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The detection of nucleic acids and their mutatiofftection of SARS:Cov-2 RNA 3 -
derivatives is vital for biomedical science and applications. <~ SARS Coy'2 RNA Ay Metalion /<x £ &
Although many nucleic acid biosensors have been developed, & /> IR )/» Lo %:'ﬁ
they often require pretreatment processes, such as targét VoS SS% m‘ i

ampli cation and tagging probes to nucleic acids. Moreov&i"ePe>e  wismatched  uNM nanocomplex
current biosensors typlca”y cannot detect Sequence'gpegeitecﬂonofas/nglepointqmutation of SARS-CoV-2 RNA
mutations in the targeted nucleic acids. To address the above | <sﬁ
problems, herein, we developed an electrochemical nangsy 5" °7 e\l
biosensing system using a phenomenon comprising metal ion % \ . A
intercalation into the targeted mismatched double-strandeggég r“}) """""
nucleic acids and a homogeneous Au nanoporous electro Detection of unmutates RNA O Detection of mutated KA
array (Au NPEA) to obtain (i) sensitive detection of viral RNA

without conventional tagging and amplifying processes, (ii) determination of viral mutation occurrence in a simple dete
manner, and (iii) multiplexed detection of several RNA targets simultaneously. As a proof-of-concept demonstration, a
CoV-2 viral RNA and its mutation derivative were used in this study. Our developed nanobiosensor exhibited highly se
detection of SARS-CoV-2 RNA 1 fM detection limit) without tagging and amplifying steps. In addition, a single poir
mutation of SARS-CoV-2 RNA was detected in a one-step analysis. Furthermore, multiplexed detection of several SAR
RNAs was successfully demonstrated using a single chip with four combinatorial NPEAs generated by a 3D printing tec
Collectively, our developed nanobiosensor provides a promising platform technology capable of detecting various
acids and their mutation derivatives in highly sensitive, simple, and timetige manners for point-of-care biosensing.

electrochemical nanobiosensors, detection of nucleic acids, detection of single point mutation,
mismatched nucleic&mietal ion (MNM) nanocomplex, hanoporous electrode array (NPEA), multiplexed detection, SA
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ucleic acids, such as mRNA, microRNA, smaltan be used to more easily determine mutations, a chall
interfering RNA (siRNA), and DNA, are essentialfor other biomarkers’
biomolecules to all life forms, and various types of To this end, various biosensing techniques have [
nucleic acids play essential roles in the maintenance of liviggfablished to detect nucleic acids, such as viral RNAs
organisms? Thereby, detecting the expression level of targdPNAs, including uorescence-based techniques and surf
nucleic acids is critical for many biomedical applications ag@#ihanced Raman spectroscopy (SERS)-based tecfitiijues
essential for health surveillance to diagnose diseases sucAl#@9ugh each technique has advantages for detecting nt
cancers>® In addition, rapid and accurate detection of
infectious viral DNAs and RNAs, which have recently receivéed December 6, 2021
attention because of coronavirus disease 2019 (COVID-19Y; March 29, 2022
enables us to prevent widespread infections prGinptly.
Detecting targeted viral nucleic acids has advantages over
detecting other viral biomarkers, such as membrane proteins,
spike glycoproteins, and nucleocapsid proteins, as nucleic acids
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Figure 1. Electrochemical SARS-CoV-2 nanobiosensor using mismatched nuclémmidon nanocomplex on a Au NPEA. (a)
Schematic diagram of nucleic acid biosensing mechanism using mismatched nucl8imetaid®n (MNM) nanocomplex formation for

highly sensitive SARS-CoV-2 RNA detection and electrochemical determination of single point mutation occurrence and its broad
applicability in multiplexed detection of various nucleic acids. (b) Scheme and optical image of the Au NPEA. (c) Electrochemical detection
of target single SARS-CoV-2 RNA. (d) Electrochemical determination of single point mutation occurrence in SARS-CoV-2 RNA using two
di erenttypes of mismatched nucleic acids and metal ions. (e) Schematic diagram of multiplexed detection of several SARS-CoV-2 RNAs on
a single biosensor chip composed of combinatorial Au NPEAs fabricated by a 3D printing technique.

acids, they require several additional pretreatmmmis ( for operation™'®Besides, since nucleic acids have no inherent
nucleic acid amptiation) on the biological samples before characteristics for demonstration of each biosensing technique,
their detection steps. For instance, target DNA aatjin is additional tagging processes of probe molecules should be
typically used to achieve high sensitivity, and sevenaquired by introducing redox moleculesrescence dyes, or
techniques require expensive equipment and expert techniciBasnan-active molecules on nucleic acids that inevitably require
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time and extra costs'® Thus, these pretreatments have 1c). The determination of the mutation of SARS-CoV-2 RNA
hindered their application to point-of-care (POC) biosensing;an be achieved at the single-nucleotide level by combining
which is recognized as a standard for next-generatitwo types of mismatched sequences aededt metal ions
biosensors>®! POC biosensing is drawing increasing(Figure @). In addition to electrochemical veation and
attention, as it provides rapid, convenient, and simpliheoretical support, we also conducted the structural
detection for measuring infectious disease$eic acids. simulation of MNM nanocomplex formation to support our
Likewise, as observed with the recent issues of severe adyteothesid***Finally, using a single biosensor chip composed
respiratory syndrome coronavirus 2 (SARS-CoV-2) mutatiors, four combinatorial NPEAs, multiplexed detection of several
it is crucial to determine the occurrence of mutations in nucleBARS-CoV-2 RNAs was successfully conducted by introducing
acids, particularly single point mutation, which has beem3D-printed chamber and modifying sensing probes on each
limited using current biosensors reported §trfafherefore, ~ NPEA Figure &).
there is an urgent need to develop a method to detect nucleicTaken together, the highly sensitive detection of target RNA
acids without conventional target aroption and tagging and accurate determination of whether a mutation at the
processes, all of which can enable us to detect the occurrentegle-nucleotide levelthvino tagging and amplifying
of mutations rapidly and straightforwardly. processes could be achieved by the synergistis ef the
Addressing the challenges above, we developed an eledi®M nanocomplex and our developed NPEA-based bio-
chemical nucleic acid nanobiosensor to achieve (i) highensor. Furthermore, since metal ions have their own intrinsic
sensitive detection of nucleic acids without conventiona&dox peak locations and numbers of metal ions determine a
tagging, and target amedition, (ii) accurate determination peak intensity, our nanobiosensor provides a platform
of viral single point mutation occurrence, and (iii) multiplexedechnology that can be broadly applicable to determine and
detection of several target nucleic acids on the combinatorifistinguish the various viral RNAs and their mutation
nanopatterns. As a proof-of-concept, SARS-CoV-2 viral RNl&rivatives simultaneously by designing a sensing probe
and its mutation derivative were selected for this studgapable of forming predetermined mismatched sequences
Electrochemical biosensors have been widely recognized dod introduction of several other metal 61{S°
their potential in POC sensing applicatiéiisHowever, the
low electrochemical sensitivity of conventional electrodes has
limited electrochemical biosensor-based early detection of viraMismatched Nucleic AcidSMetal lon Nanocomplex
diseases. To address this issue, we introduced a homogenggus abel and Ampli cation-Free RNA Biosensing and
Au nanoporous electrode array (NPEA) as an electrode withGetermination of Single Point Mutation Occurrence. To
high surface-area-to-volume ratio that can provide fasigétect nucleic acids without conventional probe tagging and
electron transfer and can improvecient mass transfer target amplication, we took advantage of a natural
compared to conventional electrodes, in that waycaigy ~ phenomenon in which speciredox-active metal ions can
enhancing electrochemical outptitAdditionally, our nano- intercalate in mismatched sequences in double-stranded
array is fabricated by a high-throughput laser interferenggcleic acids to stabilize the mismatched sequences by the
lithography (LIL) approach, which improves the uniformityformation of an MNM nanocomplex through covalent
and reproducibility of our electrochemical bios€fi$ors. bonding’?*® For example, when a cytoSiogosine (GC)
Besides, to solve the drawback of conventional tagging anématched sequence exists in the double-stranded nucleic
target amplication for nucleic acid biosensing, we employed gcids, a Ag ion can intercalate in tS&€ Gnismatched site
phenomenon that converts genetic informatgn RNA through covalent bonding tstabilize the mismatched
sequences) into electrochemical signals using metal iggquence. In addition, intercalated Ag ions exhibit excellent
intercalation into mismatched double-stranded nucleigdox characteristics, which can be used as a redox probe.
acids®* It has been known that speciedox metal ions  Similarly, Mg and Hg ions can intercalate inside other
can selectively and eetively intercalate into mismatched mismatches, such as gudmaenine (SA) and thyming
sequences in double-stranded nucleic acids under physiolgrmine (TST), respectively, to form other types of MNM
ically relevant conditions to stabilize the mismatchedanocomplexes through covalent boridiftg? A prereg-
sequences by the formation of a mismatched nucléc acidiisite for this biosensor is that we need to know the target
metal ion (MNM) nanocompléx®® Using this phenomenon, sequence. On the basis of the target sequence, we can design
we designed the sensing probe to form the intended types ath@é sensing probe that can hybridize with the target sequence
numbers of mismatched sequences by hybridizing with targetd form an intended mismatched sequence for metal ion
RNA. After detecting the target sequence, intercalated redioxercalation. The commation of the target detection can be
metal ions in the mismatched sequences are used as the redtoided depending on the presence or absence of the redox
probe directly to remove the conventional probe tagging. Treignals of the intercalated metal ion. Herein, a sensing probe
high sensitivity could be achieved without target aatjn was designed to further utilize this phenomenon for SARS-
due to intercalated metal ibwsitstanding redox property CoV-2 RNA biosensing to form oné&@ mismatched
(Figure &). Besides, by combining with NPEA, the redoxsequence in double-stranded nucleic acids composed of a
signals from intercalated metal ions are enhanced-igare (  sensing probe and SARS-CoV-2 RNA after detection of SARS-
1b). As dierent metal ions with intrinsic oxidation peaks carCoV-2 RNA. After Ag ion intercalation inside tiCC
specically bind to other mismatches, we further realized thmismatched sequence, an intercalated Ag ion was used as an
determination of the single point mutation of RNA by simplyexcellent redox probe directly to evaluate SARS-CoV-2 RNA
combining two types of mismatched sequences and metal iodistection electrochemically. Because of the exceptional redox
Using this biosensing process, SARS-CoV-2 RNA can pmperty of intercalated Ag ions and their rapid intercalation
detected electrochemically on the sensing probe-immobilizadthin 1 h under ambient conditions, highly sensitive
NPEA in a highly sensitive and quantitative mahiverré electrochemical RNA detection can be achieved without
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Figure 2. Surface morphology of the Au NPEA and its characteristics. (a) Comparison of surface morphologies of the PRapAtiéhg,

NEA, and Au NPEA. (b) Optical image of the prepared Au NPEA on the ITO and 3D-printed chamber-attached Au NPEA. (c) Cyclic
voltammograms and oxidation current peak intensities of the Au NEA, Au line pattern, Au dot pattern, and bare ITQnotberedox

signal enhancing ect of the chess-table-like nanostructure. Error bars show the standard error of the mean of six measdréments.
0.001, Studers unpaired test. (d) Cyclic voltammograms and oxidation current peak intensities of the Au NREAu/Ag NEA, and Au

NEA to con rm the Ag etching eect for redox signal enhancement. Error bars show the standard error of the mean of six measurements.
*** n < 0.001, Studerd unpairect test.

probe tagging and target angaltion>’ On the other hand, in  C mismatc§Ag ion nanocomplex after Ag ion intercalation.
the absence of SARS-CoV-2 RNA or in the presence ®he redox signals from théSC mismatcBAg ion nano-
nontarget RNA, there is no formation of mismatched double&omplex were ultrasensitively measured to quantify and qualify
stranded nucleic acids; thus, no metal ions can be intercalatdtk SARS-CoV-2 RNA electrochemically owing to the
and no redox signals are measured. Using this MNMxcellent redox property of Ag ions and redox signal enhancing
nanocomplex-assisted biosensing mechanism, we designedt of the Au NPEAHgure t).

and functionalized Au NPEA with a DNA-sensing probe Moreover, as several metal ions can splgiintercalate
(sensing probe-1), and, in the presence of SARS-CoV-2 RNAto di erent mismatches, the sequence information on
it formed the SC mismatched sequence and formed $he C di erent nucleic acids can be distinguished electrochemically
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Figure 3. Electrochemical detection of target single SARS-CoV-2 RNA. (a) Scheme of electrochemical RNA sensing using the MNM
nanocomplex. (b) Simulated structure and zoomed-in structure of the MNM nanocomplex composed of SARS-CoV-2 RNA, sensing probe-1,
and Ag ions. (c) Scheme for electrochemical quanatiion of target single SARS-CoV-2 RNA using redox signal intensities from intercalated

Ag ions. (d) Cyclic voltammograms upon addition of target single SARS-CoV-2 RNA friMrtd 1 fM to sensing probe-1-modid Au

NPEA. (e) Linear response graph of the nanobiosensor upon addition of target single SARS-CoV-2 RNA from 100 pM to 1 fM. Error bars
show the standard error of the mean of three measurements. (f) Cyclic voltammograms of the nanobiosensor in the presence of target single
SARS-CoV-2 RNA and control sequence. (g) Oxidation current peak intensities of the nanobiosensor in the presence of target single SARS-
CoV-2 RNA and control sequences calculated from cyclic voltammograms. Error bars show the standard error of the mean of three
measurements** p < 0.001, n.s.: not signcant, Studeris unpairedt test.

at a single-nucleotide level by using the sensing probe capdbkentire viral SARS-CoV-2 RNA was transformed from uracil
of forming dierent mismatched sequences depending on th@J) to C.

target sequences. To realize this concept for the determinatioo determine the occurrence of this mutation, another
of the single point mutation of the SARS-CoV-2 RNA, weensing probe (sensing probe-2) was designed, which can be
introduced two types of mismatched sequen8&46d G hybridized with both unmutated RNA and single point

A) and metal ions (Ag and Mg ions) in MNM nanocomplex-mutated RNA, but forming drent mismatched sequences.
assisted biosensifig® Those mismatched sequences andThus, as shown figure &, sensing probe-2 formed oSAG

metal ions were selected because theyedati®e prereq- mismatched sequence with both RNAs for Mg ion
uisites that they could form mismatched sequences betweatercalation, and the redox signal from intercalated Mg ion
DNA (sensing probe) and RNA (target), and redox peaknformed the existence of SARS-CoV-2 RNA with the
location of metal ions should be separatediently from appearance of a Mg peakrd®l as thél” state (On state).

each other for accurate electrochemical measut&iiént. However, in the presence of mutated RNA, an additi®6al C

As a proof-of-concept study, the D614G mutation induciblmismatched sequence was formed between sensing probe-2
SARS-CoV-2 RNA (mutated RNA) was selected because it leasd single point mutated RNA for Ag ion intercalation, and
been the dominant variant of SARS-CoV-2 in the early stageretlox signal from the intercalated Ag ion informed the
the pandemic, and alpha or delta mutations, which have maintytation occurrence in SARS-CoV-2 RNA from U to C with
occurred recently, also possess the D614G spike miitationshe appearance of a Ag pedk 6tate). In contrast, in the

This mutation was generated when the 24301st sequencepiesence of unmutated RNA, the Ag peak did not appear and
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was therefore considered as‘thestate (O state). Besides, the total area of the deposited Ag nanolayer, which was
since metal ions have intrinsic redox peak locations, reddetermined based on the electrochemical deposition velocity of
peaks from Ag and Mg ions can be easily distinguished evkn and Ag ftigure Sy

when they are closely located in the MNM nanocomplex. Next, the redox signal enhancing property of Au NPEA was
Taking advantage of this biosensing method, electrochemicah rmed by cyclic voltammetry (CV) using the electrolyte
determination of single pbi mutation occurrence was prepared with redox molecules. As showigine 2, the Au
achieved by selective detection of single point mutated RNYEA prepared with only Au deposition showed the increased
and unmutated RNA in a simple detection eveiguie redox peaks (oxidation peak current: 2B)4compared to
1d).*%** Notably, besides the simple \aaiion of a single the other nanostructured Au patterns (14.5, 12.8, and 6.2
point mutation occurrence, our developed biosensing stratefgy Au grid, Au line, and bare ITO, respectively), which proved
can provide a way to reveal the spdcbligonucleotide that the chess-table-like nanostructure provided an extended
information on a single point mutated nucleotide. Informatiosurface area of nanopatterns. Moreover, after Ag layer removal,
of all nucleic acid sequences and the structures of tllee Au NPEA showed highly enhanced redox peaks (oxidation
mismatched double-stranded nucleic acids used in the stymgak current: 32.3A) compared with the other chess-table-

are provided in thiglaterials and Metho@nd Table S1 like nanostructures, including tla¢ Au/Ag NEA (22.6 A)
Development of the Au NPEA to Enhance Redox and Au NEA prepared with only Au deposition (284
Signals of the MNM Nanocomplex for Achieving (Figure ®d). From the results, we successfully developed the

Ultrasensitivity. To enhance electrochemical detectionAu NPEA and commed its characteristics suitable for
sensitivity and biosensing reliability, highly conductive arelectrochemical biosensing and its broad applicability in
uniform electrodes with a high surface-area-to-volume ratio aéectrochemistry.
required to eciently immobilize sensing probes and facilitate Detection of SARS-CoV-2 RNA Using an MNM
electron transfer of redox molecules. To this end, homogltanocomplex on the NPEA. Prior to conducting the
neous Au NPEA was designed and developed by tuniedectrochemical detection of target SARS-CoV-2 RNA using
nanostructures through several delicate approaches tte MNM nanocomplex on the Au NPERiglre 3),
signicantly increase the surface-area-to-volume ratio amaolecular modeling was simulated to verify the formation of
enhance the redox signals of the MNM nanoconijitexd the MNM nanocomplex. From the simulated modeling
2a). First, a photoresist (PR) was patterned on the ITO bynalysis, the formation of an MNM nanocomplex composed
Lloyds mirror interferometer (nanopattern size and theof SARS-CoV-2 RNA, sensing probe-1, and Ag ions was
interval between adjacent nanopatterns: 800 nm, respectivelgyi ed (Figure B). We rst veried the formation of the
to form the periodic PR pattern used as the template famanobiosensor through the hybridization of components on
making conductive nanopatterns. In the same area, the chels-Au NPEA using electrochemical impedance spectroscopy
table-like nanopattern provides a larger surface-to-volume rgfdS) (Figure S10 Next, electrochemical detection of target
than the other nanostructures such as line, dot, and grid shapieigle SARS-CoV-2 RNA was conducted by CV by adding 10
thus, the PR pattern was prepared with a dot pattern to mak® target single SARS-CoV-2 RNA to sensing probe 1-
the conductive chess-table-like nanopatterns in further stepsdi ed substrates. As we expected, the Au NPEA showed the
The conditions for the PR pattern were optimized byredox signal enhancinget derived from intercalated Ag ions
controlling the developing time, and the optimized conditiotocated inside the double-stranded nucleic acids (oxidation
(23 s) showed the uniformly periodic PR pattern on the ITOpeak current: 60.6A at around 0.11 V) compared with the
with reliable structures and fully exposed ITO surface used father control substrates, including only a Au electrodeposited
conductive nanopattern formatiég(rres &,S1, and 92 (Au-ED) substrate (10.4A), Au dot pattern (17.0A), and

Next, using the 3D-printed hole chamber attached to the PRu-coated silicon substrate (1.38 (Figure SB Then, we
pattern, electrochemical deposition of Au and Au/Ag wadecreased the added amount of target single SARS-CoV-2
conducted to fabricate the metallic bottom region and chesRNA to evaluate the sensitivity of the nanobiosensor through
table-like at Au/Ag nanoelectrode array (NEA&A)qure SB the measurement of redox peak signal intefijty€ 8). By
After removal of the PR, that Au/Ag NEA was formed decreasing the added amount of target RNA frdvhtd 1
reproducibly on the indium tin oxide (ITO). It showed the fM, the redox intensity of intercalated Ag ions was propor-
chess table nanostructures withatasurface composed of tionally decreasedriure 8). Reducing the redox signal is
connected Au/Ag nanopatterns with 200 nm height and 80proportional to the amount added, which could be more
nm size by atomic force microscopy (AFM) and energyelearly observed by the cyclic voltammograms divided into two
dispersive X-ray spectroscopy (EDS) andiysisds S6 and ranges Kigure SP After several repeated measurements, we
S7). Finally, after removing the Ag nanolayer orath&u/Ag obtained the linear response graph of the nanobiosensor upon
NEA by a Ag etching solution, the Au NPEA was successfudlgdition of target RNA from 100 pM to 1 fM, which showed
fabricated on the ITOF{gures & andS5. The Au NPEA  femtomolar level detection sensitivity and excellent reliability
showed the rough nanoclusters on the chess-table-like? = 0.99) Figure 8).
nanopatterns with hugely increased surface roughness anbh addition, this nanobiosensor could detect only target
the removal of Ag nanolayers, which was furthezdvér RNA selectively and reliably. As showhidgnre 8 and g,
EDS. The prepared Au NPEA displayed the unifornredox signals from intercalated Ag ions were measured only in
homogeneous nanocluster patterns on a large area. In addititwe, presence of target RNA (1 nM), and no redox signals were
the electrochemically deposited area retained its region weleasured in the presence of control nucleic acids. We
even after strong acidic solution treatment for Ag etchingdditionally vered the selective detection property of the
(Figure B). The ratio of Au and Ag in the mixture was nanobiosensor by adding etent amounts of target and
optimized as 6:1 to make the Au NPEA because a too high control sequences (10 pMyigure S1)1 Additionally, as a
low ratio of Ag aected the overall nanostructures because akesult of the electrochemical investigation of the prepared
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Figure 4. Electrochemical determination of a single point mutation of SARS-CoV-2 RNA. (a) Schematic diagram of the biosensing
mechanism for electrochemical determination of a single point mutation of SARS-CoV-2 RNA. (b, ¢) Simulated structures and zoomed-in
structures of MNM nanocomplexes composed of unmutated RNA, sensing probe-2, and Mg ions (b) and composed of mutated RNA, sensing
probe-2, and Ag and Mg ions (c). (d) Cyclic voltammograms of sensing probe-2-edolu NPEA and the control substrateaf Au/Ag

NEA) in the presence of unmutated RNA. (e) Cyclic voltammograms of sensing probe-2thAdi NPEA and control substrateat Au/

Ag NEA) in the presence of mutated RNA. (f) Cyclic voltammograms and (g) linear response plots of the nanobiosensor upon addition of
mixtures composed of mutated RNA and unmutated RNA prepared wighetdit ratios (the ratio of mutated RNA: 100%, 66.7%, 50%, 25%,

0%). Error bars show the standard error of the mean of three measurements.

nanobiosensor by storing at®@ every week, our nano- nation issues, could be avoided during sample preparation and
biosensor siciently retained its sensing ability (retention of detection processes. With a portable or miniaturized electro-

activity: over 95%) for 2 weeksgure S12 The stability of ~ chemical instrument, our nanobiosensor could address several
our nanobiosensor vexid that problems, such as contami- critical issues in conventionally used viral detection techniques
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Figure 5. Multiplexed detection of several SARS-CoV-2 RNAs on the single biosensor chip composed of four combinatorial Au NPEAs. (a)
Schematic image of multiplexed detection of several SARS-CoV-2 RNAs on a single biosensor chip composed of four combinatorial Au
NPEAs fabricated using a 3D printing technique. (b) Optical images of a 3D-printed chamber-attached single biosensor chip. (c) Cyclic
voltammograms and oxidation current peak intensities of each Au NPEA on the single biosensor chip undeerfenir cbnditions. Error

bars show the standard error of the mean of three measurements. (d) Scheme for broad applicability of this nanobiosensor in multiplexed
detection of various nucleic acids, viral RNAs, and their mutation derivatives through control of mismatched sequences, metal ions, and
numbers by designing sensing probe sequences.

in cost- and time-ective manners for POC biosensing Electrochemical Determination of a Single Point
applications. Mutation in SARS-CoV-2 RNAON the basis of the MNM
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nanocomplex-assisted biosensing mechanism withdwo di electrochemically={gure S16 Due to the absence of any
ent mismatched sequences and metal ions, we next aimeddporter molecules in the form of double-stranded nucleic
determine the single point mutation of SARS-CoV-2 RNAcids, we could not distinguish mutated RNA and unmutated
using two dierent sequences of the region causing the D614BNA without metal ion intercalation. In contrast, mutated
mutation in the entire viral SARS-CoV-2 RRiUre 4). RNA and unmutated RNA were successfully distinguished
First, molecular modeling simulation of two MNM nano-through redox peak comparison after intercalation of metal
complexes composed of unmutated RNA or mutated RNA wams.
conducted. Based on simulated structures, MNM nano-In addition to the qualitative detection property of this
complexes composed of unmutated RNA, sensing proberanobiosensor, to investigate the quantitative detection
and Mg ions Figure #) and composed of mutated RNA, property, the 100 fM mixtures composed of mutated RNA
sensing probe-2, and Ag and Mg ibitgife 4) were veried. and unmutated RNA prepared withedént ratios (the ratio
After preparing the sensing probe-2-raddiu NPEA, each of mutated RNA: 100%, 66.7%, 50%, 25%, 0%) were detected
unmutated RNA and mutated RNA were detected electrdy the sensing probe-2-medi Au NPEA. Since both
chemically by the sensing probe-2. In the presence ofutated RNA and unmutated RNA formed theAG
unmutated RNA (100 fM), only redox signal from the Mgmismatched sequence by hybridization with sensing probe-2,
ion was measured on the sensing probe-2adosii NPEA  the redox signal intensities of Mg ions were similar inehe
at around 0.77 V as th&" state with enhanced intensity conditions (22.3, 22.4, 23.5, 22.9, and 28.4or 100%,
(oxidation peak current: 32.2) compared with the signal 66.7%, 50%, 25%, and 0%, respectively). However, the redox
(oxidation peak current: 6.58) obtained on the sensing signal intensity of Ag ions was changed depending on the ratio
probe-2-moded at Au/Ag NEA, and redox signal from Ag of mutated RNA, which could only form ti&00nismatched
ions was not measured because of the nonexistenc®@®f a Csequence (30.5, 21.6, 14.6, 7.53, and A 28 100%, 66.7%,
mismatched sequencegure 4). 50%, 25%, and 0%, respectivéfgufes #and S1§. As

On the other hand, in the presence of mutated RNA (108hown irFigure 4, it showed the reliable linear response of Ag
fM), two di erent redox signal pairs from Ag and Mg ions wer@eak signal intensities upon addition of a mixture prepared
measured on the sensing probe-2-reddAu NPEA with  with di erent mutated RNA ratios, while maintaining the
enhanced intensity (32.A for Ag ions and 21.9A for Mg similar Mg peak signal intensities. From the results, our
ions) compared with those (3.82 for Ag ions and 12.A nanobiosensor could determine the one single point mutation
for Mg ions) obtained on theat Au/Ag NEA as bothl” occurrence in a high qualitative and quantitative detection
states [igure €). In addition, this biosensor exhibited manner, which is desired to determine various viral mutations
reproducible detection properties for both unmutated anah clinical applications.
mutated RNAs. For unmutated RNA detection, this biosensor Multiplexed Detection of Several SARS-CoV-2 RNAs
showed 30.4 and 6.18 of oxidation peak currents of Mg Using a 3D Printing-Assisted Single Biosensor Chip
ions on the Au NPEA and on that Au/Ag NEA, Composed of Four Combinatorial Au NPEAsTo conduct
respectively. For mutated RNA detection, it showed 25.3 atide multiplexed detection of several SARS-CoV-2 RNAs
8.79 A of oxidation peak currents of Mg ions on the Ausimultaneously, a single biosensor chip composed of four
NPEA and on theat Au/Ag NEA, respectively, and 36.7 and combinatorial Au NPEAs, to which sensing probes-1 and -2
4.78 A of oxidation peak currents of Ag ions on the Au NPEAvere immobilized, was fabricatedfre a). First, four Au
and on the at Au/Ag NEA, respectivelyrigure SI3 NPEAs were tightly connected using a colloidal silver paste,
Although there was a slightedence in the degree of signal and their conductive connection was examined. During the
enhancement depending on the types of metal ions, theectrochemical investigation, the position of the working
sensing probe-2-moed Au NPEA distinguished mutated electrode wasxed on a prepared single biosensor chip, and
RNA and unmutated RNA with an enhanced redox signa&lectrochemical signals at each Au NPEA containing the redox
similar to the result for single SARS-CoV-2 RNA detectiomolecule dissolved electrolyte were measured and exhibited
The in uence of the redox reaction of Ag ions in the alteredimilar cyclic voltammograms in four Au NPEASs, which proved
RNA occurring between the Au NPEA and Mg ions is assuméle conductive connection of each Au NPEjute S1)7
to be the cause of the dience between the enhanced Mg Next, to make a durable single biosensor chip that can be used
peak intensities obtained from unmutated RNA and mutatedore broadly, a 3D-printed chamber composed of four holes
RNA. So, in the case of unmutated RNA detection, the red@nd a storage region for silver paste on each side was designed
reaction of Mg ions was measured by the Au NPEA withoand employed on the four Au NPEAs attached to each other
any interference from other electrochemical reactions. On tlEigure S1B8 By hardening with silver paste in each storage
other hand, in the case of mutated RNA, the redox reaction mgion, a 3D-printed chamber-attached single biosensor chip
the Ag ion occurred between the Au NPEA and the Mg iomsomposed of four conductively connected Au NPEAs was
which may act measured redox signals of the Mg ion. Agsompleted Kigure B). After immobilization of sensing
reported in studies in which the redox signal carebied by probes-1 and -2 on each Au NPEA separately and the addition
other redox reactions existing around the redox source of three dierent 10 fM target RNAs (SARS-CoV-2 RNA,
factors that can act thenf>*® the redox reaction of Ag ions unmutated RNA, and mutated RNA), electrochemical multi-
may aect the slight decrease of Mg ion peak intensities gilexed detection was conducted in real timeximg the
mutated RNA. Moreover, we further \eetithe electro- working electrode in one storage region containing the
chemical distinction of mutated RNA and unmutated RNAardened silver paste and moving only the counter and
using dierential pulse voltammetiyiqure S14 To prove reference electroddsiqure S18 In terms of the number of
the rapid and simple determination of single point mutatiomedox peaks (Mg ion peak and Ag ion peak) in the current
occurrence by the MNM nanocomplex, nanobiosensoms/stem, no peaks meant the absence of any RNAs (both peaks
prepared without metal ion intercalation were investigatadere O states a§0,0)"), one peak (only the Mg peak was
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the On state d&¢1,0)", or only the Ag peak was the On state assingle-sequence RNA mutation was validated. Furthermore,
“(0,1)") meant the existence of SARS-CoV-2 RNA withoutnultiplexed detection of several SARS-CoV-2 RNAs was
mutation, and two peaks (both Mg and Ag peaks were Osuccessfully conducted simultaneously using a 3D printing
states a$(1,1)’) meant the mutation occurrence in SARS-technique-mediated single biosensor chip composed of four
CoV-2 RNA. combinatorial Au NPEAs. This nanobiosensor has potential for

Figure & shows the results obtained from each Au NPEA iPOC applications compared with recently reported biosensors
four di erent conditions. The cyclic voltammogram did notbecause of the absence of target amaftin and probe-
show any apparent redox peaks inrgteAu NPEA moded tagging processes, which reduce time consumption, ease of
with sensing probe-1 (array 1) without any target RNAs. lbperation, including the simple dropping of a metal ion
only showed the threshold oxidation current signals as1.36 solution, and capability of mutation detection, which is of
for Ag ions and 3.3A for Mg ions a¥0,0)". In the case of utmost importance worldwid&aple S We will further
the second Au NPEA modd with sensing probe-1 (array 2), investigate the spacinget of the Au NPEA and theeet
it showed the apparent redox peaks derived from Ag ions (14é&cording to the location and numbers of metal ions in the
A) in the cyclic voltammogram and showed reliable oxidatioNM nanocomplex, which can improve its overall sensing
current signals as 16Afor Ag ions in the presence of SARS-e cacy and provide aneetive POC biosensing platform by
CoV-2 RNA as(1,0)’. On the contrary, in the third and combining with a portable electrochemical device. In
fourth Au NPEAs modéd with sensing probe-2 (arrays 3 and conclusion, our electrochemical nucleic acids nanobiosensor
4), di erent graphs were obtained under theeimce of can provide a promising platform technology broadly
intercalated Mg ions due to the input target RNAs (unmutatedpplicable to monitor various nucleic acids, including SARS-
RNA and mutated RNA). Array 3 showed the cyclicCoV-2 RNA, and their mutation derivatives in a simple and the
voltammogram possessing only Mg peaks (&).Gand time-e ective manner in POC biosensing.
exhibited reliable oxidation current signals as®fsdm Mg
ions in the presence of unmutated RNA(g$)". In the case
of array 4 in which mutated RNA was added, the cyclic _ . :

aterials and Reagents. Thiolated sensing probe-1

voltammogram showed both Ag and Mg peaks (16.4 and 945+ G CTGATTTTGCGGTCCCC thiol), thiolated sensing

A, respectively) and displayed reliable signals af\¥dr8 0 > (cCAAGACACGTCAAGGGTCGGCCC-thiol), target sin-
Ag ions and 11.8A for Mg ions a$(1,1)". In this current g6 partial SARS-CoV-2 RNA (GACCCCAAAAUCAGCGAAAU),
multiplexed biosensing system, threerefit SARS-CoV-2  the D614G mutation inducible single point mutated SARS-CoV-2
RNAs were measured in a highly sensitive and selectiR®IA (mutated RNA) (CCCACAAUUGACGUGUCUUG), unmu-
manner, which provides a promising platform technology th&ttion sequence of SARS-CoV-2 RNA (unmutated RNA)
can be applied for simultaneous detection of various nucléfeCUACAAUUGACGUGUCUUG), and the control sequences
acids, especially viral RNAs and their single point mutatiof§AATAAAAAGGGGGGGGGCGGGGGTT and AAAAAT-
Moreover, by combining previously reported types of MNMZAAAAAACCCCCG) were ordered from Bioneer (Korea). The

% ; & : = TO-coated glass substrate (1Em< 0.5 mm thickness, active
nanocomplexes for Ag ion, GA for Mg ion, or BT ; 1615 d the Au sub dof A
for Hg ion)>*%34%%¢ we expect to be able to distinguish up to patterning area 1:51.5 crf) and the Au substrate composed of Au

g 1on), . ; - 50 nm) and Cr (2 nm) on silicon dioxide (5 mm) were purchased
two point mutations, if we know the detailed sequencgom the National Nanofab Center (South Korea). The hexame-
information for the speci mutation site of the target viral thyidisilazane (HMDS), tris(2-carboxyethyl)phosphine hydrochloride
nucleic acid in which the multiple point mutations havgTCEP), potassium ferricyanide(lll), Triton X-100, and silver nitrate
occurred, through the control of severaerdnt MNM (AgNOQ;) were purchased from Sigma-Aldrich (USA). The Au and Ag
nanocomplexes by the design of sensing probe sequencespi#iihg solutions and magnesium sulfate (Mg&8&e purchased
exhibition with at least combined three-digit numiegrs ( from Alfa Aesar (USA). The UV-cross-linkable photoresist (AZ2020),

“1.1.1Y. “(0.1.1Y. an n) that ar ilv distinguishedPR solvent (AZ EBR solvent), and developer solution (AZ 300 MIF
a(na ép)e,cég'a’s )slhgwgl ?ﬁ?ggre)z g at are easily distinguis eddeveloper) were obtained from Merck KgaA (Germany). The DMSO

and nitric acid were purchased from Corning (USA) and Thermo
Fisher Scientt (USA), respectively. The Sylgard 184 silicone
elastomer base and curing agent for PDMS were purchased from
The e ective detection method of targeted nucleic acids andow Corning (USA). As the electrolyte, the Dulbegiwsphate-

their mutation derivatives is essential in biological anbu ered saline (DPBSx)L ethanol, and colloidal silver paste were
biomedical science. Moreover, accurate detection of vi@fttained from Gibco (USA), Decon Laboratories (USA), and Ted
nucleic acids and their mutation derivatives in recent infectiol§'2 '”‘,:\)I.l(I.USA)' rispecf\'ﬂ".ﬁ.'y' D's“"eg water (DIW) waseguri

viral diseases is much more critical. However, conventioriap 9 2 M -Q machine (Millipore, USA).

. . . abrication of the PR Pattern. First, the ITO substrate was
biosensors developed so fapically require several (jeansed by 19 Triton X-100 for 20 min under sonication and washed

preprocessing steps through complex oaiiiins with & by ethanol and DIW sequentially for 20 min under sonication. Next,
high cost for nucleic acid biosensing. It is challenging tgfter Q plasma treatment, HMDS was functionalized on the ITO
diagnose mutations at the single-nucleotide level, hinderitigough vapor phase deposition, and then the PR solution diluted in
their broad applications for eetive viral nucleic acid the PR solvent with the ratio of 1:0.8 was spin-coated on the ITO
detection. Therefore, there is a need to develop a reliatfgbstrate using a spin-coater (Laurell Technologies, USA). The PR
and accurate nanobiosensor to detect nucleic acids withcipin-coated substrate was prebaked for 60 s &€ 160ng a hot

PP ; ; te and exposed to UV light 325 nm, 0.81 mW) by the light
ﬁ[?[;[i(?r:ngclzlmpr%nildi;aggslir:ﬁ ?éoé;:tsei?isor?r:gafng?termme so%urce (H8Cd laser, Kimmon Koha Laser Systems, Japan). At the
devel d bi P d d : | same time, the Lloydmirror interferometer induced the periodic
Our developed nanobiosensor demonstrated an electigsensity proles of the light coming from the source to produce a

chemical detection of SARS-CoV-2 RNA in highly sensitiveygular PR pattern on the substrate through a combination of direct
simple, and time-ective manners. In addition, using a simpléincoming light and rected light from Lloysl mirror. Based on our
electrochemical analyzing method, the determination of mevious results, 5.®as used as the incident angle for forming a
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1600 nm pitch sized PR pattern. To make the dot-shaped PR pattewith DIW and thoroughly drying by Nas. The Au NPEA, sensing

the PR spin-coated substrate was exposed to UV light once and throbe-1-modied Au NPEA, mismatched dsDNA-medi Au
exposed again after being rotatéd®d@0 s each exposure. The UV- NPEA, and MNM nanocomplex-medi Au NPEA were inves-
exposed PR spin-coated substrate was postbaketiGatak2Dmin tigated by EIS investigation using an AC impedance technique (CHI
to harden the UV-exposed PR region, and then the PR region n600E potentiostat workstation) under the initial potential of 0.2 V,
exposed to UV was removed by developer solution for 23 s. Finallygh frequency of 1 000 000 Hz, low frequency of 0.01 Hz, amplitude
the PR pattern composed of 800 nm sized dots was fabricated on #f€0.005 V, and 2 s quiet time to verify the formation of the
ITO substrate. nanobiosensor on the Au NPEA.

Fabrication of the Au NPEA and a Single Biosensor Chip Electrochemical Detection of Single SARS-CoV-2 RNAo
Composed of Four Combinatorial Au NPEAsTo fabricate the  conduct the electrochemical detection of target single SARS-CoV-2
Au NPEA, the 3D-printed hole chamber was attached on the doNA, the 1 M of sensing probe-1-moelil Au NPEA was prepared
shaped PR pattern substrate using PDMS. Next, by using th§jowing the above-mentioned protocol. Nex¢yetit amounts of
conventional three-electrodes system composed of a platinum Wiigget single SARS-CoV-2 RNA (fronMLto 1 fM amounts) were
electrode as the counter electrode, a silver/silver chloride (Ag/AgChymonbilized on each sensing probe-1-modiu NPEA, and then 1
double-junction electrode as the reference electrode, and a dot-shapgg AgNQ, was added on the Au NPEA. Each immobilization step
PR pattern supgtrate as the working electrode, and the elect{as conducted after washing with DIW and thoroughly drying by N
chemical deposition was conducted on the dot-shaped PR patteiis prepared nanobiosensors were investigated by CV to estimate the
substrat_e. First, the electrochemical dep05|_t|on of Au was_conduc sensing property for target single SARS-CoV-2 RNA detection. To
by multipotential steps (CHI 600E potentiostat workstation, CHachieve this, DPBS was used as the electrolyte, and a three-electrode

Instruments, Inc., TX, USA) for 45 s under an applied potential ofy gtom was utilized for CV investigation. Under a potential range from
S0.95 V, sample interval of 0.032 s, quiet time of 2 s, and sensitivity, 5 1050.1 V, the scan rate of 0.05 V/s, sample interval of 0.001 V

5 : .
'1A.0x 1(?; (A/t\{]) to 'fcirm the metalléc ?zttoméepglon't(f:]ot?:pos?d Offe uiet time of 2 s, and sensitivity of1.00° (A/V), redox signals
u, and then the mixtureé composed ot Au and Ag with the ratio ol 54,1, A jons intercalated inside ti&0mismatched sequence were

was electrochemically deposited for 20 s under the same condition%gﬁ : .
. ected. For comparison, nanobiosensors were prepared on the Au
Iorrrl tgle '(t:fl;]%sl\?l-éaoblte-“getOAU/ﬁlg II;IEA' It\tlg)(tl thg tshibsg]age Vl\cl)af ot pattern, Au electrochemical deposited (ED) ITO substrate, and
\Lea"; ‘tere;/l\tlled with nitri((): rat!ir:jsvfo etech thga}A rnna‘lr?c?la or nFinaIISU tﬁera XU-coated silicon substrate and investigated by CV under the same
. g yer. Y, nditions. For investigation of the sensitive detection property of the
NPEA was fabricated on the ITO substrate. The prepared Au NP nobiosensor, the control sequences (AAATAAAAA-

was stored in ethanol until further experimentation. To make a sin
biosensor chip composed of four combinatorial Au NPEAs, four A GGGGGGGCGGGGGTT and AAAAATCAAAAAACCCCCG),

NPEAs were connected to each other 23size), and a 3D-printed instead of target single SARS-CoV-2 RNA, were immobilized on the 1

. of sensing probe-1-mogll Au NPEA and investigated by CV
chamber made with four holes was attached thereon by PDMS. Neé%er AgNQ addition. Lastly, to investigate the stability of the

the colloidal silver paste was poured into the reservoir section loca bi th d bi toP€ aid
on each of the four sides of the chamber to connect the four A:[rﬁ]?/ne(;tilggteer:jsg; C\? é’\:gfya\r;eeﬂano losensor was sto
NPEA n ively. In theal ingle biosensor chi m f . NN . . .

s conductively. In theal, a single biosensor chip composed o lectrochemical Determination of a Single Point Mutation

fs(:g: e‘éomtggsaox‘al NA;E’\APErﬁﬁ f\ggﬁ e?i\{ﬁg)fed’ and the ethanol w; SARS-CoV-2 RNA.0 conduct the electrochemical determination
: of single point mutation of SARS-CoV-2 RNA, we selected the

Characterization of the Au NPEA.The surface of the prepared L : . )
: 614G mutation inducible single point mutated SARS-CoV-2 RNA
Au NPEA, at Au/Ag NEA, and PR pattern were characterized b)gyutated RNA) as the target mutation. First, th41of sensing

eld-emission scanning electron microscopy (FE-SEM, Carl Zei . :
Germany) and atomic force microscopy (AFM, NX-10, Park Syste ob_e-z-moded_ Au NPEA was prepared in the same way as the
South Korea). For the PR pattern, the Au was sputtered with 20 nHFeV'OUS_ experiments, and then, the 100 fM of mutated RNA and
thickness using a metal ion sputter (KIC-1A, COXEM, South Kore nmutation sequence Of. SARS-CoV-2 RNA (unmutated RNA) were
to form the conductive layer for SEM investigation. During the SENfIMOPilized on the sensing probe-2-neatiAu NPEA, respectively.
analysis, EDS analysis was conducted to verify the removal of the’a)&}%r forming each nucleic ?C'd on the Au NPEA' 1 mM £ND
nanolayer after the Ag etching process. For AFM analysis, noncon M MgSQ were ad_ded in order. Each |mmob|I|zat!on step was
mode AFM was performed to image the surface of each substrate §Pgducted after washing with DIW and thoroughly drying ¢gsN
nanometer scale, and by the XEI program, the heiglet amalysis To detect and distinguish the mutated RNA and unmutated RNA for

and 3D images were collected. Tocorhe redox signal enhancing mutation occurrence determination, each prepared nanobiosensor was
property of the Au NPEA, the electrolyte prepared with potassiuffvestigated by CV under a potential range from 088.10V, a
ferricyanide(lll) was used. The redox signals from potassiuffan rate of 0.05 Vs, a sample interval of 0.001 V, a quiet time of 2 s,
ferricyanide(lll) on the Au NPEAat Au/Ag NEA, Au NEA  and a sensitivity of 1x010>° (A/V) to obtain the Ag and Mg redox
prepared only with Au deposition, Au dot pattern, Au grid patterrSignals from a mutated RNA immobilized nanobiosensor, and the Ag
and bare ITO substrate were collected by cyclic voltammetry (CHEdOX signals from an unmutated RNA immobilized nanobiosensor.
600E potentiostat workstation, CH Instruments, Inc., TX, USAJor verifying the redox signal enhanciegtef Au NPEA, samples
under a potential range from 0.6b1 V, a scan rate of 0.05 V/s, a Prepared in the same manner on #teAu/Ag NEA substrate were
sample interval of 0.001 V, a quiet time of 2 s, and a sensitivity of R$0 investigated by CV. Using the same nanobiosenscesfidll
x 10°5 (AIV). purse voltammetry (DPV) was performed for additionaincation
Fabrication of the Nanobiosensor on the Au NPEA.In order of mutation occurrence determination electrochemically. To operate
to fabricate the nanobiosensor on the Au NPEA, the prepared Abe DPV, a potential range fr&.1 to 0.9 V, a potential increase of
NPEA was washed with DIW, and theM of thiolated sensing 0.004 V, an amplitude of 0.05 V, a pulse width of 0.05 s, a sampling
probe-1 treated with TCEP for cutting of the digubond was  Wwidth of 0.0167 s, a pulse period of 0.5 s, a quiet time of 2 s, and a
immobilized on the Au NPEA for 3 h &@Githrough the ASthiol sensitivity of 1.8 10°° (A/V) were applied. Next, to evaluate the
bond. Then, the 1M of target single SARS-CoV-2 RNA dissolved inquanti cation property of the nanobiosensor, the 100 fM mixtures
RNase-free water was immobilized on the sensing probeedmodi composed of mutated RNA and unmutated RNA prepared with
Au NPEA for 1 h at 4C to form the double-stranded structure with di erent ratios (100%, 66.7%, 50%, 25%, and 0% ratio of mutated
one GSC mismatched sequence. Next, 1 mM Aghé® added to ~ RNA) were immobilized on the sensing probe-2-sthdiu NPEA,
the Au NPEA to insert the Ag ions inside t&CQnismatched and then, 1 mM AgNeand 1 mM MgS@were added sequentially.
sequence to form the MNM nanocomplex on the Au NPEA for 30he redox signal intensities from Ag and Mg ions were collected and
min at 4°C. Each immobilization step was conducted after washingnalyzed by CV under the same conditions.
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Multiplexed Detection of Several SARS-CoV-2 RNAs a
Single Biosensor Chip Composed of Four Combinatorial Au
NPEAsTo conduct the multiplexed detection of several SARS-CoVEorresponding Authors
2 RNAs on a single biosensor chip composed of four combinatorial Jeong-Woo Cch& Department of Chemé&aBiomolecular
Au NPEAs, we vedd the conductive connection of four Au NPEAs Engineering, Sogang University, Mapo-gu, Seoul 04107,
using colloidal silver paste. To achieve this, by using potassium Republic of Koreaorcid.org/0000-0003-0100-0582
ferricyanide(lll) in each connected Au NPEA, redox signals from Email:jwchoi@sogang.ag kitp://home.sogang.ac.kr/
each Au NPEA were measured. During the measurement, a single sites/nbel/
biosensor chip was used as one working electrode, and only referenc&i_Bum LeeS Department of Chemistry and Chemical
and counter electrodes were moved in each Au NPEA for collecting Biology, Rutgers, The State University of New Jersey

the redox signals from each Au NPEA. Aftercatan of the . . .
conductive connection of the four Au NPEAs, the df sensing Piscataway, New Jersey 08854, United:Siatesprg/

probe-1 and sensing probe-2 were raddin two Au NPEAs, each 0000-0002-8164-004mail:kblee@rutgers.edu

on the single biosensor chip (sensing probe-1 on array 1 and 2 and https:/kblee.rutgers.edu/

sensing probe-2 on arrays 3 and 4). Next, several SARS-CoV-2 RNAs

including the single SARS-CoV-2 RNA, mutated RNA, anduthors _

unmutated RNA, were added on each Au NPEA, respectively. ForJinho Yoors Department of Chemistry and Chemical Biology,
multiplexed electrochemical detection, CV was conducted under a Rutgers, The State University of New Jersey, Piscataway, Nev
potential range from 0.8536.1 V, a scan rate of 0.05 V/s, a sample Jersey 08854, United States; Department of &hemical

interval of 0.001 V, a quiet time of 2 s, and a sensitivity<1 D Biomolecular Engineering, Sogang University, Mapo-gu, Seou
(AIV) by only moving the reference and counter electrodes in each 04107, Republic of Koreayrcid.org/0000-0003-4614-
Au NPEA. 9217

Brian M. Conleys Department of Chemistry and Chemical
Biology, Rutgers, The State University of New Jersey,
Piscataway, New Jersey 08854, United States

Minkyu ShinS Department of Chemi&aBiomolecular

The Supporting Information is available free of charge at Engineering, Sogang University, Mapo-gu, Seoul 04107,
https://pubs.acs.org/doi/10.1021/acsnano.1c10824 Republic of Korea

Additional results and discussion, surface morphologiesJin-Ha Chols School of Chemical Engineering, Jeonbuk

of PR patterns, 3D images and heightlesaof PR National University, Jeollabuk-do 54896, Republic of Korea;
patterns, (a) Scheme and optical image of a 3D printed orcid.org/0000-0002-1632-9586 _

hole chamber. (b) Optical images for the operation of Ceémile Kilic BekiaS Department of Chemistry and
electrochemical deposition. (c) Cyclic voltammograms ~ Chemical Biology, Rutgers, The State University of New
of potassium ferricyanide (Ill). (d) Electrochemical  Jersey, Piscataway, New Jersey 08854, United States

deposition graphs of Au and Au/Ag mixture, (a,b) SEMComplete contact information is available at:

images of Au NPEAs prepared witerdint ratios, & https://pubs.acs.org/10.1021/acsnano.1¢10824

c) SEM images of PR patterat Au/Ag NEA, and Au
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