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ABSTRACT: Nucleic acid biomarkers have been widely used to detect various viral-associated diseases, including
the recent pandemic COVID-19. The CRISPR-Cas-based trans-activating phenomenon has shown excellent
potential for developing sensitive and selective detection of nucleic acids. However, the nucleic acwhtompli

steps are typically required when sensitive and selective monitoring of the target nucleic acid is needed. To
overcome the aforementioned challenges, we developed a CRISPR-Casl2a-based nucleic awtonnfifge
biosensor by a surface-enhanced Raman spectroscopy (SERS)-assisted ultrasensitive detection system. We
integrated the activated CRISPR-Casl2a by viral DNA with a Raman-sensitive system composed of ssDNA-
immobilized Raman probe-functionalized Au nanoparticles (RAUNPs) on the graphene oxide (GO)/triangle Au
nano ower array. Using this CRISPR-based Raman-sensitive system improved the detection sensitivity of the
multiviral DNAs such as hepatitis B virus (HBV), human papillomavirus 16 (HPV-16), and HPV-18 with an
extremely low detection limit and vast detection range from 1 aM to 100 pM without the aafptin steps. We

suggest that this ultrasensitive amphtion-free detection system for nucleic acids can be widely applied to the
precise and early diagnosis of viral infections, cancers, and several genetic diseases.

KEYWORDS:CRISPR-Cas12a, viral DNA, surface-enhanced Raman spectroscopy (SERS), toiaegle Au nano
graphene oxide (GO), arsplion-free detection

medical and healthcarelds due to the high  accepied: August 2, 2021
transmission rates and dulty in curing. For  Published: August 9, 2021
example, severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) has rapidly and critically altered human life
worldwide due to its highly contagious propértfes.

Viral diseases have received immense attention in ”ﬁfeceived' May 10, 2021
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Figure 1. Schematic diagram illustrating the strategy to detect viral DNA using SERS-active graphene oxide (GO)/trianglecfugnano
(GO-TANF). (a) GO-TANF with a Raman probe-moeéd Au nanoparticle (RAUNP) to enhance the SERS signal by generating a hot spot
between RAUNP and GO-TANF. (b) Strategy of CRISPR-Casl12a-assisted viral DNA defiedtientrans-cleavage ect of activated
CRISPR-Casl12a by target viral DNA. (c) Pro-immobilized RAuNPs on the GO-TANF were separated from the surface owing to the
degradation of ssDNA, and the maximized SERS intensity was reduced.

Especially, a prolonged incubation period withoutcsighi  quantitative analysis of these nucleic acid aatmn
symptoms has permitted infected asymptomatic individuals techniques needs optimized methodologies to prevent
transmit the virus to noninfected individuals readi@ver diagnosis errors such as false-positive signals. Therefore,
the past few decades, several diagnostic systems of wviatleic acid detection systems that overcome the limitations
diseases have been developed for early diagnosis. Traditionaflgonventional nucleic acid detection strategies are required
target nucleic acid ampltion strategies such as polymeraséy providing cost-ectiveness and high sensitivity for
chain reaction (PCR), recombinase polymerase catiph advancing their broad clinical applications.

(RPA), and loop-mediated isothermal argtion (LAMP) In recent studies, clustered regularly interspaced short
have been widely used due to their high sensitivity angalindromic repeats (CRISP&ssociated nuclease-based
selectivity. ** However, nucleic acid detection tools cananalytical methods have been utilized to improve the sensitivity
become time-consuming and costly to employ, as they typicallyd simplicity of nucleic acid detection witlorescent
require multistep reactions, expensive reagents, well-traimethlytical methods.*® CRISPR-associated nuclease 13a
personnel, and sophisticated instrumentation. Moreover, (@asl3a) and CRISPR-associated nuclease 12a (Casl2a) are
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Figure 2. Morphology of the GO-TANF array. (a) Comparison of surface morphologies of bare Au, TANF, and GO-TANF for the
electromagnetic (EM) and chemical (CM) enhancement of the SERS. (b, ¢) Scanning electron microscopy (SEM) images of (b) a triangular
Au micropattern and (c) an RAUNP-modaid GO-TANF with lower magncation. The scale bar is 50@n. (d, e) SEM images of the surface

of (d) a TANF and (e) an RAuNP-modéd GO-TANF with higher magnéation. Scale bars are 20 and rh.

representative enzymes that have been applied to detpcbperties of noble nanomaterials are used to increase the
nucleic acids through their intrinsic enzymatic cleavag®aman vibrational signals from target an#lytéswith
properties (trans-cleavage or collateeaiteof single-strand possible enhancement factors up t, IERS analytical
RNA or DNA during activatiomia recognition of target methods represent an exceptionally sensitive detection method
nucleic acids*® These methods demonstrated sequencewith optimized nanomaterials>’ Having their advantages,
specic and sensitive RNA and DNA detectiga trans- SERS-integrated amgptdition-free CRISPR-Cas9 biosensors
cleavage of an ambient single-stranded nucleic acid probe vhitve been shown to detect multidrug-resistant bacteria with
target amplication. Due to the programmability of CRISPR-femtomolar sensitivit§. However, rapid, sensitive, and
Cas RNA guides, these methodologies are easily tailoredskdective detection of viral biomarkers is still urgent in
detect spect target sequences. However, most CRISPR-Cagreparing for future pandemics.
based detection methods still rely upon initial arafiin In this study, we report the development of an arafin-
steps, which may @r from complicated steps and false-free viral DNA biosensor with a CRISPR-Casl2a-assisted
positive signals, resulting in additional time and reagents. SERS analytical systdfig(ire ). Our system was developed
Raman spectroscopy is a powerful analytical method hy synthesizing a SERS-active graphene oxide (GO)/periodic
identify biomarkersspecic chemical structures through triangle Au nanewer (TANF) array with Raman probe-
scattering phenomena with incident light. However, Ramduanctionalized Au nanoparticles (RAUNFPs)ure &). Our
signal intensity is typically too weak to detect aitésimal advanced viral DNA sensor design provides an ultrasensitive
level of viral DNA/RNA in the real sample, which is typicallysystem by maximizing SERS signal intensity to omit the nucleic
required for an early diagnosis. On the other hand, surfaceid amplication used in other detection systems. Here, the
enhanced Raman scattering (SERS) is a signal-enhancli®NF array, which is composed of Au microstructures
technique that manipulates surface plasnemtseon metal  (periodic triangle Au micropattern) and nanostructures (Au
surfaces and further improves the detection capabilities mdno ower structures), was synthesized to enhance the SERS
Raman spectroscopy to measlow concentrations of signal. Both microsized triangles and waver structures
biomolecule§’. Several nanomaterials with diverse shapesere anticipated to enhance the Raman signal due to highly
(ie, circle, triangleetc) could be utilized for sensitive concentrated surface electrons on their surface. Besides, GO
detection to maximize the SER8ce In particular, strong on the TANF surface promoted chemical (CM) enhancement
electromagnetic (EM)elds related to the plasmon resonancethrough charge-transfer mecharfisnisUsing this phenom-
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Figure 3. Enhancement of SERS intensity of RAUNPs on the GO-TANF array. (a) Schematic diagram of the most-enhanced substrate by the
CM and EM enhancement of the bare Au, Mg alloy, TANF, and RAuUNP-moaid GO-TANF. (b) Finite-dierence time-domain

(FDTD) simulation for EM enhancement of a 400 nm-sized AuNPs assembly, TANF, and RAuNRdnBANF. (c) Simulation of the

CM enhancement ect of the Raman probe (TAMRA) on the GO. (d) Bar chart of each sub&r&fd enhancement ect (60 nm-sized

AuNP, 400 nm-sized AuNP, 400 nm-sized AuNPs with denseness, 400 nm-sized AuNF, 400 nm-sized AuNFs with looseness, 400 nhm-size:
AuNFs with denseness, TANF, and RAUNP-mediTANF, respectively) from the FDTD simulation. (e) SERS intensity of each substrate

(bare Au, GO-modied Au, Au nanostructure, GO-moéid Au nanostructure, TANF, GO-TANF, and RAuNP-medi GO-TANF,
respectively) from the experimental results of the Raman spectrum.

enon, RAuUNPs, which showed enhanced Raman signal, weiieropattern array was fabted by photolithography,
connected to the GO-TANF by the ssDNA for the maximizedorming overlaid small vertices, with a length ofmjl
SERS eect, and the SERS signal intensity resulted in ancompassing three adjacent Au triarfglgsré S)L Second,
signi cant di erence between the presence and absence of viighas been reported that rough-faced metal nanostructures can
DNA through the trans-cleavage reaction of activated CRISPRso provide hot spots to increase SERS signal irifensity.
Casl2aKigure b and c). The activation of CRISPR-Cas12aThus, Au/Ag co-electrodeposition was employed to fabricate
complexes by target viral DNA could cleave ambient singlau “nano owet structures, which provided a rough physical
stranded DNA (ssDNA), which is connected between GOsurface to enhance EM phenomena. The Ag was subsequently
TANF and RAuUNPs. Therefore, this system could demonstratemoved during etching at the Au/Ag substrate, and Au
rapid, multiplex, and quantitative detection of attomolaformed a rough-shaped nanostructured surface, named a Au
concentrations of viral DNA within 20 min. nano ower Figure SR Third, GOs have been shown to serve

as additional CM enhancement of Raman signals. As a result,

both EM and CM were employed by immobilizing GO on the

Characterization of the SERS-Sensitive GO-TANF TANF surface. Lastly, a Raman probe was functionalized on

Array. The optimal design for the induction of strong EM the surface of Au nanoparticles (AuNPs), further bound to the
enhancement is crucial for the improvement of detectio@O-TANF array by heterobifunctional ssDNA, which
sensitivity. To this end, regions with high SERS enhancemeanotdi ed thiol and amine groups. Therefore, the Raman
(known as hot spots) were designed by tuning both micro- arptobe was placed at the particular area between the AUNP and
nanosized Au structures to provide areas where Ram@®-TANF, where the EM and CMeets were the strongest
enhancement increased dramaticdtigu(e 2). First, on the GO-TANF array. Through these strategies, the SERS
triangle-shaped microstructures can generate hot spotssanal intensity of the Raman probe was drastically enhanced.
their structural boundaries, such as edges and vertices. ABp this substrate, the target sequence of viral DNA acted as an
contact points between adjacent triangle microstructures cactivator for the CRISPR-Casl2a corspleans-cleavage
also provide hot spctsFor this purpose, a triangle-shaped Aureaction, which can cleave ssDNA randomly upon binding to
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Figure 4. Highly sensitive measurement of hepatitis B virus (HBV) DNA on the RAUNP-atb@O-TANF array by CRISPR-Cas12a-
based ssDNA degradation. (a) Schematic diagrams of ssDNA degradation and SERS sigmaledbetween TAMRA-ssDNA-maeti
GO-TANF and RAuUNP-moded GO-TANF by DNase. (b) Raman spectrum of the TAMRA-ssDNA-reddsO-TANF and (c) RAuUNP-

modi ed GO-TANF before and after DNase treatment (d) Schematic diagram of turn-on and tstates by the trans-cleavageset of

the CRISPR-Cas12a complex on the RAUNP-nmedliGO-TANF array. (€) Raman spectrum of the RAUNP-medliGO-TANF array with

varying concentrations of HBV DNA, ranging from 1 aM to 100 pM, respectively. (f) Linear relationship of the decrease of SERS intensities
and the concentrations of HBV DNA, corresponding to (e).

target DNA Figure t). The ssDNA bridge between RAUNPs to remove Ag for the development of a rough-faced Au
and GO-TANF was cleaved, and the SERS signal intensitgnostructureHigure 2). We then characterized the surface
from the RAUNPs drastically decreased. Target viral DNA wamrphology of the TANF structure by scanning electron
quantied rapidly and sensitively without a nucleic acidnicroscopy (SEM), coming a rough,ower-like structure,
ampli cation stepvia this CRISPR-Casl2a-based enzymatidikely induced through etching of Ag during postprocessing
reaction. (Figures @, S3, S4, and p5The EM enhancement of Au

To this end, we fabricated large-scale homogeneous Aanoowers provided a large Raman-sensitive area to improve
microsized triangle patterns by photolithography, havingensitivity. In contrast, nondeposited, Au deposited, and Au/
precisely tuned periodic structurégire B). Afterward, an  Ag co-deposited triangle Au microstructures exhibited
Au/Ag plating solution (atomic ratio of 1:1) was electro-smoother surfaces than the TANF arrBigure SpB
deposited on the Au pattern and underwent chemical etchir@ubsequently, GO was coated on the TANF array to promote
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the CM enhancement of the Raman sigriglife 2 and detection with strong SERS signals. More cpkgi we
Figure S4p The shape of GO-coated Au naweers became  utilized 5-TAMRA-functionalized AuNP as a Raman probe,
indistinct as characteristic sheet-like structures from G®@hich showed greater SERS signal intensity owing to the EM
appeared on the surface of the GO-TANF array. To analyeeect on the AuNP Kigure &). This Raman probe was
the atomic composition of the GO-TANF array more clearlyattached to the GO-TANF arnagssDNA, whose length was
energy-dispersive X-ray spectroscopy (EDS) mapping wsasall enough to generate a hot spettebetween AuNPs and
conducted Kigure Sp The quantity of Ag was drastically GO-TANF (below 4 nm). The functionalization of both 5-
decreased after the treatment of the Ag etching solution. TAMRA and ssDNA was caomed by measuring the
Enhancement of the SERS Signal Intensity by the GO- uorescence intensitigsigure S1)1 Through the EM and
TANF Array and RAuUNPSsAs depicted ifrigure ¢, evena  CM enhancement from the GO-TANF and AuNP, SERS
low level of viral DNA could be measured due to the SERSgnals of the 5-TAMRA showed the strongest spectral
signal enhancement using the GO-TANF array and RAuNRstensity compared to other caségure &). All three
For the SERS signal enhancement, foeredit designs were specic Raman peaks of TAMRA (1219, 1359, and 1656
integrated into one substrate. First, EM enhancement was 1) exhibited the greatest enhancemestts. Notably,
induced by the rough-faced Au namer structure. To verify AuNP played a sigeant role in amplifying the SERS signals,
the SERS signal enhancemeptteon the rough-faced Au over 10 times higher than the TAMRA-medlissDNA alone.
nano ower substrate, the D and G bands of the immobilize@aking advantage of this improved Raman-sensitive system,
GO were measured on threeedént Au structures: bare Au- the decrease of the Raman intensities was furthenedroy
coated glass, Au electrodeposited Au-coated glass, and using DNase, which induced DNA degradation between the
nano ower-modied Au-coated glagsigure &). By compar- Raman probe and the GO-TANF arr&ygire 4). In
ing the SERS signal intensities of D (1356)@nd G (1600 applying RAuUNPs as a Raman probe, the SERS signal intensity
cm 1) bands Figure S) the GO-modied Au nancower was drastically reduced due to the degradation of ssDNA
exhibited high signal intensities for both D and G bandéFigure % and c). On the contrary, TAMRA-ma@ui ssSDNA
compared to GO-modid bare Au-coated glass. On the otherwas dismantled with a smaller decrease of the SERS signals,
hand, Au electrodeposited Au-coated glass showed SE&RBund half the intensity compared to SERS signals after
signals approximately half of the value of GO-edodiu ssDNA degradation in both cases. The absolute values of both
nanoowers. The rough surface of the Au mamer was  Raman intensities showed similar levels. In other words,
caused by the vacancy of Ag that was eliminated by theaximizing the SERS signal intensity could provide a more
oxidative etchinge@, Ag + 2HNQ = Ag + NO, + NO® + sensitive system for detecting the enzymatic cleavage reaction.
H,0). Moreover, as the ratio of deposited Au:Ag could confer Ultrasensitive Detection of Viral DNA by the
di erences in EM signal enhancemBEigufes S8 and 59  Activated CRISPR-Casl12a on RAuNP-Modd GO-
various conditions of the Afg concentration ratio were TANF.Our GO-TANF array was developed to enhance the
tested, and it was found that 1:1 (atomic ratio) was the moSERS signal intensity using optimized EM and CM enhance-
e cient mixed solution for the SERS signal enhancement. inent e ects. In addition, our advanced Raman probe, which is
comparison, a greater concentration of Ag resulted MAMRA-functionalized AuNPs (RAuUNPs), could induce a
insu cient enhancement from the small amount of remainingynergistic increase in SERS signal intensity with the GO-
Au on the substrate. On the other hand, Au nanostructurdANF array. To verify the SERS enhancemeut,ea 10-
alone do not have a rough surface, resulting in a smallencleotide-length ssDNA, which is short enough to produce
enhancement ect than the Au nanower structure. In  SERS of the Raman probe by GO-TANF and AuNPs, was
addition, Au nan@wers could increase the active surface oprovided as a degradable target by the activated CRISPR-
SERS signal enhancement within the limited laser spot siZasl2a complex by target viral DNi§yfre 4). On the other
(about 1 m) of the Raman instrument. Thus, both rough hand, the absence of target viral DNA did not show a trans-
surface and increased surface area of Awoneme provided cleavage ect of the CRISPR-Casl12a complex. As such, the
an excellent SERS signal enhancement substrate. corresponding Raman peaks remained primarily unchanged at
Second, a triangle Au microstructure could be another high signal intensity. To verify the correlation of decrease of
critical factor for signal enhancement by providing stron§ERS signal intensity with dissociation of RAUNPs, we then
signal generation at the vertices and edges of Au micnmeasured the Raman intensities after applying DNase to the
structures. Moreover, overlaid small points between individlRARuUNPs attached to GO-TANF and cared the radical
Au microstructures could also be a source of signalecrease of the signal. The activated CRISPR-Cas12a complex
enhancement. As predicted, the SERS signal showed #tm®wed similar degradation with DNase against all the ambient
highest intensity at the vertex on the TANF arfféyuie ssDNA Figure S1R
S10. This was also cormed by performing three-dimen-  As a proof-of-concept, the hepatitis B virus (HBV), a DNA
sional nite-di erence time-domain (FDTD) simulations on virus that causes severe liver infection, was selected as a model
the TANF array and monitoring the EMId at dierent viral DNA target. As showrFigures d,f ands13 HBV DNA
planesitigure B and d). The FDTD simulation highlights the was successfully measured with high selectivity and ultrahigh
importance of our hierarchical nano/microstructures irsensitivity, ranging from 1 aM to 100 pM. Most of the
improving SERS signals, validates our hypothesis, and furtheorescence-based nucleic acid-sensing system by the CRISPR
determines our TANF-based biosehsensitivity. Third, CM  enzyme has been utilized in the target azaptin process
enhancement through charge-transfer mechanisms could alsough the LAMP and RPA due to the t&gsensitive
be conrmed by the simulation of the Raman probe (TAMRA)detection. On the other hand, we achieved a similar detection
on the surface of GOrigure 8). level of target DNA (1 aM) to the presented CRISPR-based
Lastly, we further incorporated Raman probes to providéral detection methods with high linear regressfon .98
sensitive and selective signals for spdibmolecular at 1656 cm') without an amplication process. Additionally,
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Figure 5. Multiplexed detection of viral DNA on a GO-TANF array by the activated CRISPR-Cas12a complex. (a) Schematic diagram of the
multiwell system for (I) multiplex viral DNA detection and (Il) specity test of each target DNA, including HBV, human papillomavirus 16
(HPV16), and human papillomavirus 18 (HPV18), respectively. (b) Raman intensities at 13%%acrmultiplex viral DNA detection at

three di erent target DNA concentrations (100 aM, 100 fM, and 100 pM). (c) Raman intensities at 135%cithe target spectity of a

nine-well GO-TANF chip. The target concentrations were 100 pM.

the required time for the detection is reduced to only 20 miistage, we applied CRISPR-Casl2a wittredi crRNAs
from more than 1 h of the existing Cas-based detection ftwefore the injection of target DNA on the preimmobilized
attomolar detection of target oligonucleotides. Dissociation B AUNPs on GO-TANF. As each detection in the multiplexing
RAuUNPs on the GO-TANF array was alsoeckiin Figure system was based on individual crRidhget DNA
S14 after 20 min of applying target DNA (1 nM) as an complementary reactions, all the concentrations of RAuUNPs
electron microscope image. Our approach may address critioamobilized on GO-TANF were kept identical in each well.
issues such as high cost, tedious procedures, and false-podiites applying the crRNA-Casl2a complex to the well
events in conventional viral detection techniques with theontaining GO-TANF, three drent concentrations of each
development of miniaturized and low-cost Raman instrumentarget (HBV, HPV16, and HPV18) were used, including high
Multiplexed Viral DNA Detection on a Multiwell GO- (100 pM), medium (100 fM), and low (100 aM)
TANF Platform. Developed CRISPR-Casl2a-based bioser¢oncentrations, for 20 min, respectively.Figure 5,
sors have several clear advantages, including sensitive (BMtiplexed detection succeeded with thresretit concen-
level), selective (negative signals from other nomspecitrations (100 aM, 100 fM, and 100 pM). Interestingly, despite
targets), and rapid detection (20 min) compared to converfli erences in DNA sequences betweeerait viral strands,
tional biosensing systems_ Moreover, this System COL”@? Raman intensities of all equal concentrations were .S|m||a.r.
facilitate the detection of multiviral DNA by applyingreint ~ Moreover, each target DNA could be detected with a
CRISPR RNA (crRNA) sequences, which is crucial for thapecically designed chNA-Calea_ comp_lex gt_h|gh precision
scalability of high-throughput testing. As a proof-of-concefgsSed on the decreased SERS signal intefigitye(8).
study, multiwell polydimethylsiloxane (PDMS) structures werd! €rent viral DNA targets could be measured in this sensing
rendered by a three-dimensional (3D) printing technique angyStém by designing spedomplementary crRNA in a highly
attached to the GO-TANF arraffiqure @) by plasma selective and sensitive manner, desired fqr prpbmg the
treatment. Spedially, the multiwell system consisted of ninel€t€rogeneous viral sequences, (mutants) in clinical
independent wells (3 by 3) to detect threeerdint viral ~ aPplications.
DNAs, including HBV, human papillomavirus 16 (HPV16),
and human papillomavirus 18 (HPV18), respectively. In the
case of HBV, early-stage detection is one of the critical issueshis study, the CRISPR-Cas12a-based viral DNA biosensing
for health surveillance, as a delayed diagnosis can leadsygtem was developed by integrating microfabrication into
chronic hepatitis, cirrhosis, and primary liver cancer. Inanomaterials-enabled SERS applications for maximized SERS
addition, early detection of HPV can identify precancerousignal intensity without integrating a target acafibn step.
lesions in the cervix, preventing cervical cancer in adullsing this system, low concentrations of viral DNA, as low as 1
women. To verify three @rent target detections at an early aM, were successfully measured within 20 min by reducing the
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Table 1. Current CRISPR-Based Amphtion-Free Biosensors

CRISPR limit of linear dynamic required multiplex (Y/
detection technique enzyme target detection range time N) ref

electrochemical detection Casl3a miR-19b 10 pM 10 pM 70 min N 35

electrochemical detection Casl2a HPV-16 50 pM 100 1'\C/|)0 pM 30 min N 36
eld-e ect transistor Cas9 genomic DNA 1.7 fM 30 min N 37
uorescent detection Casl3a miR-17 1pM 110MiM 30 min N 38

electrochemical detection Casl2a parvovirus B19 100 fM 1M 30 min N 39

electrochemiluminescence Casl3a miR-17 1fM 1 fM0OO pM 90 min N 40
detection

electrochemical detection Casl3a miR-19b, 20a 18 pM 210 min Y 41
uorescent detection Casl2a BRCA-1 0.34 fM 1GMpM 30 min N 42

electrochemical detection Casl2a DENV DNA 100 fM 1000fWM 30 min N 43

electrochemiluminescence Casl2a HPV-16 0.48 pM 1 piD nM 70 min N 44
detection

microdroplet uorescent Casl3a miR-17, 16S rRNAs, SARS-CoViD aM 10 aM 100 fM 70 min N 45
detection RNA

surfa;:te-_enhanced Raman Casl2a HBV, HPV-16, HPV-18 1aM 1 anp pM 20 min Y this work
scattering

SERS signal intensity. The advantages of the suggested sysiemarkers, including RNA or protein, might be detected by
for viral DNA detection can be summarized in two ways. Firspplying Casl3a protein for RNA targets and aptamers for
regarding the sensing substrate, it allowed ultrasensitipmteins. In this respect, the developed system has excellent
detection of viral DNA without nucleic acid arogtion, versatility and could be used for point-of-care testing to detect
which could induce time-consuming, cosedative, and false- various biomarkers. Nonetheless, there are some challenges,
positive detection. The ampétion process is necessary for such as minimizing the Raman instrument and its relatively
polymerase-based methods when nucleic acid gquantity high price for a portable and highly accessible system. In
minimal. To overcome these limitations, we improved thaddition, there should be optimization steps for the enhance-
sensitivity of the sensing substrate by applying a sensitiment of SERS signal intensity and sensitivity of the targets. For
detection strategy. In detail, we designed triangle Aexample, the optimal size of the AuNP and triangle Au
microstructures to provide the spea@rea of high electron microstructure could improve the sensitivity of the sensor.
density at the vertex where three independent Au triangl€sirthermore, including shortening the assay time and
were overlaid and formed m-sized small regular triangles reduction of the detection limit may also improve the system.
periodically. Moreover, rough-faced Au maver structures  Overall, our ndings present a CRISPR-based asafitin-

were positioned on the triangle using the electrodeposition tite biosensor in designing a GO-TANF array integrated with
Au and Ag and partially etching Ag. These rough-faced AtRISPR-Casl2a-based enzymatic cleavage, providing a prom-
nano owers facilitated EM enhancement by forming a hot spasing approach for enhancing SERS signal intensity and
region. Second, regarding the sensing strategy, we expedwgroving sensitivity for numerous biomarker detection,
that CRISPR-Cas12a-based enzymatic cleavage could impiookiding viral DNA, genomic DNA, and cfDNA.

the sensitivity from other DNA detection strategies owing to

its trans-cleavage reaction properties. To maximize the sigpai

change of the SERS signal in;ensity by activated CRISF)RMateriaIs and Reagents. AuNPs with a diameter of 60 nm were
Casl2-based ssDNA degradation, enhanced Raman proﬁfﬁ%hased from BB I%ternational (CartiK). Casl12a enzyme and
(RAUNPs) were attached to GO-TANF by ssSDNA. When theyrRNA were obtained from IDT Korea (m.biotech, Seoul, Korea).
activated CRISPR-Cas12 complex degraded the sSDNA agegerobifunctional ssDNA (N#-ATATATATATA-3-SH and
bridge, Raman intensities were drastically reduced NH,-5-ATATATATATA-3-TAMRA), HBV DNA target and its
proportion to detached RAUNPs from the GO-TANF. ThiscrRNA (5- TTGGCTTTCAGTTATATGGATGATGTGGTA3S-
strategy provided a simple and ready-to-use detectisftPAUUUCUACUCUUGWGAUUACCACAUCAU-

approach because it does not require any poststeps suchg Gg#géé%fkTgTPXé?%lC;arg? Uagguiésué{)il\cl:ﬁ és
labeling and washing after the target reaction. 3 5- )

UUGUAGAUUGAAGUAGAUAUGGCAGCAQ;3HPVI8L1 tar-
Taken together, our dewped CRISPR-Casl2-based qo( 4ng its crRNA (STGTGTAGAAGCACATATTGT-3 5-
biosensing system could provide a very promising and higia AUUUCUACUCUUGUAGAUACAAUAUGUGCU-

potential system for rapid, simple, precise, and ultrasensitiyeUACACA-3 were synthesized from IDT Korea (m.biotech,

detection of viral DNA. This CRISPR-based arafibn-free  Seoul, Korea). 5-TAMRA was obtained from ThermoFisher Scienti

DNA detection system showed the best performances, such(\&sltham, MA, USA). DNase | was purchased from Sigma-Aldrich

a low limit of detection (LOD), wide linear dynamic range(St. Louis, MO, USA). Gold (Au) and silver (Ag) plating solutions

(LDR), short reaction time, and multidetectiahle ). On were obtained from Alfa Aesar (Haverhill, MA, USA). Polydime-

top of these advantages, other DNA targets could alsov\gb(lsiloxane was purchased from Dow Chemical (Midland, MI, USA).
! t

. . ric acid was obtained from Daejung (Seoul, Korea). 4-(2-
measured by simply changing the crRNA sequence. It droxyethyl)-1-piperazineethanesulfonic acid (HEPES) $ul-

enable us to get more spednformation regarding diseases, ion (20 mM) was obtained from Sigma-Aldrich. Phosphatestiu
such as predicting the latency and progression of diseasesAle (PBS; pH 7.4, 15 mM) solution was purchased from Sigma-
measuring the level of genomic DNA or cell-free DNAaldrich. Each of these solutions had a pH of 7.4, which mimics
(cfDNA). In addition to DNA targets, other representativephysiological pH. Deionized (DI) water, obtained from a Millipore
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water system, was used throughout the experiments. All othapplied to the CRISPR-Casl12a complex in cleavagg2iuimM

chemicals were analytical-grade reagents.
Development of the GO-TANF Array. The triangle Au

HEPES, 150 mM KCI, 10 mM MgC1% glycerol, and 0.5 mM
dithiothreitol). The activated solution was put on the RAUNP-

microstructure was fabricated by photolithography on the silicalunctionalized GO-TANF array for 20 min at RT. The SERS signal
substrate (National Nanofab Center, Korea). For the adhesion of Antensity was determined by Raman NTEGRA spectra with a liquid
on a silicon substrate, Ti was deposited at a 20 nm thickness, anditiogen-cooled CCD detector. The XY scan range was varied, from
was deposited at 200 nm. The length of one side of an equilateffl m x 50 to 100 m x 100 m; the resolution of the spectrometer
triangle was 50m, and the overlaid equilateral triangle consisted ofvas 785 nm in the XYZ plane; the mapping points were332

three 1 m-sized sides. Au substrates were sonicated with 1% Tritétaman spectra were recorded using a NIR laser-emitting light at a
X-100, DI water, and 95% ethanol for 20 min each and dried with Nvavelength of 785 nm, with an irradiation laser power of 3 mW on the
gas. Next, Au and Ag electrodeposition solutions were mixed as@mple plane. The activated CRISPR-Cas12a solution was removed,

electrodeposited on the triangle Au microstructure byAthelab
electrochemical machine. The applied voltageDw@smV, and the
total quantity of electricity wad0 C. After the electrodeposition,

and the substrates were washed three times with PBS before SERS
measurements to eliminate thece of the separated RAUNP on
SERS signals. Ten scans of 1 s exposure from 300 to £80€rem

the Au Ag co-deposited substrate was washed with 0.1 M PBS, 0.0886orded, and the mean result was used. A blank spectrum was
Tween 20, and 0.1% bovine serum albumin (BSA). To eliminate Aggquired before each step, which allowed the absorbance to be
the Au Ag co-deposited substrate was placed in a 20% nitric acigibsequently measured.

(HNO,) solution (mixed with DI water) for 5 min. For washing the
residues, the TANF array was washed with ethanol and DI water. Fof
the modication of the GO on the TANF array, a 1 mM cysteamine,,

solution was covered on the whole substrate for 180 min and washed Supporting Information. _ .
three times with DI water. Afterward, a GO solution (Sigma-Aldrichfhe Supporting Information is available free of charge at
USA) was placed on the TANF array and incubated overnight dtttps://pubs.acs.org/doi/10.1021/acsnano.1cQ3975

room temperature (RT).

Functionalization of RAUNPs on the GO-TANF ArrayThe 60
nm-sized AuNPs (1 OD) were functionalized with 5-TAMRA (1 mg/
mL) by physical adsorption for 1 h at RT. 5-TAMRA imeescent
Raman probe used for making Raman-active nanoprobes (RAUNP).
After functionalization, heterobifunctional ssDNA was incubated on a
rocking shaker for 1 h at RT to create a coating on the RAUNP surface
by Au thiol interaction. For the prevention of nongpegaction, 3%

BSA was added to the RAUNP solution overnight°@t After

several washing steps (10 min at 10 000 rpm, resuspension in PBS,
0.05% Tween 20, 0.1% BSA) to eliminate residual SSDNA, they were
resuspended in PBS and 0.05% Tween 20 and ke{.affter

ssDNA immobilization, the d$$B-functionalized RAuUNP was
applied to the GO-TANF array to connect the RAuUNP and GO-
TANF using the N5 GO interaction for 3 h at RT.

FTDT Simulation of Electromagnetic and Chemical En-
hancement on the RAUNP-Functionalized GO-TANF ArrayVe
studied the enhancement of the EM for the SERS experiment.
Specically, we performed an FDTD simulation based on parameters
mimicking the real structures characterized by SEMy, Bi2
models for an individual Au naower structure were built
(symmetrically assembled from six parabola cone structures with
heights of 250 nm) with the composition of gold [Re(index) = 0.08
and Im(index) = 4.56 at a wavelength of 780 nm]. Then we built
arrays of individual structures on a silicon substrate [Re(index) =
3.714 and Im(index) = 0.008]. Afterward, we performed the FDTD
simulation using a mesh size of 4 nm combined with a perfectly
matched layer boundary condition (layer number: 12). Vacuum
conditions were used as the media for the FDTD simulation. The
parallel and vertical monitors were positions at assigned planes. To
simulate the EMeld for gold nanopatrticle-derived structures, the
same mesh size, material setting, and boundary conditions were u
We generated and plotteE, as a function of the positions on the
monitor planes in OriginLab.

Electrophoresis. Degradation of ssDNA and target DNA was
investigated with native tris-borate-EDTA (TBE) native polyacryla-
mide gel electrophoresis (PAGE). Target DNA (HPV), ssDNA,

Materials and methods, design of triangle-patterned Au
microstructure on the silicon substrate, schematic
diagram of GO-modid TANF substrate by electro-
chemical deposition, SEM image of triangle Au micro-
structure, AuAg co-deposited alloy nanostructure,
TANF structure and GO-TANF structure, preparation
of DNA-functionalized 20- and 60-AuNP, TEM analysis
for the conrmation of functionalization and binding
formation of 20- and 60-AuNP, comparison of the Au
nanostructure and Au napwer on the triangle Au
microstructure by electrochemical deposition, SEM and
EDS mapping images of Au nanostructureAdalloy
nanostructure, Au narmwer, and GO-Au nanmwer,
SERS enhancementeet of diverse Au-based nano-
structures, SEM images of diverse Au nanostructures by
Ag elimination method, Raman intensities of the D and
G band of each Au nanostructure, Raman mapping and
CRM images of NE-4C cells on a hybrid nano-SERS
array with MG-DA aptamers, electrophoresis image of
the target DNA, ssDNA, ssDNA with DNase treatment,
and ssDNA with target and CRISPR-Casl12a complex,
highly sensitive measurement of HBV DNA on the
RAUNP-modied GO-TANF array by CRISPR-Cas12a-
based ssDNA degradation, and the surface of GO-TANF
substrate, Figures 13 PDH
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