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Antimicrobial resistance and multidrug resistance are slower-moving @

pandemics than the fast-spreading coronavirus disease 2019; however, they have &y

potential to cause a much greater threat to global health. Here, we reportserbug f \  AumNP-

clustered regularly interspaced short palindromic repeats (CRISPR)-mediatisfgetion =" % L* CRISER-dCae9

surface-enhanced Raman scattering (SERS) assay for multidrug-resistant (MDR)___...—""" “&§
bacteria. This assay was develop&a synergistic combination of the speci [T W ~ [P
gene-recognition ability of the CRISPR system, superb sensitivity of SERS}, @ﬁ o
simple separation property of magnetic nanoparticles. This assay detects ‘three
multidrug-resistant (MDR) bacteria, speci8saphylococcus aurefisinetobacter
baumannii and Klebsiella pneumonjagithout puri cation or gene amplcation

steps. Furthermore, MDR. baumanniinfected mice were successfully diagnosed using the assay. Finally, we demonstre
on-site capture and detection of MDR bacteria through a combination of the three-dimensional nanopillar array swg
CRISPR-mediated SERS assay. This method may preeéwe for the accurate diagnosis of MDR bacterial pathogens, th
preventing severe infection by ensuring appropriate antibiotic treatment.

CRISPR/dCas9, surface-enhanced Raman scattering, antimicrobial-resistance, bacteria, nanoparticle

he emergence and spread of antimicrobial resistanbacteria. MDR bacteria are often idedtvia polymerase

(AMR), leading to multidrug-resistant (MDR) bac- chain reaction (PCR) amplation of AMR gene sequeries.

teria, is one of the greatest threats to public hgalth. Although PCR-based methods provide high sensitivity, |
This is particularly concerning during the current coronavirygquire multiple steps, a long operation time, complex pri
disease 2019 (COVID-19) pandemic; patients in hospitalgesign, many reagents, a high level of technical expertise
must be extremely careful to avoid secondary infections Wig}ge instrumentation. In addition, false results are o
MDR bacteria.7 MDR bacteria, referred to as superbugsgpiained due to the undesired nucleic acid amiitin, and
cause an estimated 700000 deaths annually, wotltwide. the methods do not entirely avoid the separationcgtion,

one report, it has been predicted that MDR-related diseasgﬁd pre-enrichment of MDR bactétia® To overcome the

could cause 10 million deaths by 2050, resulting in a glohal .. .. : :
economic loss of over US$100 triffi@ansidering that MDR qﬁ‘htgtmns of conventional PCR methods, several nucleic
sensing approaches have been developed, such as nucle

bacteria frequently spredidbm infected patients and . o
contaminated hands, skin, and equipment in a hospital, iﬁgquence-based ampition (NASBA), reverse transcriptiol

critical to detect superbugs on-site, rapidly, and accurately fcr

the prevention and control of MDR bacterial infections with August 28, 2020
proper antibiotics. November 13, 2020
Multidrug-resistance in bacteria can be induced by November 20, 2020

chromosomal gene mutations or by acquisition of mobile
genetic elements, such as plasmids and bacteridphisges.
therefore, vital to accurately identify the AMR genes in
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Au MNP-dCas9/gRNA Binding SERS Diagnosis

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.

recombinase polymerase armgtion (RT-RPA), reverse We hypothesized that the synergistic convergence of the
transcription loop-mediated isothermal apgilon (RT- sequence-speci recognition ability of the CRISPR/Cas
LAMP), and clustered regularly interspaced short palindroméystem and the high sensitivity of SERS would present a
repeats (CRISPR)-associated nuclease (CRISPR/Cas)-bas#dple, accurate, and sensitive method for the detection of
nucleic acid detection methdds® MDR bacteria.

Recently, CRISPR/Cas technologies have gained considHerein, we report the development of a CRISPR/Cas9
erable attention owing to their potential in molecularendonuclease dead (dCas9)-mediated SERS assay for MDR
diagnostict*’ Specically, CRISPR/Cas-based nucleic acidStaphylococcus aur@asietobacter baumaramiid Klebsiella
detection methods show sequence-spesiognition capa- Pneumoniaelhe dCas9/gRNA ribonucleoproteins (RNPs)
bilities and have wide applicabfiity because CRISPR/Cas Wwere designed to recognize the MDR bacteria, and the
proteins can bind to a target sequence in a siteespaciner ~ designed dCas9/gRNA complexes were combined with Au-
via a single-stranded guide RNA (gRNA), which can b&oated magnetic nanoparticles (Au MNPs). To diagnose
programmed to recognize any target seqtiefiberefore, ~ superbugs, the Au MNP-dCas9/gRNA probes were reacted
CRISPR/Cas proteins have been used for the diagnosis With MDR bacterial genes. After Raman dye incorporation and
infectious bacteria and viruses using several sensing B}fgnetic separation, strong SERS signals were obtained from
proaches, includinguorescence, colorimetry, and electricth® multidrug-resistance gene-captured Au MNP-dCas9/
signals? ?° However, most of these methods require thedRNA probes. The assay allowed us to detect MDR bacteria
extraction and pre-ampfation of nucleic acids. Hence, it lom clinical isolates with fM-level sensitivity without gene
remains challenging to identify multidrug-resistance in bacteR&IPli cation, as well as to diagnose MDR bacteria in infected
on-site without a necessary sample preparation step. mice. Furthermore, the on-site capture of MDR bacteria using

Surface-enhanced Raman scattering (SERS) is a phendmihree-dimensional (3D) nanopillar array and continuous
enon in which Raman signals of molecules increase near SEEEIgCtion of the bacteria using the CRISPR/dCas9-mediated
active surfacd®.SERS has been considered an attractive=R> assay are demonstrated. We anticipate that this new

optical sensing technique owing to its single-molecule-lefBfthod can be expanded to diagnose a wide array of
pathogens, aiding patient care in the early stage of bacterial

sensitivity, moleculangerprint spectrum, and insensitivity to ! ; . - ! o
quenching® Because of these advantages, SERS has bd ﬁxfctlon, while controlling the propagation and transmission
' he superbugs.

applied to the detection of bacterial genes as well as for R
direct detection of bactefig® The label-free detection
methods based on the intrinsic SERS spectra of bactefiad SULTS

have allowed the rapid and simple sensing of bdcteTiae Principle of CRISPR-Mediated SERS Assaip the
labeling methods employing SERS-tags have improveRISPR-mediated SERS assay, bacterial genomic DNA is
bacterial detection capability and senstivityMoreover,  directly employed without puration or amplication,

the SERS-based pathogen DNA detection approaches hawgbling the convenient detection of MDR bacteria. The Au
enabled the multiplex and precise ideation of pathogenic  MNP-dCas9/gRNA probe and genomic DNA from an MDR
bacterid’ The CRISPR/Cas system-based molecular diagacteria-infected mouse are mixed in a single reaction tube
nostic approaches have mainly adopted the ussredcence  (Figure ). Because dCas9/gRNA can capture the comple-
because of the associated ease of observation, availabilityheftary target DNA site by scanning the whole genomic DNA
numerous probes, practicality, and expand&biliyespite and unzipping the specisite, the Au MNP-dCas9/gRNA

the advantages of the SERS technique, CRISPR/Cas systenobe can recognize and bind with the MDR bacterial gene
mediated SERS sensing methods have not yet been developedurately? Next, methylene blue (MB) is added to the tube,
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Figure 2. Synthesis of Au MNPs. (a,c,e) TEM images of (gpfFdc) Fe;0,@SiQ, and (e) FgO,@SIQ@Au NPs. (b,d,f) EDX-TEM
mapping images of (b) E®,, (d) Fe;0,@SiQ, and (f) FeO,@SIQ@Au NPs. Fe, Si, and Au distributions are shown in red, cyan, and
yellow, respectively. Scale bars = 150 nm. (g) XRD spectra;6f, Feed spectrum), F€0,@SiQ (cyan spectrum), and F©,@SiQ@Au
(blue spectrum) NPs. Red dots indicate the peaks originating froj®F€yan dots indicate the broad peak originating from amorphous
SiO,. Blue dots indicate the peaks originating from Au. (h) Magnetic hysteresis loops;©f fed spectrum), FgO,@SiQ (cyan
spectrum), and F©,@SiIQ@Au (blue spectrum) NPs. Inset is a photograph of Au MNPs before and after magnetic separation.

which intercalates into the target DNA. MB is a well-knowtthe metallic nanoscale gap struéfuMihen the sample
Raman reporter for the 633 nm excitation source and cancludes an MDR bacterial gene, we can observe strong SERS
intercalate into double-stranded DNA because of its planaignals of MB from the magnetically concentrated Au MNPs
aromatic structuré.Finally, the MDR bacterial gene-bound because the MB-intercalated genomic DNA is present in the
Au MNP-dCas9/gRNA probe is collected with the assistanc®ERS hot spots of Au MNP clusters. In contrast, when a
of an external magnet, and the SERS measurementnientarget gene is present in the reaction tube, the binding
accomplished. SERS signals can be obtained from a srbaliween the gene and dCas9/gRNA RNP complex does not
number of molecules or even from a single molecule locateddocur. Consequently, minimal MB is present near the SERS
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hot spots of concentrated Au MNPs, and negligible SERSX-ray diraction (XRD) of Fg, NPs shows peaks at 30,
signals are obtained. 37, 43, 53.4, 56.8, and 82(fed spectrum irFigure B).
This assay has the following distinct merits for genomi&ccording to the Joint Committee on Powderdation
DNA detection: (1) The speci gene-recognition ability of Standards (JCPDS) card No. 75-1609, these peaks originate
the CRISPR protein acts to selectively detect target genonfiiom (112), (202), (220), (024), (303), and (224) planes of
DNA without purication or fragmentation steps. (2) The FeO, (marked as red dots fifigure 8). The XRD spectrum
concentrated Au MNPs caore the genomic DNA at SERS of FgO,@SiQ NPs shows the same peaks; however, the
hot spots, providing high sensitivity without aoagion. (3) intensities decreased because of the amorphgusy®i®
The superparamagnetic property of Au MNBsseeective  (Cyan spectrum iRigure ). The broad band near°2&iso
DNA separation from biological samples, resulting in a simphdicates the formation of amorphous, &i¢ers (marked as
and rapid assay. These advantages of the CRISPR-medi&&n dot inFigure 8). The XRD spectrum of th@al Au
SERS assay allow for on-site, rapid, sensitive, and pre&éPs (blue spectrum iRigure B) exhibits three additional
detection of superbugs. peaks at 38.2, 44.3, and G4rbagreement with (111), (200),
Synthesis of Au MNPsMagnetic corenoble metal shell ~and (220) crystal planes of Au (marked as blue déistire
nanoparticles (NPs) have attracted much attention in théd; JCPDS card no. 04-0784). These results demonstrate the
SERS-based biomolecular sensing approaches for the followiygtalline nature of Au MNPs. The Wié absorption
reasons: First, the magnetic core can be manipulated by gectrum of Au MNPs with a peak at 524 nm is shown in
external magneticeld, facilitating the separation and Figure Slin the Supporting Information. Additionally, we
concentration of target molecules from complex biologicHvestigated the magnetic properties of NRsie B). All
sample®® Because various molecules in biological samplé‘%PS exhlblt'superparamag'netlc behavior at room temperature.
can interfere with the generation of target-sp&®ERS | e saturation magnetizatidvi values of F©, FeO,@
signals, the removal of complicated matrices is important. TRE% and Au MNPs were 85.6, 82.9, and 58.7 emu g
simple magnetic separation and concentration of NPs enabfSPectively. These magnetic features suggest that as-
the total assay time to be shortened and the inconveniefYNthesized Au MNPs can present strong magnetic responsive-
centrifugation process to be eliminated. Second, the nOag?gtsesr,nglnritglgnr?ett?i(?]sselzinlgfirseeg?gguon of Au MNPs using an
metal shell allows for the occurrence of the SER : A
phenomenof®* In particular, numerous SERS hot spots Evaluation of CRISPR-Mediated SERS Asséy.2017,
can be formed in the magnetically concentrated NPs, providigg \_Norld Health Organlzatlor) (WHO) published a list of
high SERS enhancement. Third, the noble metal-coated MN ority pathogens that are resistant to drugs and thus pose a

can be moded with various kinds of biomolecules, suggestin feat threat tq human heallﬂﬁh_e list especially highlighted
the wide applicability of the MNPs in biomedical sﬁfgr%s e threat of six superbugs designated by the acronym ESKAPE

In s sy, we Synihsized NPs consising or@g Fe (ICTOeCCUS facemuenk oneurorioh baumenn
magnetic core, a Siterfacing layer, and an outer Au shell. g b :

First, the F€, core was prepargtha solvothermal reaction pathogens escape theas of antibiotics and cause a large

X ; A . roportion of all hospital-acquired infections. Among ESKAPE
of FeCl, sodium citrate tribasic dehydrate, and sodium acetag%tﬁogenﬁ aureu’s?he mogt prevalent cause of nogsocomial

(NaAc) In ethylene. glyqol (EG). Transmission  electron infection. According to the Centers for Disease Control and
microscopy (TEM) maging of the_3Bg NPs revealed a Prevention (CDC) of the United States of America, 323 700
diameter of approximately 110 nfg(re 2). An energy- — caceq of5. aureutfection were estimated in hospitalized
dispersive X-ray (EDX)-TEM mapping image is shown ifaients accounting for 10 600 deaths in2Baithermore,
Figure B corresponding td-igure 2. The red color A haymanniand K. pneumoniagiso present challenging
distributions are clearly maitched to the TEM image ofyreats to hospitalized patients, as they exhibit growth
FeO, NPs, indicating that the Fe atoms are uniformly agistance to multiple antibiofida. this regard, we selected
associated with the NPs. After the preparation of the magnefypr s aureysh. baumanpiand K. pneumonias target

core, a Siplayer was coated on the core NP through thegherhugs for the evaluation of the CRISPR-mediated SERS
hydrolysis of tetraethyl orthosilicate (TEGShe SiQ layer assay.

was used to increase the stability of Au MNPs anditendy For the recognition of MDR bacterial genes, we designed
connect the magnetic core with the outer Au"ShEITEM gRNA according to species-spedirulence genesp@for S.
imaging shows the successful coating pfe§ds on RO, aureuggifor A. baumanniandugefor K. pneumoniagable

NPs (igure ). The diameter of the F®@SIQ NPs is  s1in the Supporting Information). Conventional 16S rRNA
approximately 300 nm. The corresponding EDX-TEM imaggenes are inadequate for the ideation of MDR bacteria, as

also indicates that Si atoms are present on the outer layersigé selected sequences are redundant between species.
the NPs (cyan color distribution fiigure @). Finally, we  However, the bacterial species-spedgiulence gene was
synthesized E@,@SiQ@Au NPs through the seed-mediated more accurate than housekeeping genes, such as 16S rRNA
growth of Au on the F®,@SiQ NPs. Briey, the surfaces of gene. To assess the accuracy of the designed gRNAs, the
FeO,@SiQ NPs were moded with (3-aminopropyl)-  binding of RNP complexes to target genes was examined using
trimethoxysilane (APTMS), and then Au seeds were attachgél electrophoresis. ThHgas9/gRNA and dCas9/gRNA

to the ATPMS-moded NPs. Subsequently, the Au seed-complexes were prepared by mixing the proteins and gRNAs.
attached NPs were reacted with HABBJO, potassium  The PCR amplicons containing target sequences were
carbonate, and formaldehyde, leading to the formation of Aynthesized from the genomic DNA of superBilaige( S2
shells” As a result, NPs approximately 390 nm in diametein the Supporting Information). When the PCR product was
consisting of an K@, magnetic core, a Sidterfacing layer, mixed with the Cas9/gRNA complex, the amplicon was
and an outer Au shell were successfully acdtiged(2,f). cleaved by the RNP; thus, two distinct DNA bands were
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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.

observed in the gel imaggigure S2in the Supporting  suggests the successful preparation of Au MNP-R'TA-Ni
Information). Because the gRNA binding region is locateBecause the His-tagged dCas9 protein has a migy far
asymmetrically within the PCR product, cleavage by the Cagbe metal ion, the conjugation of dCas9/gRNA and Au MNP-
gRNA complex results in two DNA bands of unequal #ngth.NTA-Ni?* can occur routinefy** Therefore, we could obtain
The electrophoretic mobility shift assay results for PCkhe Au MNP-dCas9/gRNA probe by mixing the Au MNP-
products, dCas9/gRNA complexes, and the mixture are shoWTA-Ni?* with the dCas9/gRNA complex.
in Figure S3n the Supporting Information. Compared to the To conrm the formation of the Au MNP-dCas9/gRNA
PCR product, the mixture of PCR product and dCas9/gRNArobe, sodium dodecyl sulfate polyacrylamide gel electro-
complex was visualized as an upper band in the gel as fitoresis (SDS-PAGE) analysis of the probe was performed
mobility of the gene-bodndCas9/gRNA complex was (Figure S5n the Supporting Information). Excess imidazole
reduced? This result indicates that the designed gRNAs cagolution was added to the Au MNP-dCas9/gRNA probes
recognize the target sequences accurately and that dCas@fucing the release of dCas9 from Au MNPs through the
gRNA complexes can be used for the detection of MDRisplacement of the His2Ncoordinatiort>** The remaining
bacterial genes without cleavage. Au MNPs were removed magnetically, and the supernatants
A schematic illustration of the Au MNP-dCas9/gRNAwere analyzed. As a result, a single baridd@tkDa, which is
preparation and SERS-based DNA detection proceduresthg same as in the dCas9/gRNA analysis, was clearly observed.
presented ifrigure a. For the combination of Au MNPs with This veries the formation of Au MNP-dCas9/gRNA probes.
dCas9/gRNA complexes, Au MNPs were functionalized witim addition, the Au MNP-dCas9/gRNA probes exhibited
nitrilotriacetic acid (NTA) and added into &*Nsolution. superparamagnetic properties at room temperature, similar to
After washing and separation, Au MNP-NTA-Mias those of the bare Au MNPEigure S@n the Supporting
characterized by X-ray photoelectron spectroscopy (XPS8)formation).
(Figure S4n the Supporting Information). Fe;2724.1 Visualization of the bands of PCR amplicons by gel
eV), Fe 2p, (711 eV), Si 2p (102.5 eV), Ay 4f(87.6 eV), electrophoresis before and after reaction with Au MNP-
and Au 4f, (83.8 eV) peaks were generated by Au MNPsdCas9/gRNA probes showed distinct PCR products, without
The peak at 288.3 eV is attributed to carbonyl groups ithe Au MNP-dCas9/gRNA probeBigure B). Moreover,
NTA*® The peak at 286.3 eV can be assigned to the C Iafter mixing the PCR amplicons with the probes, very sparse
binding energy of CS group. The peak at 284.7 eV bands were observed. These resultsnced that Au MNP-
corresponds to C 1s binding energy (@H,) groups in dCas9/gRNA probes can speally capture the MDR
NTA.*° The peak at 162.2 eV is attributed to the®\bond, bacterial genes. For the SERS-based detection of an MDR
implying that Au MNP-NTA-Rfi had bondedvia Au S bacterial gene using the Au MNP-dCas9/gRNA probe, we
bondingd:® The Ni 2p,, (874.2 eV) and Ni 2 (856.7 eV) employed MB as a Raman dye. MB can be intercalated into the
originated from a Kfi chelate complex. The XPS result gene that is captured by the Au MNP-dCas9/gRNA probe,
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enabling us to obtain strong SERS sigralsrés and3a).
We tested the CRISPR-mediated SERS assay using PCR
amplicons of MDB. aureué. baumanniandK. 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 (B1), the gene-
bound 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 spectragimre 8). When there
were no PCR products, featureless spectra were observed
(black spectra irfFigure 8). 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 isolatesSfaurey#\. baumanniandK.
pneumoniaerovided 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 ofS. aureugenomic DNA Kigure 4). The SERS
signals were observed to gradually increase with increasing
amounts of genomic DNA. Compared with the SERS spectrum
of a control sampl8, aureusas distinguished in as little as 50
ng of genomic DNA. The SERS spectra obtained from the
probes by varying the amounts Aof baumanniand K.
pneumonid@NAs are displayedfigure St the Supporting
Information. Because the 1620°dsand of MB is strong and  Figyre 4. Detection of clinical MDR bacteria from ICU patients.
distinct from other peaks, we plotted the 1620 band (a) SERS spectra of MB obtained from Au MNP-dCas9/gRNA
intensity as a function of the amount of genomic DNA for th@robes by varying the amount of MDR aureugenomic DNA.
calibration of the CRISPR-mediated SERS assay and obsera¢dPlot of 1620 cm?® band intensity versus the amount of
a linear increas€&igure ). The linearly tted lines werg = genomic DNA 6. aureysblue; A. baumannjimagenta; an.
53.% + 512.6 with af® value of 0.99482 for MR aureug pneumonigeorange). Data represent the average standard
= 56.% + 1073.9 with af® value of 0.99858 for MDR. deviation from 10 measurements. (c) Selectivity of CRISPR-
baumanniandy = 59.& + 1718.4 with aR? value of 0.99585 ~Mediated SERS assay. Thaxis indicates the MDR bacteris.(
for MDR K. pneumonia€ollowing the limit of detection aureusA. baumannjiandK. pneumonidgthe y-axis represents the

— . - pe of gRNA (gRNA 1 for MDFS. aureyggRNA 2 for MDRA.
(LOD) = 3 sh/m, where sb is the standard deviation of SER aumanniiand gRNA 3 for MDRK. pneumoniagand thez-axis is

responses for blank samples emds the slope of the the 1620 cm! band intensity of MB. Data represent the average +
calibration curve, the LOD of the CRISPR-mediated SERSandard deviation from 10 measurements.

assay is estimated to be 25.69 ng for BDRIrey23.86 ng

for MDRA. baumanniand 28.05 ng for MDR. pneumoniae

These LOD values can be translated to 14.1 fM for DR

aureus9.7 fM for MDRA. baumanniand 8.1 fM for MDK. mediated SERS assay was also exarhigace(S10n the

pneumonigbased on the size of each bacterial genome (2.%upporting Information). The relative standard deviation

Mbp of S. aureu8.97 Mbp oAA. baumanniand 5.58 Mbp of  (RSD) value of the assay was calculated as 11.02% for MDR

K. pneumonjg® ** The full SERS data are presented inS. aureys$.95% for MDR.. baumanniand 10.15% for MDR

Figure S8n the Supporting Information. K. pneumoniadhese results indicate that the Au MNP-
The results of the test for selectivity of the CRISPRedCas9/gRNA probes can recognize the complementary target

mediated SERS assay are shofuigime 4. For the test, 450 sequences spezlly, allowing the accurate detection of MDR

ng of genomic DNA from each MDR bacterium was used. THeacteria.

Au MNP-dCas9/gRNA 1 probe for MI3R aureugrovided Diagnosis of MDR Bacteria-Infected Mice.Mouse
strong SERS signals only in the presence oMBdimannii  models have been widely used to study the spread and
(blue bars irFigure 4). Similarly, MDRA. baumannéndK. infectious activity of MDR bacterial strains because these

pneumoniawere detected when corresponding Au MNP-models have similarities to humans in terms of anatomy,
dCas9/gRNA (gRNA 2 for MDR. baumannind gRNA 3 physiology, and genefigs!’ In particular, mouse tissues have

for MDR K. pneumonja@robes were employed. The full been regarded as valuable samples in clinical diagnostic and
SERS data foFigure 4 are shown irFigure S9in the therapeutic studies because they provide massive biological

Supporting Information. The reproducibility of the CRISPRand clinical informatidn.
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Figure 5. Diagnosis of MDR bacteria-infected mice. (a) Photographs of the lung, spleen, and liver excised from AnbsiDRannii
infected mouse. (b) Diagnostic result of MDR baumanniinfected mice (nos. 15) and a healthy control mouse (no. 6) using the
CRISPR-mediated SERS assay. Data represent the average + standard error from 10 measiren@6tsin each organ.

For the investigation of the clinical diagnostic ability of th@uri cation, and amptation steps. The CRISPR-mediated
CRISPR-mediated SERS assay, we attempted to detect MBRRS assay enables us to diagnoseAMiizRmanninfected
A. baumanniin organs of infected mideidure a). A total of mice within 1 h without DNA extraction and aroption.

ve mice were inoculated with MBRoaumanninos. 1 5), This benet may encourage the developed method to be
and a control mouse was injected witleled saline (no. 6). employed for the diagnosis of MDR bacteria in the real-world
The lung, spleen, and liver tissues of the mice were asepticatignario.

harvested, and each organ was homogenized with Zr beadthe CRISPR-mediated SERS assay was further tested for
beating. It is to be noted that the tissue sample was directlye detection of the multidrug-resistance gene in blood
used for the assay without gene pation and ampkation samples of infected mice. The blood samples acquired from
steps. The Au MNP-dCas9/gRNA probe exhibited stronddDR A. baumanninfected mice were centrifuged and the
SERS signals from the organs of infected mice (rgis. 1 supernatant was bead-beaten. Subsequently, the sample was
Figure b andFigure S1in the Supporting Information). In  directly mixed with the Au MNP-dCas9/gRNA probe. After
contrast, featureless SERS signals were observed from orgfamaddition of MB and magnetic collection, SERS signals were
of the healthy mouse (No. 6). This result esrithat the  observed. The blood sample of MPRbaumanninfected
CRISPR-mediated SERS assay can be useful in the clinioade exhibited a strong SERS signal compared with that of a
diagnosis of MDR bacteria. Notably, the MDR bacterial gerfeealthy mouseF{gure S14n the Supporting Information),
was detectable in a single reaction tube within 1 h withowtemonstrating that the direct detection of the multidrug-
puri cation or amplcation steps. Considering that the directresistance gene in the blood sample is feasible without
detection of genes in biological tissue samples is a challenging cation. We also tested the detection of the multidrug-
task for on-site nucleic acid sensing approaches, this resulteisistance gene in genomic DNA extracted from the blood
signi cant. The spea gene-recognition ability of the dCas9/ sample of MDR\.. baumanninfected miceHigure S1éh the

gRNA complex and the simple separation and high sensitivBypporting Information). Similar SERS signals were observed
of Au MNPs synergistically contribute to the direct detectiofor the target gene in DNA extracted from the blood sample of
of MDR bacteria-speci genes in biological samples. We MDR A. baumanninfected mice, suggesting that the
further conrmed the diagnostic result of the CRISPR-CRISPR-mediated SERS assay can be employed for the
mediated SERS assay by comparing it with the gold standalidgnosis of MDR bacteria-infected patients.

methods, including bacterial culture and PCR. Colony On-Site Capture and Detection of MDR Bacteria.
formation ofA. baumannirom the lung, spleen, and liver During the current COVID-19 pandemic, in particular, the
samples of an infected mouse model (no. 1) is slhayumg number of patients in hospitals is continuously incr&asing.
S12in the Supporting Information), suggesting the presence &everal hospitals are overrun by COVID-19 patients, and thus,
A. baumannin the organs of the mouse. PCR results of MDRhe public health care systems are under severe threat globally.
A. baumannienes extracted from the organs of mouse models this situation, nosocomial infections can easily increase and
(nos. 1 6) show that the relativeuorescence intensities become especially critical for patients with suppressed immune
distinctly increase only from the organs of infected moussystems.” Among the 16 654 patients in Italy who died of
models (nos. 15) (Figure S13in the Supporting COVID-19, superbug infections were reported in 11% of the
Information). The healthy control mouse (no. 6) exhibitedcase$Moreover, a sigréant increase in multidrug-resistance
no PCR signals of MDR baumanngenes. Thus, both gold due to the heavy use of antibiotics in COVID-19 patients is
standard methods provide the same diagnostic results as thesgected Previously, the CDC estimated 1 in 20 patients will
obtained in the CRISPR-mediated SERS assay. This cle@dytract a nosocomial infection every day, with some reports
con rms the diagnostic capability of the current approach. Feuggesting that the economic burden of nosocomial infections
the diagnosis of MDR. baumanninfected mice, culture- will reach US$35.7 billion a yEakDR bacterial infections
based methods require over 24 h and the PCR methodsn be acquired from another infected patient, contaminated
require over 6 h, including the time taken for the lysis, DNA&quipment, health care stand even from the microbiota of a
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patients own skif. ® In particular, outbreaks Af baumannii
primarily occur in intensive care units (ICUs) of hospitals, as
patients with weakened immune systems and other comorbid-
ities are highly susceptible to transmisSiditherefore, 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, provideuive
bacterial capture ability. Previous studies have revealed that
nanoscale structures, especially 3D nanostructures, promote
bacterial cell adhesioia a nanotopographical interaction.
The bacterial appendages, such as pili, curli,nathe,
govern and regulate bacterial adhesion at the single-cell level
when they approach heterogeneous nanostracflines3D
complex nanopillar array swab can capture bacteria by simply
touching and rubbing it on the skin of a mo&sgu(e @).
The captured bacteria are then lysed and detected using the
CRISPR-mediated SERS assay. The 3D complex nanopillar
array structure was fabricateid 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
baumanniirom the skin, tail, and foot of a mouse, as well as
from a pair of scissors, scalpel, and glove are sHegurn
6b. For this demonstration, the mouse and objects were
intentionally contaminated with MDR baumanniiThe
bacteria captured on the 3D nanostructure were clearly
observed in SEM imagésgure 6,d), indicating that MDR
A. baumannian be collected by simple contact with a 3D
array swab. Notably, the morphology of the 3D nanopillar
array was preserved after the capture of MORumannii
The 3D array structure exhibited robust mechanical strength
against physical contact, suggesting the potential for real-life
applicationsFigure @ depicts the results of the CRISPR-
mediated SERS assay after the 3D complex nanopillar arryure 6. On-site capture and detection of MDR bacteria. (a)
swab-based capture of MBRbaumanniMB SERS signals Schematic representation of on-site capture and detection of MDR
were observed for the MPRbaumanndontaminated mouse A. baumanniusing a 3D complex nanopillar array swab and the
and objects (magenta bars-igure & andFigure S1in the CRISPR-mediated SERS assay. (b) Photographs of 3D complex
Supporting Information), however, not for the normal health?anolomar array swabs during the capture of MBRbaumannii
mouse or contaminant-free objects, implying the absence gy the skin, tail and foot of a mouse, as well as from a pair of
MDR A. baumanniblack bars irFigure ). From these scissors, scalpel, and glove. (c, d) SEM images of 3D complex

results, we anticipate that the developed method is applicaggop'"ar arrays (c) before and (d) after the capture of MBR

. . . . mannii Scale bars = 1m. (e) Results of CRISPR-mediated
for on-site bacterial capture and diagnosis, and thus, for t8@Rrs assay of MDR. baumannicontaminated (magenta) and

prevention of nosocomial infections. control (black) samples after 3D complex nanopillar array swab-
based capture. Data represent the average + standard error from
10 measurement$P < 0.05.

SERS-based nucleic acid sensing approaches have been actively

developed since it was reported that hybridization of nucle@mployed for the improvement of sensitivity and selectivity of
acids can induce the formation of SERS hot?§ptts.  SERS-based nucleic acid detection, they have drawbacks, such
Subsequently, numerous SERS-active platforms were adoptedigh cost and specdesign requirements for each target
for the detection of nucleic acids, showing their potential f@equence, making their usecdit in biomedical diagnostics.
biomedical applicatioff’$*** Most of the SERS-based nucleic ~ Since the time it was reported that the CRISPR/Cas system
acid sensing methods are based on the hybridization of targetld be used for the detection of nucleic acids, the system has
sequences to complementary probe sequences. Direct capaitected great attention in theld of molecular diagnos-

and label-free SERS detection of nucleic acids have beams %’ Very recently, a CRISPR-based COVID-19 diagnostic
recently studied; however, risks remain in band analysis antkthod was approved by the U.S. Food and Drug
thereby, inaccurate genetic ideation>* Consequently, Administration (FDA), providing evidence of the usefulness
many researchers have sought to hybridize target nuclefcCRISPR-based molecular diagnostic methods in the real-
acids more sensitively and spatly. For this purpose, several world scenarid. The advantages of CRISPR-based molecular
kinds of molecular probes have been designed, includidgagnostic approaches include high spiciowing to

locked nucleic acids, peptide nucleic acids, chargednodi enzymatic recognition of target nucleic acid, fast turnaround
nucleic acidsetc® °° Although these probes have beentimes, convenient isothermal reactions, and wide applicability
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due to the simple programmable syStéfiThese advantages practicality of the current 3D complex nanopillar array swab
prompted us to develop the current CRISPR-mediated SERShnique is notable.

assay. We speculated that the combination of the sequence-

specic recognition ability of the CRISPR/Cas system and thé

high sensitivity of SERS would synergistically contribute § summary, a CRISPR-mediated SERS assay for superbugs
accurate and sensitive nucleic acid detection. As a result, develop;ed by the synergistic combination of the CRISPR
CRISPR-mediated SERS assay enabled us to detect an em and SERS-active Au MNPs. By using the ass&, MDR
bacterial gene in a single reaction tube at fM levels withoy reusA. baumanniandK. pneumoniaenes were detect’ed
ampli ce_ltion.TabIe S3n the Suppo_rting Information shoyvs a without amplication and purcation. MDRA. baumanaii
comparison of the CRISPR-mediated SERS assay with DNf\ected mice were also accurately diagnosed using this assay.
probe-based techniques. The LOD of CRISPR-medIaStgd SERSthermore, 3D complex nanopillar array swab-based capture
assay is lower than those of aroplion-free techniquis: and the developed assay-based detection cAMREmannii
Although the surface plasmon imaging based technique shyj¢te demonstrated. We propose that the CRISPR-mediated
lower LOD Value, It requires the fragmentatlon of genoMmISeRrS assay can be expanded to a Variety of biomedical
DNA samplé” Compared with the SERS-based bacterialjiagnostics including detection of other bacteria, viruses,
DNA detection method, the LOD of the CRISPR-mediatedancers, and genetic disorders, through the employment of
SERS assay is approximately 100-fold*foweerestingly,  other CRISPR/Cas proteins, such as Cas12, Cas13, and Cas14,
the LOD of this assay is comparable to that of theand spectally designed gRNAs.

ampli cation-free dCas9-immobilized graphesld-e ect

transistor (FET) sensBr.Considering that the sensitivity of

the dCas9-immobilized graphene FET sensor also depends Ofhaterials. The following chemicals were purchased from Sigma-

the ability of dCas9, the sensitivity of the CRISPR-mediatedqich: Feg) sodium citrate tribasic dehydrate, EG, NaAc, TEOS,
SERS assay is reasonable. Overall, the CRISPR-mediated S4pRf1S, HAUGH3H,O, tetrakis (hydroxymethyl) phosphonium
assay is able to detect target sequences withoutatioplj chloride solution (THPC), formaldehyde, N-[N -bis-
fragmentation, pudation, and multistep procedures. (carboxymethyl)-lysine]-12-mercaptododecanamide (SH-NTA), di-
The MDR bacteria used in this experiment were collectetiethyl sulfoxide (DMSO), NiClphosphate-bered saline (PBS),
from blood isolates of patients in the ICU of a tertiary hospite}-(2-hydroxyethyl)-1-piperazine ethanesulfonic acid (HEPES),
in South Korea. The bacteremia caused by each MD een 20, lysostaphin, proteinase K, aniline, and ammonium

X . persulfate. Genomic RNAS, recombiraimeptococcus pyogenes
bacterium was deed as one or more positive blood culturestasg and Cas9 proteins, and all relatedrdbwere purchased

and the presence of clinical features compatlble'wnh Systemifm Integrated DNA Technologies, Inc. (Coralville, IA, USA).
in ammatory response syndrome. Culture analysis showed tiafon X-100, ethylenediaminetetraacetic acid (EDTA), and Tris-HCI
the three bacterial species exhibited antibiotic resistanaere purchased from Biosesang (Seongnam, Korea). FastRigest bu
against at least four dient antibiotics Table S4in the (10x) and 3-((3-cholamidopropyl)dimethylammonio)-1-propanesul-
Supporting Information). The multidrug-resistance genes égnat)e V'VAGJS_FSVCT%:d fgo:n Theémtoh Z!Sheé Scf[vlﬂa(l;ham, M/A{h )
these bacteria were selected by sequence analysis, and-the’: itional reagents an Ir sources {in parentheses
selected sequences were employed for the design of gR u‘%?dgd NEBer 2.1 (New England Biolabs, MA, USA), lysozyme

. asic, ON, Canada), GelRed nucleic acid stain (41003)
Therefore, the CRISPR-mediated SERS assay allowed Uggi@tium, Fremont, CA, USA), ethyl alcohol (99.9%) (Samchun
detect the MDR bacteria vitrowith high sensitivity and  chemical, Seoul, Korea), monofunctional polyethylene glycol-SH
specicity. This assay may contribute to the early and accuratereative PEGWorks, NC, USA), UV polymerizable NOA 63
diagnosis of MDR bacteria, conferring a reduction of bacterilorland Optical Adhesives, NJ, USA), polyurethane (Minuta
burden in bacteremia patiefits. Tech, Cheongju, Korea), and HZ(OCI, Seoul, Korea).

A. baumanniis a Gram-negative bacterium causing Synthesis of Au MNPsFor the synthesis of £ NPs, FeGl

pneumonia and sepsis. The CDC reported 8500 estimaté%?’?’ ), sodium citrate tribasic dehydrate (0.15 g), and NaAc (1.20
g

cases oh. baumanninfections in hosnitalized patients and were dissolved in 20 mL of EG, stirred for 30 min, and then sealed
: P P in a Te on-lined stainless-steel autoclave. After heating®at 220

700 estimated deaths in 261Bacteren_1|_a caused BY 12 h followed by cooling to room temperature, as-synthesi2gd Fe
baumannhas also been reported as a critical issue in hospital®s were washed with ethanol and deionized (DI) water several
in South Korea over the past deCadiere, we demonstrate times.

the direct detection of MDR. baumanngenes from a tissue  The FgO,@SiQ NPs were synthesized using the reddStber

sample. Notably, the MDR baumannigene was detectable method. A 10 mL solution of 28 NP (9 mg mL") was diluted
h 40 mL of ethyl alcohol and 1.12 mL of ammonia solution (30%).

in blood samples as well as in the organs of infected miﬁ’é‘ )

. s g s : ext, 0.5 mL of TEOS was slowly added and allowed to react, with
W'thou.t amplication or purlcaftlon_, dem_onstratlng the .igirring, for 12 h at 28C. During the reaction, Si€hells formed on
potential of the current method in diagnosing MDR bacterighe syrfaces of the /53 NPs via hydrolysis and condensation of

infections in patients. _ TEOS. Finally, the synthesizegOz@SiQ NPs were magnetically
Lastly, the 3D complex nanopillar array swab-based captatfiected and washed with ethanol and DI water.
and simultaneous detection of MR baumanniivere To synthesize the f&@SIQ@Au NPs, the surfaces ofd@

successfully accomplished. The morphologlesatimannii  SiQ, NPs (40 mg) were functionalized with amine groups by
were distorted on the 3D complex nanopillar array, indicatirlgcuPating with S00L of APTMS for 8 h, with stirring, at 25.

the nanotopographical interaction between the nanopillar arrg ﬁ:ifﬁgitiéﬂcﬁgg&?fg} ghemﬁgn%i%ng f V\\;\?itrr? eﬁﬁgiil tt)gree
and bact_erlal cellular structures. Importantly, _M!DR times. The amine-functionalizedC@SIONPs (40 mg) were
baumannwas captured on the 3D complex nanopillar arraygged to the Au seed solutior7(x 101 particles 5 mL%), which
irreversibly. Considering that the release of captured bactefigs prepared by the reduction of HAGEL0 (2 mL, 1.0% w/w) in

during the detection can cause unexpected infections, 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 §@ESiQNPsviathe before harvesting and resuspending in sterilized distilled water or PBS.
amine groups of APTMS, acting as nucleation sites for the Ag shElle bacterial count was measured by the traditional 10-fold serial
formation. The Au seed-attachefDF@ SiQNPs were magnetically  dilution plate counting method.
collected and washed with ethanol and DI water. Next, the Au seed-ntact genomic DNA was extracted from MDR bacteria using the
attached R®,@SiQNPs (40 mg) were mixed with a gold-salt TAKARA MiniBEST Bacteria Genomic DNA Extraction Kit
solution (4 mL) and formaldehyde (2 mL) and allowed to react for YTAKARA Korea Bio, Seoul, Korea) according to the manufacturer
min at 25°C. The gold-salt solution was prepared by adding 25 mg afstructions. Au MNP-dCas9/gRNA probe (&) was mixed with
potassium carbonate to 50 mL of HABELO (0.02% w/w). After 30 L of genomic DNA (0450 ng) in 10 L of 1x FastDigest ber
the reaction, the nal FgO,@SiQ@AuNPs were magnetically for 1 h at 37°C. Next, 10 L of MB (10° M) was added to the
collected, washed with DI water, and dispersed in ultrapure wateraction tube and incubated for 10 min. The gene-bound Au MNP-
until further use. dCas9/gRNA probe was magnetically concentrated for 30 s. After
Evaluation of CRISPR-Mediated SERS Ass#&or the Cas9/ washing with ultrapure water, the collected Au MNPs were dropped
gRNA-mediated cleavage assay, the Cas9/gRNA RNP complex wasa glass slide, and the SERS signals were monitored.

constructed by incubating 10 of gRNA (10 M) and 1.6 L of Diagnosis of MDR Bacteria-Infected Mice.A mouse was
Cas9 (62 M) in 88.4 L of PBS for 10 min at room temperature. inoculated intraperitoneally with 1@0of 5x 16 CFU/mL MDR

The RNP complex (IM) was mixed with PCR product (20 nigf A. baumanniising a 1 mL syringe with a 26-gauge needle; a normal
and incubated in 1@ of 1x FastDigest ber for 1 h at 37C. After control mouse was inoculated with the same volume 1) G

addition of 8 DNA loading buer, the reaction product was loaded bu ered saline. Four hours post-inoculation, the lung, spleen, and
onto a 0.8% precast agarose gel, subjected to electrophoresis, lased tissues were aseptically harvested and homogenized in 10% (w/
visualized using the Gel Doc XR+ gel system (Bio-Rad, Hercules, @A PBS with Zr bead-beating. This sample was directly used for the
USA). CRISPR-mediated SERS assay. The Au MNP-dCas9/gRNA probe
For the dCas9/gRNA-mediated mobility shift assay, the sam@0 L) was mixed with 200L of tissue sample solution ir 1
procedure was used except that the reaction product was loaded oR&stDigest ber for 50 min at 37C. Next, 10 L of MB (10 % M)
an 8% native polyacrylamide gel. Following electrophoresis, the geak added to the reaction tube and incubated for 10 min. The gene-
was stained with GelRed and visualized using the Gel Doc XR+ gelund Au MNP-dCas9/gRNA probe was concentrated magnetically
system. for 30 s. After washing with ultrapure water, the collected Au MNPs
For the construction of the Au MNP-dCas9/gRNA probe, aswere dropped on a glass slide, and the SERS signals were monitored.
synthesized Au MNPs (0.4 mg) were mixed with 1 mL of SH-NTA For the culture diagnosis of MBRbaumanninfected mouse, the
solution (1 mg/mL) and shaken for 12 h at°’€5 The Au MNP- lung, spleen, and liver tissues were cultured in LB agar medium at 37
NTA were magnetically collected and dispersed in DI water. Next,°C. For PCR, total tissue DNA was extracted using the Wizard
mL of NiC}, (0.1 M) was added to the Au MNP-NTA solution, and Genomic DNA Purtation Kit (Promega Korea, Seoul, Korea), and

the reaction was performed for 8 h #t25The Au MNP-NTA-N{ the A. baumanngipecic virulence genpgi was ampled as follows:
was magnetically collected and washed with DI water. Finally, the AD cycles of denaturation at’@5for 15 s, annealing at 8D for 30
MNP-NTA-NF* was mixed with 62.% of dCas9/gRNA (1 M) in s, and extension at P2 for 1 min. The PCR products were

duplex buer containing PBS (100 mM) and HEPES (30 mM) for 30 monitored using a Real-Time PCR System (Bio-Rad, CA, USA).
min. The unbound RNP complex was removed by washing with For the blood sample test, 1 mL of mouse whole blood was
bu er containing 0.05% Tween 20 and 100 mM imidazole in PB8entrifuged (15@0for 5 min), and the supernatant was Zr bead-
(pH 8.0). beaten. The Au MNP-dCas9/gRNA probe (Bpwas mixed with

To verify the formation of the Au MNP-dCas9/gRNA probe using30 L of blood sample solution ir FastDigest ber for 50 min at
SDS-PAGE, an elution len containing 500 mM imidazole in PBS 37°C. Next, 10 L of MB (10 % M) was added and incubated for 10
(pH 8.0) was added to 6@ of the Au MNP-dCas9/gRNA probe. min. The gene-bound Au MNP-dCas9/gRNA probe was concen-
The elution buer induced the release of dCas9 from the probe, antrated using a magnet for 30 s. After washing with ultrapure water, the
the remaining Au MNPs were removed using an external magnetllected Au MNPs were dropped on a glass slide, and the SERS
After addition of % loading buer, the probe solution was loaded signals were monitored. Genomic DNA was extracted from 1 mL of
onto an 8% SDS-PAGE gel, subjected to electrophoresis, ambuse whole blood using a TAKARA MiniBEST Whole Blood
visualized by Coomassie Blue staining. Genomic DNA Extraction Kit (TAKARA Korea Bio, Seoul, Korea)

To con rm binding of the Au MNP-dCas9/gRNA probe and the according to the manufactigenstructions. The Au MNP-dCas9/
target gene, 1L of Au MNP-dCas9/gRNA probe was mixed with gRNA probe (60 L) was mixed with 30L of extracted genomic
20 ng of PCR product and incubated inl16f 1x FastDigest ber DNA sample in¥4 FastDigest beer for 50 min at 37C. Next, 10 L
for 1 h at 37C. Next, the gene-bound Au MNP-dCas9/gRNA probeof MB (10 2 M) was added and incubated for 10 min. The gene-
was magnetically collected. After addition &fMA loading buer, bound Au MNP-dCas9/gRNA probe was concentrated using a
the solution was loaded onto a 0.8% precast agarose gel andgnet for 30 s. After washing with ultrapure water, the collected Au
electrophoresed, and the products were visualized using the Gel IMPs were dropped on a glass slide, and the SERS signals were
XR+ gel system. monitored.

For evaluation of the CRISPR-mediated SERS assayf6tu On-Site Capture and Detection of MDR BacteriaPhotoresist
MNP-dCas9/gRNA probe was mixed with 500 ng of PCR product if0.7 m) was coated onto a Si wafer, and 500 nm dots were patterned
10 L of 1x FastDigest beer for 1 h at 37C. Next, 10 L of MB using a KrF scanner (S203-B, Nikon, Tokyo, Japan). Subsequently,
(10 ® M) was added to the reaction tube and incubated for 10 minthe photoresist-coated Si wafer was etched using inductively coupled
The gene-bound Au MNP-dCas9/gRNA probe was concentrated fptasma (ICP, TCP9400SE, Lam Research, CA, USA) to produce Si
30 s using a magnet. After washing with ultrapure water, the collecteahoholes. The resultant Si wafer was used as a mold to fabricate a
Au MNPs were dropped on a glass slide, and the SERS signals weneopillar array. Next, polyurethane and NOA 63 were blended and
monitored. spin-coated onto the Si mold. A monolithic thin polyethylene

Detection of Clinical MDR Bacteria from ICU PatientsAll with a thickness of 5@n (Mitsubishi, Tokyo, Japan) was placed and
bacteria clinical isolates were provided by the Yonsei Universitylled on the polyurethane and NOA 63-coated Si mold, followed by
Health System in South Korea. The IRB committee of Yonseaxposure to UV light (EVG6200, EVGtdireich, Austria) for 60 s.
University Health System exempted the study from the need fdtfter peeling o the polyethyleneIm, a nanopillar array of
ethics approval for the use of bacterial strains taken from patients gralyurethane and NOA 63 mixture was formed onlitheTi/Au
also waived the need to secure consent to participate from theas deposited on thien using a metal evaporation method, and then
patients (IRB approval number 4-2017-1179). All bacterial straike Ti/Au-coated Im was placed in a solution of HEIQ M),
were grown in LuriaBertani (LB) agar medium for 16 h at°g€7 aniline (0.1 M), ammonium persulfate (6 mM), and DI water. Finally,
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t_he Ti/Ay-coated Im was_incubated for 24 h af@ a_md gently targets (Table S1); sequences of PCR primers (Table
rinsed with DI water, forming the 3D complex nanopillar array on the S2); comparison of CRISPR-mediated SERS assay with
Im. The backbone of the 3D complex nanopillar array swab was  pnA probe-based techniques (Table S3); and antibiotic

designed and laid out in 3D using a CAD program and fabricated . . -
using a 3D printer (KINGS 3035 Pro, Kings, Guangdong, China) resistance of bacteria from ICU patients (Table 54)

with an ABS-like material (JS-UV-2016-B, Kings). Once the backbone (PDR
was prepared, the 3D complex nanopillar amayas attached onto
the backbone.

MDR A. baumanniil0®® CFU in 1 mL) was dropped onto the

samples, including skin, tail, and foot of a mouse, as well as a paipg rsspondll\;;_g ARutholrsf fi Di R h Center. K
scissors, scalpel, and glove. By a simple touching process using a oong-Min Kkyu Infectious Disease kesearch Lenter, Korea

complex nanopillar array swab, MDBaumannivas captured from Research Institute of Bioscience and Biotechnology (KRIBB),
the contaminated samples. The swab was immersed linoB0@is Daejeon 34141, Republic of Korea; Department of

bu er containing lysozyme, lysostaphin, EDTA, Tris-HCI (pH 7.4),  Biosystems and Bioengineering, KRIBB School of

NaCl, Triton X-100, and 3-((3-cholamidopropyl) dimethylammo- Biotechnology, University of Science and Technology (UST),
nio)-1-propanesulfonate. Bacterial lysate solutionl(P@@s mixed Daejeon 34113, Republic of K&reail:cmryu@

with 60 L of Au MNP-dCas9/gRNA probesin )FastDigée;‘t (lj)ter J kribb.re.kr

for 50 min at 37C. Next, 10 L of MB (10° M) was added an Taejoon Kang Bionanotechnology Research Center, Korea
incubated for 10 min. The gene-bound Au MNP-dCas9/gRNA probe g aqeqch nstitute of Bioscience and Biotechnology (KRIBB),

was concentrated using a magnet for 30 s. After washing with - ) -
ultrapure water, the collected Au MNPs were dropped on a glass slide, D@€jeon 34141, Republic of Kereagid.org/0000-0002-

Instrumentation. TEM images were obtained using a Tecnai G2
F30 S-Twin microscope operated at 300 kV and equipped with ﬁpthors L )
EDX detector. The magnetic properties of NPs were examined using 410ngki Kim  Bionanotechnology Research Center, Korea
vibration sample magnetometer (MPMS3-Everco, Quantum Design Research Institute of Bioscience and Biotechnology (KRIBB),
Inc., CA, USA) at 298 K. XRD patterns were taken on a Rigaku high- Daejeon 34141, Republic of Korea
resolution powder X-ray tictometer using Cu Kradiation Soohyun Lee Infectious Disease Research Center, Korea

(15406 A). Absorbance spectra were recorded using WUV~ Research Institute of Bioscience and Biotechnology (KRIBB),
spectrometer (Beckman Coulter, CA, USA). XPS analysis was carried paejeon 34141, Republic of Korea

out using the PHI 5000 VersaProbe (ULVAC-PHI, Tokyo, Japan) i Won Seo Infectious Disease Research Center, Korea

with a monochromatic Al K(1486.6 eV) radiation source. SERS . iy .
spectra were obtained using a Raman spectrometer (XperRam 200, Res_earch Institute of Blc_JSC|ence and Biotechnology (KRIBB),
Daejeon 34141, Republic of Korea

Nanobase Inc., Seongnam, Korea). The excitation source was a He )
Ne laser operating at 632 nm with a power of 4 mW. The laser ~ Byunghoon Kang Bionanotechnology Research Center,

spot was focused on a sample througk af§éctive lens with a spot Korea Research Institute of Bioscience and Biotechnology

diameter of about 2.5n. The Raman band of Si at 520 ‘cwas (KRIBB), Daejeon 34141, Republic of Korea

used to calibrate the spectrometer. SEM images were taken using thdeong Moon Bionanotechnology Research Center, Korea

Nova 230 system at an accelerating voltage of 15 keV. Research Institute of Bioscience and Biotechnology (KRIBB),
Statistical Analysis. Analyses of variance for experimental Daejeon 34141, Republic of Korea; Department of Chemical

datasets were performed using the JMP 4.0 software (SAS Institute
Inc., Cary, NC, USA). Sigoant treatment ects were determined

on the basis of the magnitude of Erealue P = 0.05). When a

signi cant F-value was obtained for a treatment, the separation of

and Biomolecular Engineering (BK 21+ Program), Korea
Advanced Institute of Science and Technology (KAIST),
Yuseong-gu, Daejeon 34141, Republic of Korea

averages was performed by the determination ofsFisbézcted Kyoung G. Lee Nanobio Application Team, National
least signcant dierence (LSD) aP = 0.05. NanoFab Center (NNFC), Daejeon 34141, Republic of
Korea

Dongeun Yong Department of Laboratory Medicine and
Research Institute of Bacterial Resistance, Yonsei University
The Supporting Information is available free of charge at Hycuc;:}ﬁgsacr)]ng%?é%gﬁbtseec%lrj'mlo?c?QszZR’eEeegyctﬁlhccht}gr)r?(%rea
hitps://pubs.acs.org/doi/10.1021/acsnano.0c07264 Research Institute of Bioscience and Biotechnology (KRIBB),
UV vis absorption spectra of Au MNPs (Figure S1); Daejeon 34141, Republic of Korea
Results oin vitrocleavage assay (Figure S2); results of Juyeon Jung Bionanotechnology Research Center, Korea
in vitromobility shift assay (Figure S3); XPS spectra of  Research Institute of Bioscience and Biotechnology (KRIBB),
Au MNP-NTA-Nf* (Figure S4); SDS-PAGE analysis Daejeon 34141, Republic of Korea; Department of
(Figure S5); magnetic hysteresis loops of Au MNP-  Nanobiotechnology, University of Science and Technology
dCas9/gRNA probes and Au MNPs (Figure S6); (UST), Daejeon 34113, Republic of Korea
detection of clinical MDR bacteria from ICU patients Eun-Kyung Lim Bionanotechnology Research Center, Korea
(Figures S7 and S8); selectivity of CRISPR-mediated Research Institute of Bioscience and Biotechnology (KRIBB),
SERS assay (Figure S9); reproducibility of CRISPR- Daejeon 34141, Republic of Korea; Department of
mediated SERS assay (Figure S10); diagnosis of MDR Nanobiotechnology, University of Science and Technology
bacteria-infected mice (Figure S11); culture diagnosis of (UST), Daejeon 34113, Republic of Koajd.org/
MDR bacteria-infected mouse (Figure S12); PCR  0000-0003-2793-3700
diagnosis of MDR bacteria-infected mice (Figure S13); Jinyoung Jeong Environmental Disease Research Center,
diagnosis of MDR bacteria-infected mice using blood Korea Research Institute of Bioscience and Biotechnology
samples (Figure S14); on-site capture and detection of (KRIBB), Daejeon 34141, Republic of Korea; Department of
MDR bacteria (Figure S15); sequences of gRNAs and Nanobiotechnology, University of Science and Technology
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