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Abstract: Herein, we present a multifunctional chip based on
surface-enhanced Raman scattering (SERS) that effectively
captures, discriminates, and inactivates pathogenic bacteria.
The developed SERS chip is made of a silicon wafer decorated
with silver nanoparticles and modified with 4-mercaptophe-
nylboronic acid (4-MPBA). It was prepared in a straightfor-
ward manner by chemical reduction assisted by hydrogen
fluoride etching, followed by the conjugation of 4-MPBA
through Ag�S bonds. The dominant merits of the fabricated
SERS chip include excellent reproducibility with a relative
standard deviation (RSD) value smaller than 11.0%, adapt-
able bacterial-capture efficiency (ca. 60%) at low concentra-
tions (500–2000 CFUmL�1), a low detection limit (down to
a concentration of 1.0 � 102 cells mL�1), and high antibacterial
activity (an antibacterial rate of ca. 97 %). The SERS chip
enabled sensitive and specific discrimination of Escherichia
coli and Staphylococcus aureus from human blood.

Every year over 300 million cases of serious and even fatal
diseases are caused by bacterial infections or contaminations
(e.g., tuberculosis, resistant “superbug” infections) with the
loss of over 2 million lives.[1] A consensus has been reached
that survival rates could be greatly improved if bacterial
infections could be effectively diagnosed at an early stage.[2]

Therefore, the rapid, sensitive, and low-cost detection of
pathogenic bacteria in clinical samples (e.g., saliva, phlegm,
and blood) has been an urgent demand. The well-established
clinical gold standard of bacteria culture is efficacious for the
analysis of pathogens; however, this method involves complex

and time-consuming biochemical characterization proce-
dures, including long-term culture in selective media (up to
several days), morphological analysis of bacterial colonies,
and immunoassays of bacterial metabolites.[3] To address this
issue, strategies based on the polymerase chain reaction
(PCR) and sequencing have been developed for rapid micro-
biological identification in assay times of several hours (ca. 6–
10 h).[4] Nonetheless, these methods also involve tedious
procedures to some extent (e.g, cell lysis, nucleic-acid
extraction, and signal amplification), thus limiting their
widespread application in point-of-care diagnosis. Further-
more, they are usually unable to distinguish bacteria with low
concentrations (e.g., < 100 CFU mL�1).[5]

Scientists have developed elegant optical analytical tech-
niques (e.g., colloidal-gold-based colorimetric sensing, assays
based on fluorescent or chemically luminescent probes, and
spectral analysis based on surface-enhanced Raman scatter-
ing (SERS)) for biosensing and bioanalysis.[6] In particular,
recent advancements include methods for the rapid (tens of
minutes to several hours) and sensitive (even down to single
bacteria) detection of bacteria.[7] Among these techniques,
SERS has emerged as a powerful analytical tool that enables
the label-free and sensitive detection of various biological and
chemical species (e.g., DNA, proteins, cells, and bacteria)
owing to its three outstanding features: 1) giant Raman signal
enhancement (enhancement factor (EF) values can be up to
106–9), 2) narrow and representative Raman fingerprinting
spectra, which enable the multiplexed identification of targets
from real samples, and 3) nondestructive data acquisition
through simple manipulation without staining or specific
modification.[8] Although these reported approaches have
shown especially high efficacy for the discrimination of
bacteria, there is increasing demand for the development of
novel platforms with multiple abilities: the capture, detection,
and inactivation of tiny bacteria.[2] However, no such multi-
functional platform has yet been reported.

Herein, we introduce a SERS multifunctional chip made
of a silicon wafer decorated with silver nanoparticles and
modified with 4-mercaptophenylboronic acid (4-MPBA). The
SERS chip integrates the three capabilities of bacterial
capture, analysis, and sterilization. It features adaptable
bacterial-capture efficiency of typically about 60 % even at
low concentrations (500–2000 CFUmL�1). Meanwhile, as
a result of the high antibacterial activity and excellent surface
plasmonic resonance (SPR) performance of AgNPs, the
SERS chip enables reproducible and sensitive bacteria
detection (ca. 1.0 � 102 cellsmL�1) with robust and strong
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antibacterial activity (an
antibacterial rate of ca.
97%). We further demon-
strate that this kind of high-
performance chip is able to
distinguish different bacteria
in human blood.

To construct the SERS
chip, we first modified
a planar silicon wafer in situ
with Ag NPs (Ag NPs@Si)
through an established HF
etching method.[8d,e] Next,
bacteria-binding molecules
of 4-MPBA were introduced
onto the prepared
Ag NPs@Si substrate
through covalent binding
through Ag�S bonds (Fig-
ure 1A(a); a photograph of
the chip (1.2 � 2.8 cm2) is also
shown). The 4-MPBA mole-
cule contains three func-
tional groups: a thiol group
for conjugation with Ag NPs,
a boronic acid group that
reversibly binds peptidogly-
can from the cell wall of
bacteria,[9] thus leading to
the specific capture of vari-
ous kinds of bacteria (Figure 1A(b)), and a benzene ring that
significantly amplifies SERS signals of the captured bacteria
(Figure 1A(c)). As well as sensitive bacterial detection, the
resultant chip enables efficient bacterial inactivation as
a result of Ag+ ions released from Ag NPs immobilized on
the substrate (Figure 1A(d)).[10] Scanning electron microsco-
py (SEM) and atomic force microscopy (AFM) images of
Ag NPs@Si revealed that Ag NPs with an average size of
approximately 110 nm were uniformly distributed on the
surface of the silicon wafer (Figure 1B). Moreover, the
spacing between the superficial Ag NPs was between 50 and
150 nm, which is much smaller than the diameter of a bacte-
rium (micrometer scale), thus guaranteeing that the captured
bacteria can lie flat on the surface of the chip.[7c] For proof-of-
concept experiments, we chose the representative Gram-
negative bacterium Escherichia coli and Gram-positive bac-
terium Staphylococcus aureus as model bacteria. SEM
showed that few bacteria in LB medium were nonspecifically
absorbed on the pure silicon wafer (Figure 1C (a,c)). In sharp
contrast, much more bacteria were captured by 4-MPBA–
Ag NPs@Si (Figure 1C (b,d)), thus demonstrating the high
specificity and efficiency of the SERS chip for bacterial
capture.

Bacteria were captured by the SERS chip in a concen-
tration- and time-dependent manner (Figure 2A). In partic-
ular, Figure 2A(a) suggests that the number of bacteria
captured by the chip increases as the 4-MPBA concentration
increases. Figure 2A(b) displays the quantitative evaluation
of the bacterial-capture yields at different capture times.

Figure 2. A) Graphs showing a) the number of bacteria per square
centimeter on the chip at different concentrations of 4-MPBA after
incubation for 20 min and b) the number of bacteria per square
centimeter on the chip modified with 0.1 mm 4-MPBA and on
Ag NPs@Si without 4-MPBA modification at different incubation
times. The test LB media contained bacteria at a high concentration of
4.0 � 108 CFUmL�1. B) Bacterial-capture efficiency of the chip at low
bacterial concentrations ranging from 500 to 2000 CFUmL�1. The
capture experiments were performed with an incubation time of
20 min. All error bars show the standard deviation determined from
three independent assays. C) SEM images of a single bacterium
attached on a,c) a pure silicon wafer and b,d) the SERS chip (scale
bars: 0.5 mm). E. coli and S. aureus were chosen as the model bacteria
in all experiments.

Figure 1. A) Schematic illustration (not drawn to scale) of a) the SERS chip and b–d) the capture, detection,
and inactivation of bacteria with the multifunctional SERS chip (blue ellipses represent bacteria). A
photograph of a SERS chip is also shown in (a). B) a) SEM image, b) EDX pattern, c) AFM image, and
d) Ag NP size distribution of the as-prepared Ag NPs@Si substrates (scale bars: 1 mm). C) a,b) SEM images
of E. coli on the pure silicon wafer (a) and the fabricated chip (b); c,d) SEM images of S. aureus on the pure
silicon wafer (c) and the prepared chip (d; scale bars: 2 mm).
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Typically, when such SERS chips were
immersed in LB medium containing
bacteria at a high concentration of 4.0 �
107 CFU mL�1 for 20 min, maximum
values were reached (ca. 1200 � 104 and
1000 � 104 cm2 for S. aureus and E. coli,
respectively) at a 0.1 mm concentration of
4-MPBA; these amounts of bacteria are
five times as high as those captured by the
pure Ag NPs@Si substrate without 4-
MPBA modification (i.e., ca. 250 �
104 cm2 for S. aureus and ca. 200 �
104 cm2 for E. coli). Even at low bacteria
concentrations ranging from 500 to
2000 CFUmL�1, the chip also showed
adaptable bacterial-capture efficiency
(ca. 60%) for both E. coli and S. aureus
(Figure 2B), thus implying the feasibility
of the capture and analysis of tiny bac-
teria in clinical samples (for a detailed
calculation of capture efficiency, see the
Supporting Information). Figure 2 C
shows the morphology of bacteria at-
tached to the SERS chip and a pure
silicon wafer. In contrast to the intact cell
wall of E. coli or S. aureus adhered to the
silicon wafer (Figure 2C (a,c)), a larger
and thinner rim of E. coli or S. aureus is
formed through stretching of the cell wall
of bacteria captured on the chip (Fig-
ure 2C (b,d)) owing to the strong inter-
action between bacteria and binding
molecules, in good agreement with pre-
viously reported studies.[11]

Such high-efficacy bacteria capture
makes the SERS chip suitable for the
efficient separation and sensitive detection of clinical bac-
teria. By taking advantage of the high SERS enhancement of
Ag NPs@Si (enhancement factor: 1.3 � 107),[8d,e] our chip
yielded strong SERS intensity of 4-MPBA as high as 9000,
which is in sharp contrast to the feeble Raman signals of 4-
MPBA molecules (< 400) dispersed on a pure silicon wafer
under the same experimental conditions (see Figure S1 in the
Supporting Information). More importantly, excellent repro-
ducibility was observed with the chip owing to the steady
immobilization of Ag NPs on the silicon support, which
efficiently restricts the random movement and aggregation of
free Ag NPs.[8b–e] Uniform SERS spectra of 4-MPBA
recorded from 100 random spots on the substrate were
obtained (Figure 3A), with a small RSD value of 10.52%,
thus demonstrating the high reproducibility of the prepared
SERS-active substrates. Similar SERS spectra of E. coli and
S. aureus obtained from six different batches of samples were
also observed (see Figure S2), thus indicating the excellent
reproducibility of such SERS chips for bacteria detection. The
reproducibility is superior to that of conventional SERS
strategies based on the mixing of metal NPs with bacteria.[8b,c]

We further investigated the bacterial-sensing ability of our
SERS chip by comparing the SERS spectra of E. coli and

S. aureus (Figure 3B). The Raman spectra of pure 4-MPBA–
Ag NPs@Si without incubation with bacteria and Ag NPs@Si
incubated with E. coli or S. aureus bacteria were used as
controls. Typically, in contrast to the very low intensities of the
Raman signals observed in the control group of bacteria-
treated Ag NPs@Si (Figure 3B, I,II), strong SERS signals
were observed for the 4-MPBA–Ag NPs@Si with captured
bacteria (Figure 3 B, III,IV), thus suggesting that the 4-MPBA
molecules greatly facilitate enhancement of the Raman
signals of bacteria. As mentioned above, the bacterial cell
wall is pulled by the binding 4-MPBA molecules toward the
Ag NPs@Si substrate (Figure 2C (b,d)); in this way, the gaps
between the Ag NPs are filled. The gaps are considered to be
the “hot junctions” for the electromagnetic enhancement of
Raman scattering; therefore giant SERS signals are observed
for the bacteria.[11a,12] Moreover, although there are three
sharp peaks (i.e., at 1000, 1024, and 1057 cm�1) below
1100 cm�1 and one sharp peak at 1587 cm�1 in the SERS
spectrum of 4-MPBA (see Figure 3B, V), these typical Raman
bands of 4-MPBA do not interfere with representative
bacterial fingerprint bands in the range between 1128 and
1388 cm�1 (see the blue dotted box in Figure 3B) or the
distinct Raman peak at 730 cm�1 (assigned to the glucosidic

Figure 3. A) Raman spectra of 4-MPBA as recorded at 100 random spots on the SERS chip.
B) Raman spectra of Ag NPs@Si incubated with E. coli (I) and S. aureus (II), the chip incubated
with E. coli (III) and S. aureus (IV), and pure 4-MPBA–Ag NPs@Si without treatment with
bacteria (V). The blue dotted box shows the bacterial fingerprint recognition bands in the
range between 1128 and 1388 cm�1. The arrow indicates the distinct Raman peak at 730 cm�1.
The test LB media contained E. coli or S. aureus at a concentration of 1 � 105 cellsmL�1. C–
F) SERS mapping of E. coli on 4-MPBA–Ag NPs@Si at different concentrations of 1 � 102 (C),
1 � 103 (D), 1 � 105 (E), and 1 � 107 cellsmL�1 (F). G–J) SERS mapping of S. aureus on the chip
at different concentrations of 1 � 102 (G), 1 � 103 (H), 1 � 105 (I), and 1 � 107 cellsmL�1 (J).
Parameters for the SERS experiments: lex = 633 nm, acquisition time: 1 s, confocal hole:
200 mm, slit: 100 mm, grating: 600 gmm�1.
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bond of the bacterial cell wall; see Table S1) observed in both
the E. coli and S. aureus groups.

Distinct differences in the SERS spectra of E. coli and
S. aureus are found in the fingerprint recognition bands from
approximately 1128 to 1388 cm�1. Specifically, sharp Raman
peaks at about 1128 (amide III), 1240 (d(CH2) amide III), and
1388 cm�1 (u(COO-) and d(C�H) proteins) were observed in
the SERS spectrum of S. aureus. For the E. coli group, an
SERS spectrum with a lower magnitude was detected, as
a result of the difference in the biochemical constituents of
the microorganisms.[13] Moreover, one relatively sharp Raman
peak at about 1280 cm�1 (d(CH2) amide III) appeared in the
SERS spectrum of S. aureus but was not detectable in that of
E. coli. These spectral results imply that our SERS chip
features good capability for discriminating different kinds of
bacteria. The performance of the chip in the detection of
bacteria at different concentrations was further evaluated by
SERS mapping of a selected area of 20 � 20 mm2 with a 2 mm
step size. The change in the Raman intensity of the peak at
730 cm�1 peak was recorded to quantify the E. coli and
S. aureus concentrations. The red points in the SERS mapping
results correspond to the SERS signals of bacteria, and the
number of red points increased as the bacterial concentration
increased (Figure 3C–J). The relationship between the
number of red points and the actual logarithmic bacterial
concentration (see Figure S3) suggests that the low limit of
detection (LOD) of the SERS chip for bacteria detection
(1.0 � 102 cellsmL�1) lies within a large dynamic detection
range (up to 1 � 107 cellsmL�1).

As a real application of the SERS chip, we tested human
blood samples spiked with bacteria. Blood cells with sizes of
approximately 5 mm could be readily identified by optical
microscopy (Figure 4A,B), whereas smaller-sized bacteria
(ca. 0.5 mm) added to blood could not be observed at the same
resolution. However, distinct SERS spectra were observed for
both E. coli and S. aureus with clear fingerprint recognition
bands at 1128–1388 cm�1 (Figure 4C), identical to those of
bacteria captured from LB medium (see Figure 3B). In
contrast, in the Raman spectrum of the pure blood sample
(blue line), a smooth line without detectable Raman peaks
was observed in the range of 1100–1400 cm�1, thus suggesting
that blood cells had little influence on the bacterial-sensing
results. Significantly, the concentration of E. coli or S. aureus
in human blood could be readily identified down to about
1.0 � 102 cells mL�1 by the SERS chip, thus indicating that the
developed SERS chip is sensitive enough to detect bacteria in
the blood of patients suffering from blood-stream infections
(e.g., ca. 100 cells mL�1).[2b] These data suggest good feasi-
bility of the presented SERS chip for bacterial detection in
real systems.

In the following experiment, the antibacterial ability of
the constructed SERS chip was evaluated on the basis of the
measurement of microbial viability. E. coli or S. aureus
growth medium treated with a pure silicon wafer was turbid
after incubation for 24 h because of rapid microbial prolifer-
ation (Figure 5A). In marked contrast, the media incubated
with 4-MPBA–Ag NPs@Si for 24 h still remained pellucid,
thus suggesting high antibacterial activity of the chip. The
bacterial media cultured for 24 h (shown in Figure 5A) was

diluted 1 � 105 times, then spread uniformly onto agar plates
and incubated at 37 8C for 48 h. Typically, a large number of
bacterial colonies of both E. coli (ca. 450) and S. aureus (ca.

Figure 4. A,B) Optical microscopy images of 4-MPAB–Ag NPs@Si
incubated with human blood samples containing E. coli (A) and
S. aureus (B) at a concentration of 1 � 105 cellsmL�1 (scale bars:
10 mm). C) SERS spectra of human blood spiked with E. coli or
S. aureus in the range from 1100 to 1400 cm�1. Human blood without
bacteria was used as the control. Parameters for the SERS experi-
ments: lex = 633 nm, acquisition time: 1 s, confocal hole: 200 mm, slit:
100 mm, grating: 600 gmm�1.

Figure 5. A) Antibacterial activities of silicon wafers (I), Ag NPs@Si
(II), and the SERS chip (III) toward E. coli and S. aureus as determined
by turbidity assays in LB medium. B) Quantitative analysis of the
antibacterial ability of these three kinds of substrates by use of the
standard colony-counting method. The antibacterial tests were per-
formed by the incubation of substrates with bacterial growth media for
24 h. The error bars show the standard deviation determined from
three independent assays. C) Evaluation of the antibacterial activity of
the surfaces of the three kinds of substrates. a,b) Enlarged micro-
graphs are shown of E. coli (a) and S. aureus (b) grown on the three
kinds of substrates.
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650) were observed on the agar plate in the silicon-wafer-
treated groups, whereas sporadic bacterial colonies (ca. 15)
emerged in the groups treated with Ag NPs@Si or 4-MPBA–
Ag NPs@Si (Figure 5B). Accordingly, the antibacterial rate
of our chip for E. coli or S. aureus was calculated to be as high
as 97.8 or 96.9%, respectively (for the detailed calculation of
the antibacterial rate, see the Supporting Information).
Furthermore, the SERS chip exhibited robust and prolonged
antibacterial activity; low OD600 values (optical density of the
medium at 600 nm) were maintained during treatment for
24 h (see Figure S4). We further employed the SERS chip to
prohibit the proliferation of bacteria in solid media. Fig-
ure 5C shows enlarged images of bacterial colonies on the
surfaces of different substrates. Specifically, several bacterial
colonies were observed on the surface of a silicon wafer
(Figure 5C, I), whereas no bacterial colony appeared on the
surface of Ag NPs@Si or 4-MPBA–Ag NPs@Si (Figure 5C, II
and III), thus providing further evidence of the excellent
antibacterial activity of our SERS chip in solid media.

In conclusion, we have presented a type of multifunctional
SERS chip with high efficacy for simultaneously capturing,
sensing, and inactivating bacteria. Significantly, the fabricated
chip features excellent reproducibility (RSD< 11.0%), good
bacterial-capture efficiency (ca. 60 %) even at low concen-
trations (500–2000 CFU mL�1), high sensitivity (ca. 1.0 �
102 cells mL�1), and a high antibacterial rate (ca. 97 %). The
SERS chip was further proven to be highly effective in
capturing and discriminating bacteria in human blood, with
negligible interference of blood cells in real systems. Given
that this class of SERS chip can be fabricated in a facile and
low-cost manner, we envision that such chips will be useful for
widespread practical applications. Our findings suggest prom-
ising opportunities for the development of high-efficacy
multifunctional platforms for the simultaneous detection
and inactivation of pathogenic bacteria in clinical or environ-
mental samples.

Keywords: bacteria · multifunctional platforms · silicon ·
silver nanoparticles · surface-enhanced Raman scattering
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