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ABSTRACT: Antimicrobial resistance and multidrug resistance are slower-moving
pandemics than the fast-spreading coronavirus disease 2019; however, they have
potential to cause a much greater threat to global health. Here, we report a
clustered regularly interspaced short palindromic repeats (CRISPR)-mediated
surface-enhanced Raman scattering (SERS) assay for multidrug-resistant (MDR)
bacteria. This assay was developed via a synergistic combination of the speciﬁc
gene-recognition ability of the CRISPR system, superb sensitivity of SERS, and
simple separation property of magnetic nanoparticles. This assay detects three
multidrug-resistant (MDR) bacteria, species Staphylococcus aureus, Acinetobacter
baumannii, and Klebsiella pneumoniae, without puriﬁcation or gene ampliﬁcation
steps. Furthermore, MDR A. baumannii-infected mice were successfully diagnosed using the assay. Finally, we demonstrate the
on-site capture and detection of MDR bacteria through a combination of the three-dimensional nanopillar array swab and
CRISPR-mediated SERS assay. This method may prove eﬀective for the accurate diagnosis of MDR bacterial pathogens, thus
preventing severe infection by ensuring appropriate antibiotic treatment.
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bacteria. MDR bacteria are often identiﬁed via polymerase
chain reaction (PCR) ampliﬁcation of AMR gene sequences.10
Although PCR-based methods provide high sensitivity, they
require multiple steps, a long operation time, complex primer
design, many reagents, a high level of technical expertise, and
large instrumentation. In addition, false results are often
obtained due to the undesired nucleic acid ampliﬁcation, and
the methods do not entirely avoid the separation, puriﬁcation,
and pre-enrichment of MDR bacteria.11−13 To overcome the
limitations of conventional PCR methods, several nucleic acid
sensing approaches have been developed, such as nucleic acid
sequence-based ampliﬁcation (NASBA), reverse transcription

he emergence and spread of antimicrobial resistance
(AMR), leading to multidrug-resistant (MDR) bacteria, is one of the greatest threats to public health.1−4
This is particularly concerning during the current coronavirus
disease 2019 (COVID-19) pandemic; patients in hospitals
must be extremely careful to avoid secondary infections with
MDR bacteria.5−7 MDR bacteria, referred to as superbugs,
cause an estimated 700 000 deaths annually, worldwide.3 In
one report, it has been predicted that MDR-related diseases
could cause 10 million deaths by 2050, resulting in a global
economic loss of over US$100 trillion.3 Considering that MDR
bacteria frequently spread from infected patients and
contaminated hands, skin, and equipment in a hospital, it is
critical to detect superbugs on-site, rapidly, and accurately for
the prevention and control of MDR bacterial infections with
proper antibiotics.8
Multidrug-resistance in bacteria can be induced by
chromosomal gene mutations or by acquisition of mobile
genetic elements, such as plasmids and bacteriophages.9 It is,
therefore, vital to accurately identify the AMR genes in
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Figure 1. Schematic representation of superbug detection using CRISPR-mediated SERS assay. The Au MNP-dCas9/gRNA probe and
genomic DNA of a superbug-infected mouse are allowed to react in a tube. Next, MB is added, which intercalates into the genomic DNA.
Lastly, the MDR bacterial gene-bound Au MNP-dCas9/gRNA probe is collected using an external magnet, and the SERS measurement is
accomplished.

We hypothesized that the synergistic convergence of the
sequence-speciﬁc recognition ability of the CRISPR/Cas
system and the high sensitivity of SERS would present a
simple, accurate, and sensitive method for the detection of
MDR bacteria.
Herein, we report the development of a CRISPR/Cas9
endonuclease dead (dCas9)-mediated SERS assay for MDR
Staphylococcus aureus, Acinetobacter baumannii, and Klebsiella
pneumoniae. The dCas9/gRNA ribonucleoproteins (RNPs)
were designed to recognize the MDR bacteria, and the
designed dCas9/gRNA complexes were combined with Aucoated magnetic nanoparticles (Au MNPs). To diagnose
superbugs, the Au MNP-dCas9/gRNA probes were reacted
with MDR bacterial genes. After Raman dye incorporation and
magnetic separation, strong SERS signals were obtained from
the multidrug-resistance gene-captured Au MNP-dCas9/
gRNA probes. The assay allowed us to detect MDR bacteria
from clinical isolates with fM-level sensitivity without gene
ampliﬁcation, as well as to diagnose MDR bacteria in infected
mice. Furthermore, the on-site capture of MDR bacteria using
a three-dimensional (3D) nanopillar array and continuous
detection of the bacteria using the CRISPR/dCas9-mediated
SERS assay are demonstrated. We anticipate that this new
method can be expanded to diagnose a wide array of
pathogens, aiding patient care in the early stage of bacterial
infection, while controlling the propagation and transmission
of the superbugs.

recombinase polymerase ampliﬁcation (RT-RPA), reverse
transcription loop-mediated isothermal ampliﬁcation (RTLAMP), and clustered regularly interspaced short palindromic
repeats (CRISPR)-associated nuclease (CRISPR/Cas)-based
nucleic acid detection methods.14−16
Recently, CRISPR/Cas technologies have gained considerable attention owing to their potential in molecular
diagnostics.16,17 Speciﬁcally, CRISPR/Cas-based nucleic acid
detection methods show sequence-speciﬁc recognition capabilities and have wide applicability16,17 because CRISPR/Cas
proteins can bind to a target sequence in a site-speciﬁc manner
via a single-stranded guide RNA (gRNA), which can be
programmed to recognize any target sequence.18 Therefore,
CRISPR/Cas proteins have been used for the diagnosis of
infectious bacteria and viruses using several sensing approaches, including ﬂuorescence, colorimetry, and electric
signals.19−25 However, most of these methods require the
extraction and pre-ampliﬁcation of nucleic acids. Hence, it
remains challenging to identify multidrug-resistance in bacteria
on-site without a necessary sample preparation step.
Surface-enhanced Raman scattering (SERS) is a phenomenon in which Raman signals of molecules increase near SERSactive surfaces.26 SERS has been considered an attractive
optical sensing technique owing to its single-molecule-level
sensitivity, molecular ﬁngerprint spectrum, and insensitivity to
quenching.26 Because of these advantages, SERS has been
applied to the detection of bacterial genes as well as for the
direct detection of bacteria.27,28 The label-free detection
methods based on the intrinsic SERS spectra of bacteria
have allowed the rapid and simple sensing of bacteria.27,28 The
labeling methods employing SERS-tags have improved
bacterial detection capability and sensitivity.27,28 Moreover,
the SERS-based pathogen DNA detection approaches have
enabled the multiplex and precise identiﬁcation of pathogenic
bacteria.29 The CRISPR/Cas system-based molecular diagnostic approaches have mainly adopted the use of ﬂuorescence
because of the associated ease of observation, availability of
numerous probes, practicality, and expandability.16,17 Despite
the advantages of the SERS technique, CRISPR/Cas systemmediated SERS sensing methods have not yet been developed.

RESULTS
Principle of CRISPR-Mediated SERS Assay. In the
CRISPR-mediated SERS assay, bacterial genomic DNA is
directly employed without puriﬁcation or ampliﬁcation,
enabling the convenient detection of MDR bacteria. The Au
MNP-dCas9/gRNA probe and genomic DNA from an MDR
bacteria-infected mouse are mixed in a single reaction tube
(Figure 1). Because dCas9/gRNA can capture the complementary target DNA site by scanning the whole genomic DNA
and unzipping the speciﬁc site, the Au MNP-dCas9/gRNA
probe can recognize and bind with the MDR bacterial gene
accurately.30 Next, methylene blue (MB) is added to the tube,
17242
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Figure 2. Synthesis of Au MNPs. (a,c,e) TEM images of (a) Fe3O4, (c) Fe3O4@SiO2, and (e) Fe3O4@SiO2@Au NPs. (b,d,f) EDX-TEM
mapping images of (b) Fe3O4, (d) Fe3O4@SiO2, and (f) Fe3O4@SiO2@Au NPs. Fe, Si, and Au distributions are shown in red, cyan, and
yellow, respectively. Scale bars = 150 nm. (g) XRD spectra of Fe3O4 (red spectrum), Fe3O4@SiO2 (cyan spectrum), and Fe3O4@SiO2@Au
(blue spectrum) NPs. Red dots indicate the peaks originating from Fe3O4. Cyan dots indicate the broad peak originating from amorphous
SiO2. Blue dots indicate the peaks originating from Au. (h) Magnetic hysteresis loops of Fe3O4 (red spectrum), Fe3O4@SiO2 (cyan
spectrum), and Fe3O4@SiO2@Au (blue spectrum) NPs. Inset is a photograph of Au MNPs before and after magnetic separation.

the metallic nanoscale gap structure.26 When the sample
includes an MDR bacterial gene, we can observe strong SERS
signals of MB from the magnetically concentrated Au MNPs
because the MB-intercalated genomic DNA is present in the
SERS hot spots of Au MNP clusters. In contrast, when a
nontarget gene is present in the reaction tube, the binding
between the gene and dCas9/gRNA RNP complex does not
occur. Consequently, minimal MB is present near the SERS

which intercalates into the target DNA. MB is a well-known
Raman reporter for the 633 nm excitation source and can
intercalate into double-stranded DNA because of its planar
aromatic structure.31 Finally, the MDR bacterial gene-bound
Au MNP-dCas9/gRNA probe is collected with the assistance
of an external magnet, and the SERS measurement is
accomplished. SERS signals can be obtained from a small
number of molecules or even from a single molecule located in
17243
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X-ray diﬀraction (XRD) of Fe3O4 NPs shows peaks at 30,
37, 43, 53.4, 56.8, and 62.5° (red spectrum in Figure 2g).
According to the Joint Committee on Powder Diﬀraction
Standards (JCPDS) card No. 75-1609, these peaks originate
from (112), (202), (220), (024), (303), and (224) planes of
Fe3O4 (marked as red dots in Figure 2g). The XRD spectrum
of Fe3O4@SiO2 NPs shows the same peaks; however, the
intensities decreased because of the amorphous SiO2 layers
(cyan spectrum in Figure 2g). The broad band near 25° also
indicates the formation of amorphous SiO2 layers (marked as
cyan dot in Figure 2g). The XRD spectrum of the ﬁnal Au
MNPs (blue spectrum in Figure 2g) exhibits three additional
peaks at 38.2, 44.3, and 64.5°, in agreement with (111), (200),
and (220) crystal planes of Au (marked as blue dots in Figure
2g; JCPDS card no. 04-0784). These results demonstrate the
crystalline nature of Au MNPs. The UV−vis absorption
spectrum of Au MNPs with a peak at 524 nm is shown in
Figure S1 in the Supporting Information. Additionally, we
investigated the magnetic properties of NPs (Figure 2h). All
NPs exhibit superparamagnetic behavior at room temperature.
The saturation magnetization (Ms) values of Fe3O4, Fe3O4@
SiO2, and Au MNPs were 85.6, 82.9, and 58.7 emu g−1,
respectively. These magnetic features suggest that assynthesized Au MNPs can present strong magnetic responsiveness, enabling the simple separation of Au MNPs using an
external magnet (inset of Figure 2h).32
Evaluation of CRISPR-Mediated SERS Assay. In 2017,
the World Health Organization (WHO) published a list of
priority pathogens that are resistant to drugs and thus pose a
great threat to human health.1 The list especially highlighted
the threat of six superbugs designated by the acronym ESKAPE
(Enterococcus faecium, S. aureus, K. pneumoniae, A. baumannii,
Pseudomonas aeruginosa, and Enterobacter species). These
pathogens escape the eﬀects of antibiotics and cause a large
proportion of all hospital-acquired infections. Among ESKAPE
pathogens, S. aureus is the most prevalent cause of nosocomial
infection. According to the Centers for Disease Control and
Prevention (CDC) of the United States of America, 323 700
cases of S. aureus infection were estimated in hospitalized
patients, accounting for 10 600 deaths in 2017.2 Furthermore,
A. baumannii and K. pneumoniae also present challenging
threats to hospitalized patients, as they exhibit growth
resistance to multiple antibiotics.4 In this regard, we selected
MDR S. aureus, A. baumannii, and K. pneumoniae as target
superbugs for the evaluation of the CRISPR-mediated SERS
assay.
For the recognition of MDR bacterial genes, we designed
gRNA according to species-speciﬁc virulence genes (spa for S.
aureus, pgi for A. baumannii, and uge for K. pneumoniae; Table
S1 in the Supporting Information). Conventional 16S rRNA
genes are inadequate for the identiﬁcation of MDR bacteria, as
the selected sequences are redundant between species.
However, the bacterial species-speciﬁc virulence gene was
more accurate than housekeeping genes, such as 16S rRNA
gene. To assess the accuracy of the designed gRNAs, the
binding of RNP complexes to target genes was examined using
gel electrophoresis. The Cas9/gRNA and dCas9/gRNA
complexes were prepared by mixing the proteins and gRNAs.
The PCR amplicons containing target sequences were
synthesized from the genomic DNA of superbugs (Table S2
in the Supporting Information). When the PCR product was
mixed with the Cas9/gRNA complex, the amplicon was
cleaved by the RNP; thus, two distinct DNA bands were

hot spots of concentrated Au MNPs, and negligible SERS
signals are obtained.
This assay has the following distinct merits for genomic
DNA detection: (1) The speciﬁc gene-recognition ability of
the CRISPR protein acts to selectively detect target genomic
DNA without puriﬁcation or fragmentation steps. (2) The
concentrated Au MNPs conﬁne the genomic DNA at SERS
hot spots, providing high sensitivity without ampliﬁcation. (3)
The superparamagnetic property of Au MNPs oﬀers eﬀective
DNA separation from biological samples, resulting in a simple
and rapid assay. These advantages of the CRISPR-mediated
SERS assay allow for on-site, rapid, sensitive, and precise
detection of superbugs.
Synthesis of Au MNPs. Magnetic core−noble metal shell
nanoparticles (NPs) have attracted much attention in the
SERS-based biomolecular sensing approaches for the following
reasons: First, the magnetic core can be manipulated by an
external magnetic ﬁeld, facilitating the separation and
concentration of target molecules from complex biological
samples.32,33 Because various molecules in biological samples
can interfere with the generation of target-speciﬁc SERS
signals, the removal of complicated matrices is important. The
simple magnetic separation and concentration of NPs enable
the total assay time to be shortened and the inconvenient
centrifugation process to be eliminated. Second, the noble
metal shell allows for the occurrence of the SERS
phenomenon.26,33 In particular, numerous SERS hot spots
can be formed in the magnetically concentrated NPs, providing
high SERS enhancement. Third, the noble metal-coated MNPs
can be modiﬁed with various kinds of biomolecules, suggesting
the wide applicability of the MNPs in biomedical studies.32,33
In this study, we synthesized NPs consisting of an Fe3O4
magnetic core, a SiO2 interfacing layer, and an outer Au shell.
First, the Fe3O4 core was prepared via a solvothermal reaction
of FeCl3, sodium citrate tribasic dehydrate, and sodium acetate
(NaAc) in ethylene glycol (EG).34 Transmission electron
microscopy (TEM) imaging of the Fe3O4 NPs revealed a
diameter of approximately 110 nm (Figure 2a). An energydispersive X-ray (EDX)-TEM mapping image is shown in
Figure 2b corresponding to Figure 2a. The red color
distributions are clearly matched to the TEM image of
Fe3O4 NPs, indicating that the Fe atoms are uniformly
associated with the NPs. After the preparation of the magnetic
core, a SiO2 layer was coated on the core NP through the
hydrolysis of tetraethyl orthosilicate (TEOS).33 The SiO2 layer
was used to increase the stability of Au MNPs and to eﬃciently
connect the magnetic core with the outer Au shell.35−39 TEM
imaging shows the successful coating of SiO2 layers on Fe3O4
NPs (Figure 2c). The diameter of the Fe3O4@SiO2 NPs is
approximately 300 nm. The corresponding EDX-TEM image
also indicates that Si atoms are present on the outer layers of
the NPs (cyan color distribution in Figure 2d). Finally, we
synthesized Fe3O4@SiO2@Au NPs through the seed-mediated
growth of Au on the Fe3O4@SiO2 NPs. Brieﬂy, the surfaces of
Fe3O4@SiO2 NPs were modiﬁed with (3-aminopropyl)trimethoxysilane (APTMS), and then Au seeds were attached
to the ATPMS-modiﬁed NPs. Subsequently, the Au seedattached NPs were reacted with HAuCl4·3H2O, potassium
carbonate, and formaldehyde, leading to the formation of Au
shells.34 As a result, NPs approximately 390 nm in diameter
consisting of an Fe3O4 magnetic core, a SiO2 interfacing layer,
and an outer Au shell were successfully acquired (Figure 2e,f).
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Figure 3. Evaluation of CRISPR-mediated SERS assay. (a) Schematic representation of Au MNP-dCas9/gRNA preparation and SERS-based
DNA detection procedures. (b) Gel electrophoresis images of PCR amplicons before and after reaction with Au MNP-dCas9/gRNA probes.
(c) Results of CRISPR-mediated SERS assay of PCR amplicons.

suggests the successful preparation of Au MNP-NTA-Ni2+.40
Because the His-tagged dCas9 protein has a high aﬃnity for
the metal ion, the conjugation of dCas9/gRNA and Au MNPNTA-Ni2+ can occur routinely.40,41 Therefore, we could obtain
the Au MNP-dCas9/gRNA probe by mixing the Au MNPNTA-Ni2+ with the dCas9/gRNA complex.
To conﬁrm the formation of the Au MNP-dCas9/gRNA
probe, sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) analysis of the probe was performed
(Figure S5 in the Supporting Information). Excess imidazole
solution was added to the Au MNP-dCas9/gRNA probes
inducing the release of dCas9 from Au MNPs through the
displacement of the His-Ni2+ coordination.40,41 The remaining
Au MNPs were removed magnetically, and the supernatants
were analyzed. As a result, a single band at ∼150 kDa, which is
the same as in the dCas9/gRNA analysis, was clearly observed.
This veriﬁes the formation of Au MNP-dCas9/gRNA probes.
In addition, the Au MNP-dCas9/gRNA probes exhibited
superparamagnetic properties at room temperature, similar to
those of the bare Au MNPs (Figure S6 in the Supporting
Information).
Visualization of the bands of PCR amplicons by gel
electrophoresis before and after reaction with Au MNPdCas9/gRNA probes showed distinct PCR products, without
the Au MNP-dCas9/gRNA probes (Figure 3b). Moreover,
after mixing the PCR amplicons with the probes, very sparse
bands were observed. These results conﬁrmed that Au MNPdCas9/gRNA probes can speciﬁcally capture the MDR
bacterial genes. For the SERS-based detection of an MDR
bacterial gene using the Au MNP-dCas9/gRNA probe, we
employed MB as a Raman dye. MB can be intercalated into the
gene that is captured by the Au MNP-dCas9/gRNA probe,

observed in the gel image (Figure S2 in the Supporting
Information). Because the gRNA binding region is located
asymmetrically within the PCR product, cleavage by the Cas9/
gRNA complex results in two DNA bands of unequal length.30
The electrophoretic mobility shift assay results for PCR
products, dCas9/gRNA complexes, and the mixture are shown
in Figure S3 in the Supporting Information. Compared to the
PCR product, the mixture of PCR product and dCas9/gRNA
complex was visualized as an upper band in the gel as the
mobility of the gene-bound dCas9/gRNA complex was
reduced.23 This result indicates that the designed gRNAs can
recognize the target sequences accurately and that dCas9/
gRNA complexes can be used for the detection of MDR
bacterial genes without cleavage.
A schematic illustration of the Au MNP-dCas9/gRNA
preparation and SERS-based DNA detection procedures is
presented in Figure 3a. For the combination of Au MNPs with
dCas9/gRNA complexes, Au MNPs were functionalized with
nitrilotriacetic acid (NTA) and added into a Ni2+ solution.
After washing and separation, Au MNP-NTA-Ni2+ was
characterized by X-ray photoelectron spectroscopy (XPS)
(Figure S4 in the Supporting Information). Fe 2p1/2 (724.1
eV), Fe 2p3/2 (711 eV), Si 2p (102.5 eV), Au 4f1/2 (87.6 eV),
and Au 4f1/2 (83.8 eV) peaks were generated by Au MNPs.
The peak at 288.3 eV is attributed to carbonyl groups in
NTA.40 The peak at 286.3 eV can be assigned to the C 1s
binding energy of −CS− group. The peak at 284.7 eV
corresponds to C 1s binding energy of −(CH2)− groups in
NTA.40 The peak at 162.2 eV is attributed to the Au−S bond,
implying that Au MNP-NTA-Ni2+ had bonded via Au−S
bonding.40 The Ni 2p1/2 (874.2 eV) and Ni 2p3/2 (856.7 eV)
originated from a Ni2+ chelate complex. The XPS result
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enabling us to obtain strong SERS signals (Figures 1 and 3a).
We tested the CRISPR-mediated SERS assay using PCR
amplicons of MDR S. aureus, A. baumannii, and K. pneumoniae.
Each PCR product (500 ng) was reacted with its
complementary Au MNP-dCas9/gRNA probe in a reaction
tube for 30 min. After the addition of MB (10−3 M), the genebound Au MNP-dCas9/gRNA probes were concentrated, and
the SERS signals were monitored. Strong SERS MB signals
could be measured from each Au MNP-dCas9/gRNA probe,
however, only when each target PCR amplicon was present
(blue, magenta, and orange spectra in Figure 3c). When there
were no PCR products, featureless spectra were observed
(black spectra in Figure 3c). Based on these results, we
deduced that the current CRISPR-mediated SERS assay can be
used for the detection of MDR bacterial genes.
Detection of Clinical MDR Bacteria from ICU Patients.
After evaluating the CRISPR-mediated SERS assay, we
attempted to detect multidrug-resistance genes of MDR
bacteria in clinical isolates of S. aureus, A. baumannii, and K.
pneumoniae, provided by Yonsei University Health System.
Intact genomic DNA from each MDR bacteria was extracted
and reacted with the Au MNP-dCas9/gRNA probes. After the
addition of MB and magnetic separation of gene-captured
probes, SERS spectra were observed. SERS spectra of MB from
the Au MNP-dCas9/gRNA probes were recorded with varying
amounts of S. aureus genomic DNA (Figure 4a). The SERS
signals were observed to gradually increase with increasing
amounts of genomic DNA. Compared with the SERS spectrum
of a control sample, S. aureus was distinguished in as little as 50
ng of genomic DNA. The SERS spectra obtained from the
probes by varying the amounts of A. baumannii and K.
pneumoniae DNAs are displayed in Figure S7 in the Supporting
Information. Because the 1620 cm−1 band of MB is strong and
distinct from other peaks, we plotted the 1620 cm−1 band
intensity as a function of the amount of genomic DNA for the
calibration of the CRISPR-mediated SERS assay and observed
a linear increase (Figure 4b). The linearly ﬁtted lines were y =
53.3x + 512.6 with an R2 value of 0.99482 for MDR S. aureus, y
= 56.7x + 1073.9 with an R2 value of 0.99858 for MDR A.
baumannii, and y = 59.0x + 1718.4 with an R2 value of 0.99585
for MDR K. pneumoniae. Following the limit of detection
(LOD) = 3 sb/m, where sb is the standard deviation of SERS
responses for blank samples and m is the slope of the
calibration curve, the LOD of the CRISPR-mediated SERS
assay is estimated to be 25.69 ng for MDR S. aureus, 23.86 ng
for MDR A. baumannii, and 28.05 ng for MDR K. pneumoniae.
These LOD values can be translated to 14.1 fM for MDR S.
aureus, 9.7 fM for MDR A. baumannii, and 8.1 fM for MDR K.
pneumoniae, based on the size of each bacterial genome (2.97
Mbp of S. aureus, 3.97 Mbp of A. baumannii, and 5.58 Mbp of
K. pneumoniae).42−44 The full SERS data are presented in
Figure S8 in the Supporting Information.
The results of the test for selectivity of the CRISPRmediated SERS assay are shown in Figure 4c. For the test, 450
ng of genomic DNA from each MDR bacterium was used. The
Au MNP-dCas9/gRNA 1 probe for MDR S. aureus provided
strong SERS signals only in the presence of MDR A. baumannii
(blue bars in Figure 4c). Similarly, MDR A. baumannii and K.
pneumoniae were detected when corresponding Au MNPdCas9/gRNA (gRNA 2 for MDR A. baumannii and gRNA 3
for MDR K. pneumoniae) probes were employed. The full
SERS data for Figure 4c are shown in Figure S9 in the
Supporting Information. The reproducibility of the CRISPR-

Article

Figure 4. Detection of clinical MDR bacteria from ICU patients.
(a) SERS spectra of MB obtained from Au MNP-dCas9/gRNA
probes by varying the amount of MDR S. aureus genomic DNA.
(b) Plot of 1620 cm−1 band intensity versus the amount of
genomic DNA (S. aureus, blue; A. baumannii, magenta; and K.
pneumoniae, orange). Data represent the average ± standard
deviation from 10 measurements. (c) Selectivity of CRISPRmediated SERS assay. The x-axis indicates the MDR bacteria (S.
aureus, A. baumannii, and K. pneumoniae), the y-axis represents the
type of gRNA (gRNA 1 for MDR S. aureus, gRNA 2 for MDR A.
baumannii, and gRNA 3 for MDR K. pneumoniae), and the z-axis is
the 1620 cm−1 band intensity of MB. Data represent the average +
standard deviation from 10 measurements.

mediated SERS assay was also examined (Figure S10 in the
Supporting Information). The relative standard deviation
(RSD) value of the assay was calculated as 11.02% for MDR
S. aureus, 8.95% for MDR A. baumannii, and 10.15% for MDR
K. pneumoniae. These results indicate that the Au MNPdCas9/gRNA probes can recognize the complementary target
sequences speciﬁcally, allowing the accurate detection of MDR
bacteria.
Diagnosis of MDR Bacteria-Infected Mice. Mouse
models have been widely used to study the spread and
infectious activity of MDR bacterial strains because these
models have similarities to humans in terms of anatomy,
physiology, and genetics.45−47 In particular, mouse tissues have
been regarded as valuable samples in clinical diagnostic and
therapeutic studies because they provide massive biological
and clinical information.45
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Figure 5. Diagnosis of MDR bacteria-infected mice. (a) Photographs of the lung, spleen, and liver excised from an MDR A. baumanniiinfected mouse. (b) Diagnostic result of MDR A. baumannii-infected mice (nos. 1−5) and a healthy control mouse (no. 6) using the
CRISPR-mediated SERS assay. Data represent the average + standard error from 10 measurements. *P < 0.05 in each organ.

For the investigation of the clinical diagnostic ability of the
CRISPR-mediated SERS assay, we attempted to detect MDR
A. baumannii in organs of infected mice (Figure 5a). A total of
ﬁve mice were inoculated with MDR A. baumannii (nos. 1−5),
and a control mouse was injected with buﬀered saline (no. 6).
The lung, spleen, and liver tissues of the mice were aseptically
harvested, and each organ was homogenized with Zr beadbeating. It is to be noted that the tissue sample was directly
used for the assay without gene puriﬁcation and ampliﬁcation
steps. The Au MNP-dCas9/gRNA probe exhibited strong
SERS signals from the organs of infected mice (nos. 1−5;
Figure 5b and Figure S11 in the Supporting Information). In
contrast, featureless SERS signals were observed from organs
of the healthy mouse (No. 6). This result veriﬁes that the
CRISPR-mediated SERS assay can be useful in the clinical
diagnosis of MDR bacteria. Notably, the MDR bacterial gene
was detectable in a single reaction tube within 1 h without
puriﬁcation or ampliﬁcation steps. Considering that the direct
detection of genes in biological tissue samples is a challenging
task for on-site nucleic acid sensing approaches, this result is
signiﬁcant. The speciﬁc gene-recognition ability of the dCas9/
gRNA complex and the simple separation and high sensitivity
of Au MNPs synergistically contribute to the direct detection
of MDR bacteria-speciﬁc genes in biological samples. We
further conﬁrmed the diagnostic result of the CRISPRmediated SERS assay by comparing it with the gold standard
methods, including bacterial culture and PCR. Colony
formation of A. baumannii from the lung, spleen, and liver
samples of an infected mouse model (no. 1) is shown (Figure
S12 in the Supporting Information), suggesting the presence of
A. baumannii in the organs of the mouse. PCR results of MDR
A. baumannii genes extracted from the organs of mouse models
(nos. 1−6) show that the relative ﬂuorescence intensities
distinctly increase only from the organs of infected mouse
models (nos. 1−5) (Figure S13 in the Supporting
Information). The healthy control mouse (no. 6) exhibited
no PCR signals of MDR A. baumannii genes. Thus, both gold
standard methods provide the same diagnostic results as those
obtained in the CRISPR-mediated SERS assay. This clearly
conﬁrms the diagnostic capability of the current approach. For
the diagnosis of MDR A. baumannii-infected mice, culturebased methods require over 24 h and the PCR methods
require over 6 h, including the time taken for the lysis, DNA

puriﬁcation, and ampliﬁcation steps. The CRISPR-mediated
SERS assay enables us to diagnose MDR A. baumannii-infected
mice within 1 h without DNA extraction and ampliﬁcation.
This beneﬁt may encourage the developed method to be
employed for the diagnosis of MDR bacteria in the real-world
scenario.
The CRISPR-mediated SERS assay was further tested for
the detection of the multidrug-resistance gene in blood
samples of infected mice. The blood samples acquired from
MDR A. baumannii-infected mice were centrifuged and the
supernatant was bead-beaten. Subsequently, the sample was
directly mixed with the Au MNP-dCas9/gRNA probe. After
the addition of MB and magnetic collection, SERS signals were
observed. The blood sample of MDR A. baumannii-infected
mice exhibited a strong SERS signal compared with that of a
healthy mouse (Figure S14 in the Supporting Information),
demonstrating that the direct detection of the multidrugresistance gene in the blood sample is feasible without
puriﬁcation. We also tested the detection of the multidrugresistance gene in genomic DNA extracted from the blood
sample of MDR A. baumannii-infected mice (Figure S14 in the
Supporting Information). Similar SERS signals were observed
for the target gene in DNA extracted from the blood sample of
MDR A. baumannii-infected mice, suggesting that the
CRISPR-mediated SERS assay can be employed for the
diagnosis of MDR bacteria-infected patients.
On-Site Capture and Detection of MDR Bacteria.
During the current COVID-19 pandemic, in particular, the
number of patients in hospitals is continuously increasing.48
Several hospitals are overrun by COVID-19 patients, and thus,
the public health care systems are under severe threat globally.
In this situation, nosocomial infections can easily increase and
become especially critical for patients with suppressed immune
systems.5−7 Among the 16 654 patients in Italy who died of
COVID-19, superbug infections were reported in 11% of the
cases.7 Moreover, a signiﬁcant increase in multidrug-resistance
due to the heavy use of antibiotics in COVID-19 patients is
expected.6 Previously, the CDC estimated 1 in 20 patients will
contract a nosocomial infection every day, with some reports
suggesting that the economic burden of nosocomial infections
will reach US$35.7 billion a year.49 MDR bacterial infections
can be acquired from another infected patient, contaminated
equipment, health care staﬀ, and even from the microbiota of a
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patient’s own skin.4−8 In particular, outbreaks of A. baumannii
primarily occur in intensive care units (ICUs) of hospitals, as
patients with weakened immune systems and other comorbidities are highly susceptible to transmission.50,51 Therefore, early
detection and treatment of MDR bacteria are vital for the
prevention of nosocomial infections.
For the on-site capture and detection of MDR bacteria, we
employed 3D complex nanopillar arrays, providing eﬀective
bacterial capture ability. Previous studies have revealed that
nanoscale structures, especially 3D nanostructures, promote
bacterial cell adhesion via a nanotopographical interaction.52
The bacterial appendages, such as pili, curli, and ﬁmbriae,
govern and regulate bacterial adhesion at the single-cell level
when they approach heterogeneous nanostructures.53 The 3D
complex nanopillar array swab can capture bacteria by simply
touching and rubbing it on the skin of a mouse (Figure 6a).
The captured bacteria are then lysed and detected using the
CRISPR-mediated SERS assay. The 3D complex nanopillar
array structure was fabricated via the construction of
polyaniline nanocilia on the pillar arrays. Next, the array
structure was attached to the swab holder, which was designed
and fabricated by a 3D printer. Images of the 3D complex
nanopillar array swabs during the capture of MDR A.
baumannii from the skin, tail, and foot of a mouse, as well as
from a pair of scissors, scalpel, and glove are shown in Figure
6b. For this demonstration, the mouse and objects were
intentionally contaminated with MDR A. baumannii. The
bacteria captured on the 3D nanostructure were clearly
observed in SEM images (Figure 6c,d), indicating that MDR
A. baumannii can be collected by simple contact with a 3D
array swab. Notably, the morphology of the 3D nanopillar
array was preserved after the capture of MDR A. baumannii.
The 3D array structure exhibited robust mechanical strength
against physical contact, suggesting the potential for real-life
applications. Figure 6e depicts the results of the CRISPRmediated SERS assay after the 3D complex nanopillar array
swab-based capture of MDR A. baumannii. MB SERS signals
were observed for the MDR A. baumannii-contaminated mouse
and objects (magenta bars in Figure 6e and Figure S15 in the
Supporting Information), however, not for the normal healthy
mouse or contaminant-free objects, implying the absence of
MDR A. baumannii (black bars in Figure 6e). From these
results, we anticipate that the developed method is applicable
for on-site bacterial capture and diagnosis, and thus, for the
prevention of nosocomial infections.
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Figure 6. On-site capture and detection of MDR bacteria. (a)
Schematic representation of on-site capture and detection of MDR
A. baumannii using a 3D complex nanopillar array swab and the
CRISPR-mediated SERS assay. (b) Photographs of 3D complex
nanopillar array swabs during the capture of MDR A. baumannii
from the skin, tail and foot of a mouse, as well as from a pair of
scissors, scalpel, and glove. (c, d) SEM images of 3D complex
nanopillar arrays (c) before and (d) after the capture of MDR A.
baumannii. Scale bars = 1 μm. (e) Results of CRISPR-mediated
SERS assay of MDR A. baumannii-contaminated (magenta) and
control (black) samples after 3D complex nanopillar array swabbased capture. Data represent the average + standard error from
10 measurements. *P < 0.05.

DISCUSSION
SERS-based nucleic acid sensing approaches have been actively
developed since it was reported that hybridization of nucleic
acids can induce the formation of SERS hot spots.26,33,54
Subsequently, numerous SERS-active platforms were adopted
for the detection of nucleic acids, showing their potential for
biomedical applications.26,33,54 Most of the SERS-based nucleic
acid sensing methods are based on the hybridization of target
sequences to complementary probe sequences. Direct capture
and label-free SERS detection of nucleic acids have been
recently studied; however, risks remain in band analysis and,
thereby, inaccurate genetic identiﬁcation.54 Consequently,
many researchers have sought to hybridize target nucleic
acids more sensitively and speciﬁcally. For this purpose, several
kinds of molecular probes have been designed, including
locked nucleic acids, peptide nucleic acids, charge-modiﬁed
nucleic acids, etc.54−56 Although these probes have been

employed for the improvement of sensitivity and selectivity of
SERS-based nucleic acid detection, they have drawbacks, such
as high cost and speciﬁc design requirements for each target
sequence, making their use diﬃcult in biomedical diagnostics.
Since the time it was reported that the CRISPR/Cas system
could be used for the detection of nucleic acids, the system has
attracted great attention in the ﬁeld of molecular diagnostics.16,17 Very recently, a CRISPR-based COVID-19 diagnostic
method was approved by the U.S. Food and Drug
Administration (FDA), providing evidence of the usefulness
of CRISPR-based molecular diagnostic methods in the realworld scenario.20 The advantages of CRISPR-based molecular
diagnostic approaches include high speciﬁcity owing to
enzymatic recognition of target nucleic acid, fast turnaround
times, convenient isothermal reactions, and wide applicability
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due to the simple programmable system.16,17 These advantages
prompted us to develop the current CRISPR-mediated SERS
assay. We speculated that the combination of the sequencespeciﬁc recognition ability of the CRISPR/Cas system and the
high sensitivity of SERS would synergistically contribute to
accurate and sensitive nucleic acid detection. As a result, the
CRISPR-mediated SERS assay enabled us to detect an MDR
bacterial gene in a single reaction tube at fM levels without
ampliﬁcation. Table S3 in the Supporting Information shows a
comparison of the CRISPR-mediated SERS assay with DNA
probe-based techniques. The LOD of CRISPR-mediated SERS
assay is lower than those of ampliﬁcation-free techniques.57−59
Although the surface plasmon imaging based technique shows
lower LOD value, it requires the fragmentation of genomic
DNA sample.60 Compared with the SERS-based bacterial
DNA detection method, the LOD of the CRISPR-mediated
SERS assay is approximately 100-fold lower.29 Interestingly,
the LOD of this assay is comparable to that of the
ampliﬁcation-free dCas9-immobilized graphene ﬁeld-eﬀect
transistor (FET) sensor.61 Considering that the sensitivity of
the dCas9-immobilized graphene FET sensor also depends on
the ability of dCas9, the sensitivity of the CRISPR-mediated
SERS assay is reasonable. Overall, the CRISPR-mediated SERS
assay is able to detect target sequences without ampliﬁcation,
fragmentation, puriﬁcation, and multistep procedures.
The MDR bacteria used in this experiment were collected
from blood isolates of patients in the ICU of a tertiary hospital
in South Korea. The bacteremia caused by each MDR
bacterium was deﬁned as one or more positive blood cultures
and the presence of clinical features compatible with systemic
inﬂammatory response syndrome. Culture analysis showed that
the three bacterial species exhibited antibiotic resistance
against at least four diﬀerent antibiotics (Table S4 in the
Supporting Information). The multidrug-resistance genes of
these bacteria were selected by sequence analysis, and the
selected sequences were employed for the design of gRNAs.
Therefore, the CRISPR-mediated SERS assay allowed us to
detect the MDR bacteria in vitro with high sensitivity and
speciﬁcity. This assay may contribute to the early and accurate
diagnosis of MDR bacteria, conferring a reduction of bacterial
burden in bacteremia patients.10
A. baumannii is a Gram-negative bacterium causing
pneumonia and sepsis. The CDC reported 8500 estimated
cases of A. baumannii infections in hospitalized patients and
700 estimated deaths in 2017.2 Bacteremia caused by A.
baumannii has also been reported as a critical issue in hospitals
in South Korea over the past decade.51 Here, we demonstrate
the direct detection of MDR A. baumannii genes from a tissue
sample. Notably, the MDR A. baumannii gene was detectable
in blood samples as well as in the organs of infected mice
without ampliﬁcation or puriﬁcation, demonstrating the
potential of the current method in diagnosing MDR bacterial
infections in patients.
Lastly, the 3D complex nanopillar array swab-based capture
and simultaneous detection of MDR A. baumannii were
successfully accomplished. The morphologies of A. baumannii
were distorted on the 3D complex nanopillar array, indicating
the nanotopographical interaction between the nanopillar array
and bacterial cellular structures. Importantly, MDR A.
baumanni was captured on the 3D complex nanopillar array
irreversibly. Considering that the release of captured bacteria
during the detection can cause unexpected infections, the
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practicality of the current 3D complex nanopillar array swab
technique is notable.

CONCLUSION
In summary, a CRISPR-mediated SERS assay for superbugs
was developed by the synergistic combination of the CRISPR
system and SERS-active Au MNPs. By using the assay, MDR S.
aureus, A. baumannii, and K. pneumoniae genes were detected
without ampliﬁcation and puriﬁcation. MDR A. baumanniiinfected mice were also accurately diagnosed using this assay.
Furthermore, 3D complex nanopillar array swab-based capture
and the developed assay-based detection of MDR A. baumannii
were demonstrated. We propose that the CRISPR-mediated
SERS assay can be expanded to a variety of biomedical
diagnostics including detection of other bacteria, viruses,
cancers, and genetic disorders, through the employment of
other CRISPR/Cas proteins, such as Cas12, Cas13, and Cas14,
and speciﬁcally designed gRNAs.
EXPERIMENTAL SECTION
Materials. The following chemicals were purchased from SigmaAldrich: FeCl3, sodium citrate tribasic dehydrate, EG, NaAc, TEOS,
APTMS, HAuCl4·3H2O, tetrakis (hydroxymethyl) phosphonium
chloride solution (THPC), formaldehyde, N-[Nα,Nα-bis(carboxymethyl)-L-lysine]-12-mercaptododecanamide (SH-NTA), dimethyl sulfoxide (DMSO), NiCl2, phosphate-buﬀered saline (PBS),
4-(2-hydroxyethyl)-1-piperazine ethanesulfonic acid (HEPES),
Tween 20, lysostaphin, proteinase K, aniline, and ammonium
persulfate. Genomic RNAs, recombinant Streptococcus pyogenes
dCas9 and Cas9 proteins, and all related buﬀers were purchased
from Integrated DNA Technologies, Inc. (Coralville, IA, USA).
Triton X-100, ethylenediaminetetraacetic acid (EDTA), and Tris-HCl
were purchased from Biosesang (Seongnam, Korea). FastDigest buﬀer
(10×) and 3-((3-cholamidopropyl)dimethylammonio)-1-propanesulfonate were purchased from Thermo Fisher Scientiﬁc (Waltham, MA,
USA). Additional reagents and their sources (in parentheses)
included NEBuﬀer 2.1 (New England Biolabs, MA, USA), lysozyme
(Bio Basic, ON, Canada), GelRed nucleic acid stain (41003)
(Biotium, Fremont, CA, USA), ethyl alcohol (99.9%) (Samchun
Chemical, Seoul, Korea), monofunctional polyethylene glycol-SH
(Creative PEGWorks, NC, USA), UV polymerizable NOA 63
(Norland Optical Adhesives, NJ, USA), polyurethane (Minuta
Tech, Cheongju, Korea), and HClO4 (OCI, Seoul, Korea).
Synthesis of Au MNPs. For the synthesis of Fe3O4 NPs, FeCl3
(0.35 g), sodium citrate tribasic dehydrate (0.15 g), and NaAc (1.20
g) were dissolved in 20 mL of EG, stirred for 30 min, and then sealed
in a Teﬂon-lined stainless-steel autoclave. After heating at 220 °C for
12 h followed by cooling to room temperature, as-synthesized Fe3O4
NPs were washed with ethanol and deionized (DI) water several
times.
The Fe3O4@SiO2 NPs were synthesized using the modiﬁed Stöber
method. A 10 mL solution of Fe3O4 NP (9 mg mL−1) was diluted
with 40 mL of ethyl alcohol and 1.12 mL of ammonia solution (30%).
Next, 0.5 mL of TEOS was slowly added and allowed to react, with
stirring, for 12 h at 25 °C. During the reaction, SiO2 shells formed on
the surfaces of the Fe3O4 NPs via hydrolysis and condensation of
TEOS. Finally, the synthesized Fe3O4@SiO2 NPs were magnetically
collected and washed with ethanol and DI water.
To synthesize the Fe3O4@SiO2@Au NPs, the surfaces of Fe3O4@
SiO2 NPs (40 mg) were functionalized with amine groups by
incubating with 500 μL of APTMS for 8 h, with stirring, at 25 °C.
After the incubation, the Fe3O4@SiO2NPs were puriﬁed by
centrifugation (5000g for 3 min) and rinsed with ethanol three
times. The amine-functionalized Fe3O4@SiO2NPs (40 mg) were
added to the Au seed solution (∼7 × 1014 particles 5 mL−1), which
was prepared by the reduction of HAuCl4·3H2O (2 mL, 1.0% w/w) in
the presence of THPC (1 mL, 80% v/v) and NaOH (0.5 mL, 1 M)
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for 5 min. The Au seeds were attached to the Fe3O4@SiO2NPs via the
amine groups of APTMS, acting as nucleation sites for the Ag shell
formation. The Au seed-attached Fe3O4@SiO2NPs were magnetically
collected and washed with ethanol and DI water. Next, the Au seedattached Fe3O4@SiO2NPs (40 mg) were mixed with a gold-salt
solution (4 mL) and formaldehyde (2 mL) and allowed to react for 5
min at 25 °C. The gold-salt solution was prepared by adding 25 mg of
potassium carbonate to 50 mL of HAuCl4·3H2O (0.02% w/w). After
the reaction, the ﬁnal Fe3O4@SiO2@AuNPs were magnetically
collected, washed with DI water, and dispersed in ultrapure water
until further use.
Evaluation of CRISPR-Mediated SERS Assay. For the Cas9/
gRNA-mediated cleavage assay, the Cas9/gRNA RNP complex was
constructed by incubating 10 μL of gRNA (10 μM) and 1.6 μL of
Cas9 (62 μM) in 88.4 μL of PBS for 10 min at room temperature.
The RNP complex (1 μM) was mixed with PCR product (20 ng/μL)
and incubated in 10 μL of 1× FastDigest buﬀer for 1 h at 37 °C. After
addition of 6× DNA loading buﬀer, the reaction product was loaded
onto a 0.8% precast agarose gel, subjected to electrophoresis, and
visualized using the Gel Doc XR+ gel system (Bio-Rad, Hercules, CA,
USA).
For the dCas9/gRNA-mediated mobility shift assay, the same
procedure was used except that the reaction product was loaded onto
an 8% native polyacrylamide gel. Following electrophoresis, the gel
was stained with GelRed and visualized using the Gel Doc XR+ gel
system.
For the construction of the Au MNP-dCas9/gRNA probe, assynthesized Au MNPs (0.4 mg) were mixed with 1 mL of SH-NTA
solution (1 mg/mL) and shaken for 12 h at 25 °C. The Au MNPNTA were magnetically collected and dispersed in DI water. Next, 1
mL of NiCl2 (0.1 M) was added to the Au MNP-NTA solution, and
the reaction was performed for 8 h at 25 °C. The Au MNP-NTA-Ni2+
was magnetically collected and washed with DI water. Finally, the Au
MNP-NTA-Ni2+ was mixed with 62.5 μL of dCas9/gRNA (1 μM) in
duplex buﬀer containing PBS (100 mM) and HEPES (30 mM) for 30
min. The unbound RNP complex was removed by washing with
buﬀer containing 0.05% Tween 20 and 100 mM imidazole in PBS
(pH 8.0).
To verify the formation of the Au MNP-dCas9/gRNA probe using
SDS-PAGE, an elution buﬀer containing 500 mM imidazole in PBS
(pH 8.0) was added to 60 μL of the Au MNP-dCas9/gRNA probe.
The elution buﬀer induced the release of dCas9 from the probe, and
the remaining Au MNPs were removed using an external magnet.
After addition of 5× loading buﬀer, the probe solution was loaded
onto an 8% SDS-PAGE gel, subjected to electrophoresis, and
visualized by Coomassie Blue staining.
To conﬁrm binding of the Au MNP-dCas9/gRNA probe and the
target gene, 10 μL of Au MNP-dCas9/gRNA probe was mixed with
20 ng of PCR product and incubated in 10 μL of 1× FastDigest buﬀer
for 1 h at 37 °C. Next, the gene-bound Au MNP-dCas9/gRNA probe
was magnetically collected. After addition of 6× DNA loading buﬀer,
the solution was loaded onto a 0.8% precast agarose gel and
electrophoresed, and the products were visualized using the Gel Doc
XR+ gel system.
For evaluation of the CRISPR-mediated SERS assay, 60 μL of Au
MNP-dCas9/gRNA probe was mixed with 500 ng of PCR product in
10 μL of 1× FastDigest buﬀer for 1 h at 37 °C. Next, 10 μL of MB
(10−3 M) was added to the reaction tube and incubated for 10 min.
The gene-bound Au MNP-dCas9/gRNA probe was concentrated for
30 s using a magnet. After washing with ultrapure water, the collected
Au MNPs were dropped on a glass slide, and the SERS signals were
monitored.
Detection of Clinical MDR Bacteria from ICU Patients. All
bacteria clinical isolates were provided by the Yonsei University
Health System in South Korea. The IRB committee of Yonsei
University Health System exempted the study from the need for
ethics approval for the use of bacterial strains taken from patients and
also waived the need to secure consent to participate from the
patients (IRB approval number 4-2017-1179). All bacterial strains
were grown in Luria−Bertani (LB) agar medium for 16 h at 37 °C
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before harvesting and resuspending in sterilized distilled water or PBS.
The bacterial count was measured by the traditional 10-fold serial
dilution plate counting method.
Intact genomic DNA was extracted from MDR bacteria using the
TAKARA MiniBEST Bacteria Genomic DNA Extraction Kit
(TAKARA Korea Bio, Seoul, Korea) according to the manufacturer’s
instructions. Au MNP-dCas9/gRNA probe (60 μL) was mixed with
30 μL of genomic DNA (0−450 ng) in 10 μL of 1× FastDigest buﬀer
for 1 h at 37 °C. Next, 10 μL of MB (10−3 M) was added to the
reaction tube and incubated for 10 min. The gene-bound Au MNPdCas9/gRNA probe was magnetically concentrated for 30 s. After
washing with ultrapure water, the collected Au MNPs were dropped
on a glass slide, and the SERS signals were monitored.
Diagnosis of MDR Bacteria-Infected Mice. A mouse was
inoculated intraperitoneally with 100 μL of 5 × 108 CFU/mL MDR
A. baumannii using a 1 mL syringe with a 26-gauge needle; a normal
control mouse was inoculated with the same volume (100 μL) of
buﬀered saline. Four hours post-inoculation, the lung, spleen, and
liver tissues were aseptically harvested and homogenized in 10% (w/
v) PBS with Zr bead-beating. This sample was directly used for the
CRISPR-mediated SERS assay. The Au MNP-dCas9/gRNA probe
(60 μL) was mixed with 200 μL of tissue sample solution in 1×
FastDigest buﬀer for 50 min at 37 °C. Next, 10 μL of MB (10−3 M)
was added to the reaction tube and incubated for 10 min. The genebound Au MNP-dCas9/gRNA probe was concentrated magnetically
for 30 s. After washing with ultrapure water, the collected Au MNPs
were dropped on a glass slide, and the SERS signals were monitored.
For the culture diagnosis of MDR A. baumannii-infected mouse, the
lung, spleen, and liver tissues were cultured in LB agar medium at 37
°C. For PCR, total tissue DNA was extracted using the Wizard
Genomic DNA Puriﬁcation Kit (Promega Korea, Seoul, Korea), and
the A. baumannii-speciﬁc virulence gene, pgi, was ampliﬁed as follows:
40 cycles of denaturation at 95 °C for 15 s, annealing at 60 °C for 30
s, and extension at 72 °C for 1 min. The PCR products were
monitored using a Real-Time PCR System (Bio-Rad, CA, USA).
For the blood sample test, 1 mL of mouse whole blood was
centrifuged (1500g for 5 min), and the supernatant was Zr beadbeaten. The Au MNP-dCas9/gRNA probe (60 μL) was mixed with
30 μL of blood sample solution in 1× FastDigest buﬀer for 50 min at
37 °C. Next, 10 μL of MB (10−3 M) was added and incubated for 10
min. The gene-bound Au MNP-dCas9/gRNA probe was concentrated using a magnet for 30 s. After washing with ultrapure water, the
collected Au MNPs were dropped on a glass slide, and the SERS
signals were monitored. Genomic DNA was extracted from 1 mL of
mouse whole blood using a TAKARA MiniBEST Whole Blood
Genomic DNA Extraction Kit (TAKARA Korea Bio, Seoul, Korea)
according to the manufacturer’s instructions. The Au MNP-dCas9/
gRNA probe (60 μL) was mixed with 30 μL of extracted genomic
DNA sample in 1× FastDigest buﬀer for 50 min at 37 °C. Next, 10 μL
of MB (10−3 M) was added and incubated for 10 min. The genebound Au MNP-dCas9/gRNA probe was concentrated using a
magnet for 30 s. After washing with ultrapure water, the collected Au
MNPs were dropped on a glass slide, and the SERS signals were
monitored.
On-Site Capture and Detection of MDR Bacteria. Photoresist
(0.7 μm) was coated onto a Si wafer, and 500 nm dots were patterned
using a KrF scanner (S203-B, Nikon, Tokyo, Japan). Subsequently,
the photoresist-coated Si wafer was etched using inductively coupled
plasma (ICP, TCP9400SE, Lam Research, CA, USA) to produce Si
nanoholes. The resultant Si wafer was used as a mold to fabricate a
nanopillar array. Next, polyurethane and NOA 63 were blended and
spin-coated onto the Si mold. A monolithic thin polyethylene ﬁlm
with a thickness of 50 μm (Mitsubishi, Tokyo, Japan) was placed and
rolled on the polyurethane and NOA 63-coated Si mold, followed by
exposure to UV light (EVG6200, EVG, Ö sterreich, Austria) for 60 s.
After peeling oﬀ the polyethylene ﬁlm, a nanopillar array of
polyurethane and NOA 63 mixture was formed on the ﬁlm. Ti/Au
was deposited on the ﬁlm using a metal evaporation method, and then
the Ti/Au-coated ﬁlm was placed in a solution of HClO4 (1 M),
aniline (0.1 M), ammonium persulfate (6 mM), and DI water. Finally,
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the Ti/Au-coated ﬁlm was incubated for 24 h at 3 °C and gently
rinsed with DI water, forming the 3D complex nanopillar array on the
ﬁlm. The backbone of the 3D complex nanopillar array swab was
designed and laid out in 3D using a CAD program and fabricated
using a 3D printer (KINGS 3035 Pro, Kings, Guangdong, China)
with an ABS-like material (JS-UV-2016-B, Kings). Once the backbone
was prepared, the 3D complex nanopillar array ﬁlm was attached onto
the backbone.
MDR A. baumannii (108 CFU in 1 mL) was dropped onto the
samples, including skin, tail, and foot of a mouse, as well as a pair of
scissors, scalpel, and glove. By a simple touching process using a 3D
complex nanopillar array swab, MDR A. baumannii was captured from
the contaminated samples. The swab was immersed in 300 μL of lysis
buﬀer containing lysozyme, lysostaphin, EDTA, Tris-HCl (pH 7.4),
NaCl, Triton X-100, and 3-((3-cholamidopropyl) dimethylammonio)-1-propanesulfonate. Bacterial lysate solution (200 μL) was mixed
with 60 μL of Au MNP-dCas9/gRNA probe in 1× FastDigest buﬀer
for 50 min at 37 °C. Next, 10 μL of MB (10−3 M) was added and
incubated for 10 min. The gene-bound Au MNP-dCas9/gRNA probe
was concentrated using a magnet for 30 s. After washing with
ultrapure water, the collected Au MNPs were dropped on a glass slide,
and the SERS signals were monitored.
Instrumentation. TEM images were obtained using a Tecnai G2
F30 S-Twin microscope operated at 300 kV and equipped with an
EDX detector. The magnetic properties of NPs were examined using a
vibration sample magnetometer (MPMS3-Everco, Quantum Design
Inc., CA, USA) at 298 K. XRD patterns were taken on a Rigaku highresolution powder X-ray diﬀractometer using Cu Kα radiation
(1.5406 Å). Absorbance spectra were recorded using a UV−vis
spectrometer (Beckman Coulter, CA, USA). XPS analysis was carried
out using the PHI 5000 VersaProbe (ULVAC-PHI, Tokyo, Japan)
with a monochromatic Al Kα (1486.6 eV) radiation source. SERS
spectra were obtained using a Raman spectrometer (XperRam 200,
Nanobase Inc., Seongnam, Korea). The excitation source was a He−
Ne laser operating at λ = 632 nm with a power of 4 mW. The laser
spot was focused on a sample through a 50× objective lens with a spot
diameter of about 2.5 μm. The Raman band of Si at 520 cm−1 was
used to calibrate the spectrometer. SEM images were taken using the
Nova 230 system at an accelerating voltage of 15 keV.
Statistical Analysis. Analyses of variance for experimental
datasets were performed using the JMP 4.0 software (SAS Institute
Inc., Cary, NC, USA). Signiﬁcant treatment eﬀects were determined
on the basis of the magnitude of the F-value (P = 0.05). When a
signiﬁcant F-value was obtained for a treatment, the separation of
averages was performed by the determination of Fisher’s protected
least signiﬁcant diﬀerence (LSD) at P = 0.05.

Article

targets (Table S1); sequences of PCR primers (Table
S2); comparison of CRISPR-mediated SERS assay with
DNA probe-based techniques (Table S3); and antibiotic
resistance of bacteria from ICU patients (Table S4)
(PDF)
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A.; Auguié, B.; Baumberg, J. J.; Bazan, G. C.; Bell, S. E. J.; Boisen, A.;
Brolo, A. G.; Choo, J.; Cialla-May, D.; Deckert, V.; Fabris, L.; Faulds,
K.; Javier García de Abajo, F.; Goodacre, R.; Graham, D.; Haes, A. J.;
Haynes, C. L.; et al. Present and Future of Surface-Enhanced Raman
Scattering. ACS Nano 2020, 14, 28−117.
(27) Wang, C.; Meloni, M. M.; Wu, X.; Zhuo, M.; He, T.; Wang, J.;
Wang, C.; Dong, P. Magnetic Plasmonic Particles for SERS-Based
Bacteria Sensing: A Review. AIP Adv. 2019, 9, 010701.
(28) Liu, Y.; Zhou, H.; Hu, Z.; Yu, G.; Yang, D.; Zhao, J. Label and
Label-Free Based Surface-Enhanced Raman Scattering for Pathogen
Bacteria Detection: A Review. Biosens. Bioelectron. 2017, 94, 131−140.

(UST), Daejeon 34113, Republic of Korea; orcid.org/
0000-0003-0381-3958
Hyun Gyu Park − Department of Chemical and Biomolecular
Engineering (BK 21+ Program), Korea Advanced Institute of
Science and Technology (KAIST), Yuseong-gu, Daejeon
34141, Republic of Korea; orcid.org/0000-0001-99783890
Complete contact information is available at:
https://pubs.acs.org/10.1021/acsnano.0c07264
Author Contributions
¶

H.K. and S.L. contributed equally.

Notes

The authors declare no competing ﬁnancial interest.

ACKNOWLEDGMENTS
This research was supported by the Center for BioNano
Health-Guard funded by the Ministry of Science and ICT of
Korea (MSIT) as Global Frontier Project (H-GUARD_2013M3A6B2078950, H-GUARD_2014M3A6B2060507, and HGUARD_2014M3A6B2060302), the Bio and Medical Technology Development Program of the National Research
Foundation of Korea (NRF) funded by MSIT (NRF2018M3A9E2022821), the Basic Science Research Program
of NRF funded by MSIT (NRF-2019R1C1C1006867), and
KRIBB Research initiative Program.
REFERENCES
(1) World Health Organization. WHO Publishes List of Bacteria for
which New Antibiotics are Urgently Needed, 2017. https://www.who.
int/en/news-room/detail/27-02-2017-who-publishes-list-of-bacteriafor-which-new-antibiotics-are-urgently-needed (accessed 2017-0227).
(2) Centers for Disease Control and Prevention (CDC). Antibiotic
Resistance Threats in the United States; U.S. Department of Health and
Human Services, Atlanta, GA, 2019. https://www.cdc.gov/
drugresistance/pdf/threats-report/2019-ar-threats-report-508.pdf (accessed 2019-10-13).
(3) O’Neill, J. Tackling Drug-Resistant Infections Globally: Final
Report and Recommendations; HM Government and Welcome Trust:
UK, 2018.
(4) Russo, A.; Giuliano, S.; Ceccarelli, G.; Alessandri, F.; Giordano,
A.; Brunetti, G.; Venditti, M. Comparison of Septic Shock Due to
Multidrug-Resistant Acinetobacter Baumannii or Klebsiella pneumoniae Carbapenemase-Producing K. pneumoniae in Intensive Care
Unit Patients. Antimicrob. Agents Chemother. 2018, 62, No. e02562−
17.
(5) Zhou, F.; Yu, T.; Du, R.; Fan, G.; Liu, Y.; Liu, Z.; Xiang, J.;
Wang, Y.; Song, B.; Gu, X.; Guan, L.; Wei, Y.; Li, H.; Wu, X.; Xu, J.;
Tu, S.; Zhang, Y.; Chen, H.; Cao, B. Clinical Course and Risk Factors
for Mortality of Adult Inpatients with COVID-19 in Wuhan, China: A
Retrospective Cohort Study. Lancet 2020, 395, 1054−1062.
(6) Rawson, T. M.; Ming, D.; Ahmad, R.; Moore, L. S. P.; Holmes,
A. H. Antimicrobial Use, Drug-Resistant Infections and COVID-19.
Nat. Rev. Microbiol. 2020, 18, 409−410.
(7) Huttner, B. D.; Catho, G.; Pano-Pardo, J. R.; Pulcini, C.;
Schouten, J. COVID-19: Don’t Neglect Antimicrobial Stewardship
Principles! Clin. Microbiol. Infect. 2020, 26, 808−810.
(8) Mody, L.; Washer, L. L.; Kaye, K. S.; Gibson, K.; Saint, S.; Reyes,
K.; Cassone, M.; Mantey, J.; Cao, J.; Altamimi, S.; et al. MultidrugResistant Organisms in Hospitals: What is on Patient Hands and in
their Rooms? Clin. Infect. Dis. 2019, 69, 1837−1844.
(9) Alekshun, M. N.; Levy, S. B. Molecular Mechanisms of
Antibacterial Multidrug Resistance. Cell 2007, 128, 1037−1050.
17252

https://dx.doi.org/10.1021/acsnano.0c07264
ACS Nano 2020, 14, 17241−17253

ACS Nano

www.acsnano.org

(29) Kang, T.; Yoo, S. M.; Yoon, I.; Lee, S. Y.; Kim, B. Patterned
Multiplex Pathogen DNA Detection by Au Particle-On-Wire SERS
Sensor. Nano Lett. 2010, 10, 1189−1193.
(30) Mekler, V.; Minakhin, L.; Severinov, K. Mechanism of Duplex
DNA Destabilization by RNA-Guided Cas9 Nuclease during Target
Interrogation. Proc. Natl. Acad. Sci. U. S. A. 2017, 114, 5443−5448.
(31) Eom, G.; Kim, H.; Hwang, A.; Son, H.-Y.; Choi, Y.; Moon, J.;
Kim, D.; Lee, M.; Lim, E.-K.; Jeong, J.; Huh, Y.-M.; Seo, M.-K.; Kang,
T.; Kim, B. Nanogap-Rich Au Nanowire SERS Sensor for Ultrasensitive Telomerase Activity Detection: Application to Gastric and
Breast Cancer Tissues Diagnosis. Adv. Funct. Mater. 2017, 27,
1701832.
(32) Moraes Silva, S.; Tavallaie, R.; Sandiford, L.; Tilley, R. D.;
Gooding, J. J. Gold Coated Magnetic Nanoparticles: From
Preparation to Surface Modification for Analytical and Biomedical
Applications. Chem. Commun. 2016, 52, 7528−7540.
(33) Li, J. F.; Zhang, Y. J.; Ding, S. Y.; Panneerselvam, R.; Tian, Z.
Q. Core-Shell Nanoparticle-Enhanced Raman Spectroscopy. Chem.
Rev. 2017, 117, 5002−5069.
(34) Lee, J.; Yang, J.; Ko, H.; Oh, S. J.; Kang, J.; Son, J. H.; Lee, K.;
Lee, S. W.; Yoon, H. G.; Suh, J. S.; Huh, Y. M.; Haam, S.
Multifunctional Magnetic Gold Nanocomposites: Human Epithelial
Cancer Detection via Magnetic Resonance Imaging and Localized
Synchronous Therapy. Adv. Funct. Mater. 2008, 18, 258−264.
(35) Lu, A.; Salabas, E. L.; Schüth, F. Magnetic Nanoparticles:
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