERS/colorimetric method has the
advantage of a wider linear range, demonstrating great potential to
meet the requirements of different cases (Table S1) [39e42].

The specificity of MNase-based strategy was validated by incu-
bating other interference nucleases (all at 800 U/L), such as Exo I,
Exo III, and DNase I, on the Au@AgPt array. A sample without nu-
cleases was the negative control (the blank group). As given in Figs.
3G and H, an evident color change appeared only in the presence of
the target MNase, whereas the signals from other nucleases were
almost similar as that of the blank group, which was further
confirmed by the SERS results (Fig. S20). It is reasonable because
MNase is an unusually thermostable enzyme so that it stays alive
and active even under high temperature conditions, while other
interfering enzymes distributed in the system are denatured during
the heat treatment, thus vastly improving the anti-interference
ability of MNase detection. Besides, the magnetic-assisted separa-
tion and enrichment is also benefit to achieve the more sensitive
and selective detection. To further unveil this strategy for specif-
ically responding toward MNase, inhibition experiments were
performed by pretreating MNase with a common inhibitor,



Fig. 3. Sensitivity and specificity of Au@AgPt array for micrococcal nuclease (MNase) detection. (A) Ultravioletevisible (UVevis) absorption of 3,3’,5,5’-tetramethylbenzidine (TMB)
after cascade-reaction induced by various concentrations of micrococcal nuclease (MNase) on Au@AgPt array (inset: photograph of TMB solutions on Au@AgPt array treated ac-
cording to Fig. 3A). (B) Linear relationships between MNase concentration and absorption intensity at 652 nm (25e800 U/L). (C) Surface-enhanced Raman scattering (SERS) signal of
oxidized TMB (oxTMB) after cascade-reaction induced by different MNase concentrations on Au@AgPt array. (D) Linear relationships between MNase concentration and SERS
intensity at 1611 cm�1 (5e1000 U/L). (E) Calibration curve of SERS intensity versus the concentration of MNase (5e400 U/L). (F) SERS mapping images (8 mm � 8 mm) obtained at
1611 cm�1 with the increasing concentration of MNase (5e400 U/L). (G) Specificity of MNase against other interference nucleases (800 U/L; n ¼ 3/group). (H) UVevis absorption
intensity at 652 nm according to Fig. 3G (inset: photograph of oxTMB solutions on Au@AgPt array treated according to Fig. 3G). Data are presented as mean ± standard deviation
(SD). Exo: exonuclease; DNase: deoxyribonuclease.
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ethylene diamine tetraacetic acid (EDTA), to lower its catalytic
ability. As expected, the colorimetric/SERS signal were substantially
recovered as the inhibitor concentration increase (Fig. S21), further
proving that MNase activity restrained by EDTA fails to trigger ALP
release for subsequent oxTMB reduction. Therefore, the inhibition
assay further verified the specificity of this strategy toward MNase,
which foreboded the detection of S. aureus using MNase activity
available.

3.4. Sensitive colorimetric/SERS sensing for S. aureus

S. aureus assay was conducted by using MNase enzyme as a
unique indicator due to the strong correlation between heat-stable
8

MNase and S. aureus count. Although this strategy showed great
feasibility in the detection of MNase, the component of these
artificial MNase samples is pure and unitary, and the MNase
released from S. aureus is often susceptible to complicated envi-
ronment; therefore, whether their activity can be tested remains to
be evaluated. Here, the boiling S. aureus solution was separated
through centrifugation, mixed with ALP-DNA-MB to induce the
release of ALP, and incubated with AAP on the Au@AgPt array for
colorimetric/SERS sensing, as a similar detection procedure above.
As shown in Fig. S22, an apparent absorption and SERS spectra
decrease of oxTMB was observed once MNase secreted from S.
aureus underwent sequential cascade reaction for oxTMB reduc-
tion. Specifically, the colorimetric intensity of the oxTMB gradually



Fig. 4. Sensitive colorimetric/surface-enhanced Raman scattering (SERS) sensing for Staphylococcus aureus. (A, B) Colorimetric (A) and SERS response (B) of the cascade triggering
strategy induced by various concentrations of S. aureus on Au@AgPt array. (C, D) Plot of ultravioletevisible (UVevis) (C) and SERS peak (D) intensities versus the logarithmic
concentration of S. aureus spiked in phosphate-buffered saline (PBS). (E) The results of colony counting verified the reliability of colorimetric/SERS sensing. (F) Specificity analysis of
S. aureus. Samples contained either target S. aureus and/or other interfering bacteria (10 times more than target S. aureus). (G) Signal intensities of UVevis for Fig. 4F (inset:
photograph of oxidized 3,3’,5,5’-tetramethylbenzidine (oxTMB) reaction induced by different bacteria). Data are presented as mean ± standard deviation (SD). (H) 12 randomly
selected SERS spectra acquired before or after S. aureus-mediated cascade process. E. coli: Escherichia coli; P. aeruginosa: Pseudomonas aeruginosa.
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descended as the enhancing concentration of S. aureus from 102

CFU/mL to 108 CFU/mL (Fig. 4A). The visual readout demonstrated
very good linear relationships as seen in Fig. 4C (R2 ¼ 0.989), where
the linear equation was Y ¼ �0.099X þ 0.905 (Y represented the
absorption intensity at 652 nm; X represented the logarithmic
concentration of S. aureus) with a LOD of 38 CFU/mL. Furthermore,
SERS intensity of oxTMB also decreased steadily as the concentra-
tion of S. aureus enhanced from 10 CFU/mL to 107 CFU/mL (Fig. 4B).
The linear equations were obtained (R2 ¼ 0.981), resulting in Y ¼
�1184.8X þ 9431.8 (Y represented the SERS intensity at 1611 cm�1;
X represented the logarithmic concentration of S. aureus) with the
LOD of 6 CFU/mL (Fig. 4D). These quantitative results determined by
colorimetric and SERS sensing agreedwell with those of plate count
method (Fig. 4E), which fully substantiated the high accuracy and
reliability of our strategy.
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To investigate the specificity of this method for S. aureus, two
interfering bacteria containing E. coli and P. aeruginosa were exam-
ined on the Au@AgPt array under the same experimental conditions.
Unlike the rapid signal attenuation of the target S. aureus, other
bacteria had less effect on the oxTMB signal (Figs. 4F and G).
Accordingly, this colorimetric/SERS assay showed a selective
response toward S. aureus. To further confirm the selectivity of the
as-proposed assay, all interfering bacteriaweremixed with S. aureus.
Predictably, the signal intensity of the mixed group was basically the
same as that of simple S. aureus alone. Thus, the high selectivity
should be attributed to the ingenious design of the MNase-triggered
cascade response and the reliable colorimetric/SERS dual-mode
sensing mediated by Au@AgPt array. To further assess the repro-
ducibility of this method, 12 of SERS spectra from the different areas
were collected and the colorimetric/SERS signal variation was



Fig. 5. The applicability of this strategy in clinical samples. (A, B) Absorption (A) and surface-enhanced Raman scattering (SERS) spectra (B) of oxidized 3,3’,5,5’-tetrame-
thylbenzidine (oxTMB) in different clinical samples after cascade triggering strategy. (C, D) The expression levels of micrococcal nuclease (MNase) in healthy humans (n ¼ 3, H1 to
H3) and patients with sepsis (n ¼ 7, P1 to H7) recorded by colorimetric (C) and SERS assay (D). (E, F) Receiver operating characteristic (ROC) curves for patients with sepsis based on
MNase in colorimetric (E) and SERS (F) modes. (G, H) Absorption (G) and SERS (H) spectra of oxTMB in patients with sepsis before or after treatment (n ¼ 2, P8 and P9). (I) MNase
expression levels of patients with sepsis before or after treatment recorded by colorimetric and SERS assay. ***P < 0.001. Data are presented as mean ± standard deviation (SD). H:
healthy candidates; P: patient samples; AUC: area under the receiver operating characteristic curve.
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observed. After S. aureus-mediated cascade process, all the SERS
intensity of oxTMB dropped rapidly on the nanoarray (Fig. 4H). The
favorable repeatability is ascribed to the symmetric arrangement of
“hot spots” on the Si interface, thus providing the promising reli-
ability for the further S. aureus detection in real clinical samples.

3.5. Application analysis of serum samples

As a promising strategy for S. aureus detection, its feasibility and
application in real human serum sample need to be verified. To
avoid the severe matrix effects from the serum, we spiked different
amounts of the target pathogen (S. aureus) into 1% real samples and
obtained recoveries above 93.7% with RSD levels all below 10%
(Table S2). This is because the high selectivity of “on-off” cascade
triggering strategy of MNase on the Au@AgPt interface made the
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satisfactory diagnosis performance even under the interference of
various serum proteins.

To further assess this cascade triggering strategy for clinical ap-
plications, we challenged our Au@AgPt array with 10 clinical serum
samples from healthy participants (H1 to H3) and patients with
sepsis (P1 to P7) that were identified by standard plate counting
from the clinical laboratory of the hospital. The MNase levels were
converted according to the standard curves of colorimetric/SERS
signals. Predictably, MNase levels were abnormally elevated in pa-
tients with sepsis compared with healthy volunteers, as evidenced
by data recorded from colorimetric (Figs. 5A and B) and SERS analysis
(Figs. 5C and D). Next, the receiver operating characteristic (ROC)
curves were depicted in Figs. 5E and F, where the area under curve
(AUC)was calculated to be 1 for both colorimetric and SERSmodel by
a ROC curve analysis, further verifying the distinguished
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performance of this diagnostic method. Although the specific
threshold range did not set up in our work due to insufficiency of the
collected patient samples, there is a considerable difference in
MNase content between healthy participants and patients with
sepsis; thus, this MNase-mediated strategy successfully distin-
guishes patients with sepsis from healthy participants and has the
potential for early-stage patient screening. Accurately determining
the therapy response from patients considerably affects the in-
struction of clinical medication. Notably, the patients with sepsis (P8
and P9) showed a low level of MNase level after certain days of
antibiotic therapy (approximately twoweeks), further indicating the
availability of this sensing strategy for monitoring disease progres-
sion and assessing treatment response (Figs. 5G�I). This information
is helpful for patients to provide personalized treatment and
regimen, which can substantially improve the cure rates of patients.

In clinical samples, myriad impurities, including other micro-
organisms, proteins, and organic and inorganic substances, can
interact with sensing probe due to the nonspecific absorption
[43,44], inevitably leading to false-positive/negative results during
measurement. Fortunately, the target MNase detected in this study
is thermostable nuclease, which enabled them to avoid interfer-
ence from other impurities in the complex biological fluids that are
unstable or even inactive after short heating procedure. Of partic-
ular significance is the subsequent magnetic separation mediated
by the magnetic bead, which further boosted the anti-interference
ability of the assay. Therefore, our proposed strategy conferred the
ability to quickly measure clinical real samples with great sensi-
tivity and accuracy, which would be a promising approach for
diagnosing S. aureus infections in clinical settings.

4. Conclusion

In summary, we herein constructed an ordered monolayer
Au@AgPt array that integrated incomparable peroxidase-mimicking
and SERS properties for colorimetric/SERS sensing MNase, a unique
indicator for S. aureus. Compared with the traditional microbial
culture method, this strategy substantially shortened sample-to-
answer time with superior selectivity and sensitivity, owing to the
ingenious design of MNase-mediated cascade response, high inter-
ferent resistance of magnetic separation technology, and high and
stable signal output from the nanoarray. Based on these favorable
properties, this MNase-mediated strategy can be effectively applied
in serum assays of patients with sepsis to distinguish between pos-
itive and negative samples and potentially guide the prognosis of
patients with sepsis. More importantly, the visualization analysis
made the results more intuitive and reduced the reliance on large-
scale instruments, which can meet the requirement of POC testing
in clinic. However, at the current stage, the sample still requires
serum dilution, centrifugation, and multiple pipetting steps before
the results can be read on the Au@AgPt array. Future research ob-
jectives include further minimizing response time, overcoming
technical barriers, and lowering costs by combining this detection
method with portable lasers, spectrometers and chips for early
warning of S. aureus infections.
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