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Plasmonic Biosensor Controlled by DNAzyme for On-Site
Genetic Detection of Pathogens

Woogi Lee and Byeong Hee Hwang*

On-site predetection of pathogens could significantly decrease of a disease
outbreak or national loss in most of the countries. However, conventional
detection techniques are limited in use for on-site detection due to the
necessity of specialized skill or equipment. Therefore, it is necessary to
develop a new technique that can predetect pathogens in the field without
special skills or equipment. Here, a DNAzyme strategy to control a plasmonic
biosensor for rapid and simple visual detection of Salmonella choleraesuis is
adopted. Multicomponent DNAzyme formed by target addition can cleave the
linker effectively at 50 °C. Linker cleavage induces dispersion of two
DNA-immobilized gold nanoparticles and color change. Under optimized
assay conditions, the target could be detected via visual discrimination
sensitively and specifically. Moreover, the biosensor shows the possibility of
practical use with contaminants and a 16S rRNA real target. As a result, the
proposed plasmonic biosensor can visually detect S. choleraesuis without
unstable enzymes, a specialized technique, or equipment. Therefore, these
advantages could allow that this biosensor would be used for on-site
predetection to lower the risk of transmission of infectious diseases.

1. Introduction

Infectious diseases cause lots of patients and national loss an-
nually in most countries. Since some pathogens have strong in-
fectivity, early diagnosis and isolation of infected patients are
essential to prevent the spread of infectious diseases. How-
ever, since the diagnosis is made only at a medical institu-
tion, early diagnosis of pathogenic diseases is very difficult due
to limited accessibility to a medical institution in many coun-
tries, including developing countries.[1,2] Furthermore, the needs
of skilled personnel and expensive equipment for diagnostic
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techniques make the predetection of
pathogens difficult.[3] Therefore, it is nec-
essary to develop a new technique that can
predetect pathogens in the field without
special skills or equipment.[4]

Currently, the conventional detection
method is based on a culture of bacte-
rial pathogens, but it takes a long pro-
cedural time (up to several days) and
has limitations in identification of spe-
cific species.[5–7] Therefore, relatively rapid,
sensitive, and specific methods are widely
developed, including enzyme-linked im-
munosorbent assays (ELISA) and poly-
merase chain reaction (PCR).[8,9] However,
both ELISA and PCR require skilled person-
nel, expensive reagents, and equipped labo-
ratory limited in resource-poor countries.[10]

Therefore, unlike traditional laboratory-
based techniques, relatively simple
techniques have been developed for de-
tecting pathogens in a resource-poor
environment.[11,12] Microfluidic electro-
chemical loop-mediated isothermal am-
plification could detect pathogenic DNAs

rapidly, sensitively, and quantitatively.[11] The litmus test was
adopted for bacterial detection by coupling bacteria-specific RNA-
cleaving DNAzyme and urease onmagnetic beads.[12] These tech-
nologies were able to detect pathogens simpler than existing tech-
nologies. However, it still needs complicated skills or proteins
that are difficult to store or use.
Here, we adopted a DNAzyme strategy to develop a plas-

monic biosensor for rapid and simple visual detection of
Salmonella choleraesuis. Enzymatic cleavage of multicomponent
DNAzymes induced the colorimetric signal of gold nanoparti-
cles (GNPs) using the previous literature.[13] GNPs are widely
used in the detection filed because it provides visible col-
orimetric results.[14–17] Synthesized GNPs were immobilized
with two different thiolated DNA of Imm1 and Imm2 to
make GNP-1 and GNP-2, respectively. After the confirmation
of multicomponent DNAzyme formation, colorimetric change
of plasmonic biosensor was observed through target cleavage
using DNAzyme. Under the optimization of DNAzyme reac-
tion conditions, the sensitivity and specificity of the biosen-
sor were determined. The practical usability was tested us-
ing detections in contaminants, and with16S rRNA real
target.

Biotechnol. J. 2020, 15, 1900329 © 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1900329 (1 of 7)



www.advancedsciencenews.com www.biotechnology-journal.com

Figure 1. Characterization of GNPs and immobilization of thiolated DNA on GNPs: A) TEM image of synthesized GNPs (245 000×). B) EDS mapping
image of synthesized AuNPs. The red dot on the measured nanoparticle was verified to GNPs; C) spectra of AuNPs analyzed by EDS, and D) size
distribution of AuNPs measured by DLS. E) EDS spectra of Imm1-immobilized GNPs, and F) EDS spectra of Imm2-immobilized GNPs. Red spots
indicated the distribution of gold and green spots indicated the distribution of phosphate. G) EDS element mapping image of Imm1-immobilized
GNPs, H) EDS element mapping image of Imm2-immobilized GNPs.

2. Results

2.1. Characterization of GNPs w/o and w/ Thiolated DNA

Physical properties of fabricated GNPs were characterized by
transmission electron microscope (TEM), dynamic light scatter-
ing (DLS), scanning electron microscopy (SEM), and energy dis-
persive spectrometry (EDS). First, the TEM image represented
the well-dispersed uniform size and spherical shape with a reg-
ular size of average 13.5 nm (Figure 1A; Figure S1, Supporting
Information). EDS mapping showed that the nanoparticles com-
posed of gold with red dots (Figure 1B). EDS spectra proved that
nanoparticles were made of gold with a gold peak of 11.71 wt%
(Figure 1C). Also, DLS analysis indicated that the average size of
GNPs byDLSwas 13.45 nmwith PDI 0.103, and the size distribu-
tion was unimodal (Figure 1D). The size of GNPs was coincided
by both TEM and DLS analyses. Zeta potential of synthesized
GNPs was −11.7 mV measured by DLS (Figure S2A, Support-
ing Information). As a result, GNPs were successfully fabricated
with uniform size, shape, and relatively negative charge.
The conjugation of thiolated DNA to GNPs was confirmed

using SEM, TEM, EDS, and zeta potential. The element map-
ping and peaks of GNPs conjugated by Imm1 and Imm2 were
observed by EDS analysis of TEM, respectively (Figure 1E–H).
EDS element mapping showed red spots (gold) and green
spots (phosphate) on the nanoparticles (Figure 1E,F). Gold and
phosphate peaks were observed using EDS analysis of TEM and
SEM (Figures 1G,H; Figure S3A,B, Supporting Information).

The well-dispersed GNPs were observed with uniform size
and spherical shape in both cases (Figure S3D,E, Supporting
Information). Zeta potentials of Imm1-immobilized and Imm2-
immobilized GNPs were −17.7 and −13.4 mV, respectively
(Figure S2B,C, Supporting Information). Moreover, the aggrega-
tion of GNPs conjugated by thiolated DNA was observed using
SEM and EDS analysis. After the linker addition, the aggregation
of GNPs with Imm1 and Imm2 was observed by the SEM image
(Figure S3F, Supporting Information). Also, phosphate and
gold peaks of aggregated GNPs were observed by EDS (Figure
S3C, Supporting Information). The relative weight proportion of
phosphate in aggregated GNPs increased.

2.2. Confirmation of DNAzyme Reaction and Plasmonic
DNAzyme Assay

Operations of DNAzyme reaction and plasmonic DNAzyme
assay were confirmed through experiments. The operation of
the DNAzyme reaction was demonstrated by agarose gel elec-
trophoresis (Figure S4, Supporting Information). The bands of
MNAzyme A, MNAzyme B, and linker were observed in the
fourth lane without the target. In the fifth lane, when the tar-
get addition, the upper band was considered as a DNAzyme
complex. The DNAzyme complex composed of MNAzyme A,
MNAzyme B, linker, and target. The lower band was considered
as a cleaved linker because the size of the cleaved linker is shorter
than that of the linker or other MNAzymes. Therefore, the
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Figure 2. The sensitivity of the colorimetric biosensor. A) Top: spot image of 0–200 nm target on nitrocellulose membrane. Image was adjusted for
contrast and brightness. Bottom: The shift of peak absorbance wavelength was observed for the change target concentration from 0 to 200 nm. The data
represented mean ± standard deviation. Experiments were repeated four times independently. The p-value was calculated using t-test. ** means p <

0.01. B) The maximum wavelength in normalized absorbance spectra was shifted based on the target concentration change from 0 to 200 nm.

presence of a cleaved linker band has proved the regular oper-
ation of DNAzyme.
The operation of the plasmonic DNAzyme assay was demon-

strated by colorimetric change and shift of peak wavelength
(Figure S5, Supporting Information). The color of GNPs without
target was indigo blue, and the color was changed to pale pink
gradually as target concentration increased (Figure S5A, Sup-
porting Information). Moreover, the peak wavelength of GNPs
without target was 527 nm, and the peak wavelength was shifted
to 523 nm gradually as target concentration increased (Figure
S5B, Supporting Information).

2.3. Optimization of Reaction Conditions

Temperature, time, and linker concentration were optimized
through experiments for the best sensitivity. For the optimiza-
tion of temperature, the cleaved linker was observed by agarose
gel electrophoresis (Figure S6A, Supporting Information), and
the change of peak wavelength was observed by a UV microplate
reader (Figure S7, Supporting Information). The band longer
than the linker was considered as a DNAzyme complex in an
upper white rectangle, and the band shorter than the linker was
considered as the cleaved linker in a lower white rectangle. The
brightest band of the cleaved linker was observed at 50 °C. Be-
sides, a dramatic shift of peak wavelength in the absorbance spec-
trum at 50 °C was observed compared to that at 65 °C (Figure S7,
Supporting Information). Therefore, 50 °C was chosen for the re-
action temperature of the following experiments.
For the optimization of reaction time, the cleaved linker was

observed by agarose gel electrophoresis (Figure S6B, Supporting
Information). Themore extended band and shorter band than the
linker was considered as the DNAzyme complex and the cleaved
linker, respectively. The band intensity of the cleaved linker in-
creased dramatically until 1 h. After 1 h, the band intensity does
not show significant change. Therefore, 1 h was chosen for the
adequate reaction time of the following experiments.

The linker concentration was optimized by a shift of peak
wavelength (Figure S8, Supporting Information). The aggregated
particles showed around 535 nm of peak wavelength. As the
target concentration increased, the peak wavelength decreased
to around 525 nm. A shift of peak wavelength was observed
at 300 and 400 nm among 200–700 nm linker concentrations
(Figure S8B,C, Supporting Information). Specifically, the peak
wavelength at 300 nm linker concentration diminished gradu-
ally and linearly and from 0 to 150 nm of target concentration
(Figure S8B, Supporting Information). Peak wavelength at
400 nm linker concentration decreased steeply from 0 to 100 nm
of target concentration (Figure S8C, Supporting Information).
For the best sensitivity, the following experiments were per-
formed at a 400 nm linker concentration.

2.4. Sensitivity and Specificity of Plasmonic DNAzyme Assay

The sensitivity of the plasmonic DNAzyme assay was determined
by a shift of peak wavelength (Figure 2). Peak wavelength de-
creased steeply from 0 to 50 nm of the target concentration (Fig-
ure 2A). Then, the peak wavelength decreased gradually from
50 to 200 nm of the target concentration. The peak wavelength
of 50 nm target concentration was significantly different from
the peak wavelength of 0 nm target concentration. p-value was
0.00289 by the t-test from three independent repeats. Moreover,
the normalized absorbance spectrum clear showed wavelength
shift to shorter value (Figure 2B). The limit of detection was de-
termined as 50 nm because of statistically significant difference
and optically distinguishable color.
The specificity of the plasmonic DNAzyme assay was eval-

uated using mismatched targets (Figure 3). M1, M2, and M3
were designed with one, two, and three adjacent mismatches.
All mismatched targets showed no significant color change in
spot pictures (Figure 3). Moreover, the maximal difference of
peak wavelength was 3 nm, which could not be discriminated
against with colorimetric change. Therefore, the specificity of the
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Figure 3. The specificity of the colorimetric biosensor. M1, M2, and M3 were designed as having one, two, and three mismatches, respectively. Three
graphs represented the result using A) M1, B) M2, and C) M3 targets, respectively. Top, spot image on nitrocellulose membrane; bottom, the shift of
peak absorbance wavelength of 0–1000 nm target concentration. The spot and error bars indicated the average and standard deviations. Experiments
were repeated three times independently. The p-value was calculated using t-test. * means p < 0.05.

Figure 4. Practical usability test using contaminants and a 16S rRNA real target. A) Colorimetric detectionwith LB broth. Top, spot image on nitrocellulose
membrane; bottom, the shift of peak absorbance wavelength of 0–500 nm target concentration. Experiments were repeated three times independently.
B) Colorimetric detection using 16S rRNA real target. Top, spot image on nitrocellulose membrane; bottom, the shift of peak absorbance wavelength of
purified total RNA equivalent to 3.66 × 105 cells. The spots and error bars indicated the average and standard deviations in both graphs. Experiments
were repeated five times independently. The p-value was calculated using t-test. *, **, and *** mean p < 0.05, 0.01, and 0.001, respectively.

proposed biosensor could discriminate one base mismatch of a
target.

2.5. Practical Usability Test of Plasmonic DNAzyme Assay

Detections with contaminants and a real 16S rRNA target were
checked using plasmonic DNAzyme assay (Figure 4). Because
Luria–Bertani media as contaminants had brown color and salt,
it could affect the detection of the colorimetric biosensor. The vi-
sual spot color was changed at 150 nm of target concentration
(Figure 4A). On the other hand, the change in peak wavelength
showed a statistically significant difference at 100 nm. Moreover,
detection with the real target was confirmed using purified 16S
rRNA (Figure 4B). Total RNA was extracted from S. choleraesuis.
16S rRNA target equivalent to 3.66 × 105 cells showed distin-
guishable color change of spots and statistically significant dif-
ference. Therefore, the proposed colorimetric biosensor could de-
tect the target sequence in the presence of contaminants and real
16S rRNA target.

3. Discussion

This biosensor could generate the colorimetric signal of the plas-
monic field influenced by aggregation of GNPs through DNA
linking and dispersion of GNPs by DNAzyme for on-site genetic
detection of a pathogen (Figure 5). First, if the target sequence
existed in the sample, target sequences bound to complemen-
tary sequences in the MNAzyme A and B strands, resulting in
MNAzyme activation. The Linker sequences were hybridized to
the other side of the MNAzymes. The activated MNAzymes with
the coenzyme Mg2+ cleaved between rG and rU of the Linker se-
quence. On the surface of GNPs, Imm1 and Imm2 sequences
were separately immobilized using thiol bonds. Linker was de-
signed complementarily to the Imm1 and Imm2 sequences. It
hybridized with the Imm1 and Imm2 sequences andmade an ag-
gregation of GNPs. However, the cleaved Linker did not make an
aggregation of GNPs close because each cleaved part is separately
combinedwith Imm1 and Imm2 sequences. In results, theGNPs
remain dispersed. In summary, if there is no target, the gen-
uine Linker allowed the GNPs to be aggregated, and the solution
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Figure 5. The schematic figure for the overall reaction of the plasmonic biosensor. With a target, activated MNAzyme cleaved the linker, and dispersed
Imm1- and Imm2-immobilized GNPs represented red color. Without a target, inactivated MNAzyme could not cleave the linker and aggregated Imm1-
and Imm2-immobilized GNPs represented a dark blue color.

became purple or blue. On the other hand, in the presence of tar-
get sequences, the Linker sequences were cleaved by the activa-
tion of MNAzyme. Then, the solution became red due to the dis-
persion of theGNPs. GNP-1 andGNP-2 were functionalized with
two different thiolated DNA of Imm1 and Imm2, respectively.[18]

The linker DNA can form an aggregation of GNP-1 and GNP-2
through hybridization with Imm1 and Imm2 (Figure S3F, Sup-
porting Information). The aggregation of GNPs causes the cou-
pling of a plasmonic field, which affects the shift of maximum
absorbance to longer wavelength.[19,20] The color of the solution
changes from pale red to dark indigo (Figure S5A, Supporting
Information). Moreover, assembled DNAzymes specific to target
could cleave two RNA nucleotides of the linker DNA.[21,22] This
biosensor chose MNAzyme because it has the highest DNAzyme
rate.[23] GNPs dispersed by DNAzymes decoupled the plasmonic
field of GNPs, the color of the solution return to pale red. There-
fore, the target DNA sequence could be detected using the color
change of biosensor.
First, fabricated GNPs had a uniform average diameter of

13.45 nm with unimodal peak analyzed by TEM, SEM, EDS, and
DLS. Then, immobilization of Imm1 and Imm2 were checked
using the characteristic phosphate spots and peaks of GNP-1,
GNP-2, their aggregation in each EDS graph (Figure 1E–H; Fig-
ure S2A,B, Supporting Information), and decrease of zeta poten-
tial (Figure S2, Supporting Information). Also, DNA immobiliza-
tion could be supported by the SEM image of aggregated GNPs
by linker addition also supported the DNA immobilization (Fig-
ure S3F, Supporting Information) and the dark indigo color and
shift of absorbance peak to longer wavelength (Figure 3A,B, Sup-
porting Information). The activity of the assembled DNAzyme
was checked (Figure S4, Supporting Information). Then, the

temperature and time of the proposed biosensor were optimized
(Figure S5, Supporting Information). The temperature of 50 °C
was chosen due to the brightest band of the cleaved linker (Fig-
ure S6A, Supporting Information). This result shows almost a
similar tendency as the reference.[13] Time of 1 h was chosen due
to the saturated band of the cleaved linker and rapid detection
(Figure S6B, Supporting Information).
DNAzyme activity by target addition changed to the red color

and lead the shift of absorbance peak to shorter wavelength
(Figure S5, Supporting Information). The plasmonic biosensor
was optimized with linker concentration (Figure S8, Supporting
Information). A clear shift of absorbance peak was observed
at linker concentrations of 300 and 400 nm. In contrast, the
absorbance peak was not shifted at other linker concentrations.
More aggregation at 200 nm linker concentration might happen
because insufficient linker concentration did not cause sufficient
dispersion of DNA-immobilized GNPs by electric repulsion. On
the other hand, more dispersion of 500–700 nm linker concen-
trations might happen because high linker concentration caused
excessive dispersion by electric repulsion. 50 nm detection limit
of the plasmonic biosensor was determined by distinguishable
color change (Figure 2). This result is comparable to the col-
orimetric detection of references[24,25] in Table S3, Supporting
Information. The specificity of the proposed biosensor could dis-
criminate one base mismatch of the target (Figure 3). Moreover,
the proposed colorimetric biosensor showed the possibility of
practical use through the detection of a target in the presence of
contaminants, and real 16S rRNA target (Figure 4). Therefore,
this plasmonic biosensor presents a simple detection method
in resource-poor on-site conditions through a combination of
DNAzyme amplification and colorimetric GNPs.
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4. Conclusion

The proposed plasmonic biosensor could detect S. cholerae-
suiswith colorimetric visualization successfully.Multicomponent
DNAzyme formed by target addition could cleave the linker ef-
fectively at 50 °C. Linker cleavage induced dispersion of two
DNA-immobilized GNPs and color change. Under optimized
assay conditions, the target could be detected using visual dis-
crimination sensitively and specifically. Moreover, the biosen-
sor showed the possibility of practical use with contaminants
and a real 16S rRNA target. As a result, developed plasmonic
biosensor could detect a pathogen within 2 h without unstable
protein enzyme, specialized technique, or equipment. These ad-
vantages could allow that the biosensor would be used for on-
site predetection to lower the risk of transmission of infectious
diseases.

5. Experimental Section
Materials: Gold(III) chloride trihydrate, sodium citrate tribasic,

sodium phosphate dibasic, potassium chloride, and poly(ethylene glycol)
methyl ether thiol (MW = 800 Da) were procured from Sigma-Aldrich, Inc.
(St. Louis,Missouri, USA).Magnesium chloride, sodium chloride, and Tris
were procured from the Genomic base (Seoul, Korea). Sodium phosphate
monobasic and Tween-20 were procured fromGeneray Biotech (Shanghai,
China). Hydrochloric acid andNitric acid were procured fromDuksan pure
chemicals (Ansan, Korea). 100 bp Plus DNA Ladder and 6X DNA gel load-
ing buffer 1 (2 Dye) were procured fromBiofact (Daejeon, Korea). Nitrocel-
lulose blotting membrane was purchased from GE Healthcare (Bucking-
hamshire, UK). RNA-containing linker DNA strand and all thiol-modified
DNA strands in Table S1, Supporting Information were procured from In-
tegrated DNA Technologies (IDT, Iowa, USA), All other DNA strands were
procured from Cosmogenetech, Inc. (Seoul, Korea). DNA strands were re-
suspended with deionized distilled water (Direct-Pure adept, RephiLe Bio-
science) to 100 𝜇m concentration and stored at -20 °C. DNA sequences
used in the study are shown in Table S1, Supporting Information. S. en-
terica serotype choleraesuis was obtained from ATCC (7001, Manassas,
VA, USA). RNeasy Mini Kit was purchased from Qiagen GmbH (Hilden,
Germany). RNaseZAP was purchased from Sigma-Aldrich, Inc. (St. Louis,
MO, USA).

Instrumentation: The absorbance spectrum was measured from 510
to 540 nm wavelength by microplate spectrophotometer (EPOCH2,
Biotek, Vermont, USA). The ultrasonication process was performed using
a power sonic 405 (Hwashin instrument, Seoul, Korea). Agarose gel elec-
trophoresis was performed using a Mupid-2 plus (Optima, Japan, Tokyo).
The gel image was acquired by the gel documentation system (LSG 1000,
iNtRON Biotechnology, Seongnam, South Korea). The diameter of GNPs
was measured by DLS (Nano-ZS, Malvern Instruments Ltd., Worcs, UK).
SEM images and EDS analysis were acquired using a field emission SEM
(JSM-7800F, JEOL Ltd., Tokyo, Japan). TEM images were obtained using a
TEM (F200X, Thermo Fisher Scientific, Waltham, MA, USA).

Preparation of 13 nm GNPs: GNPs were synthesized according to the
method following a reference.[13] Briefly, 1 mL of 25 nm Gold(III) chlo-
ride trihydrate and 98 mL of distilled water were added to a 250 mL Er-
lenmeyer flask. While the boiling solution was stirred with a magnetic stir-
rer (HP-3100, Lab companion, Daejeon, Korea), 1 mL of 33 mg mL−1 of
sodium citrate tribasic was added. After boiling for 10 min, the solution
was cooled at room temperature. GNPs were concentrated by centrifuga-
tion at 12 000 × g for 30 min. Then, Tween-20 was added to a final concen-
tration of 0.01% v/v. Concentration of GNPs was adjusted to 100 nm using
0.01% v/v Tween-20 solution. GNP concentration was calculated based on
absorbance at 520 nm measured using a microplate UV–vis spectropho-
tometer (extinction coefficient of 13 nm GNP: 2.33 × 108 m−1 cm−1).

Conjugation of Thiolated DNA to GNPs: Thiolated DNA was
conjugated to GNPs following a reference’s protocol with some
modifications.[18] 60 µL of 100 nm 13 nm GNPs and 60 µL of 32 µm
one of thiol-modified Imm strand were added to 480 µL of 10 mm phos-
phate buffer (pH 7.2) with 0.01% v/v Tween-20 in an E-tube. Also, the
mixture was incubated for 20 min at room temperature. For stabilization
of DNA-conjugated GNPs, 3.43 m NaCl in 10 mm phosphate buffer with
0.01% v/v Tween-20 was added to the mixture solution for ten steps
according to the schedule of Table S2, Supporting Information. For each
step, the DNA-conjugated GNPs mixture was sonicated for 10 s and incu-
bated for 20 min at room temperature. After the 30 µL addition of 2 mm
poly (ethylene glycol) methyl ether thiol (MW = 800 Da), DNA-conjugated
GNPs mixture was incubated for 30 min at 60 °C. Then, DNA-conjugated
GNPs were washed three times using centrifugation at 16 000 × g for
30 min with 0.01% v/v Tween-20 solution. The final concentration of
GNPs was adjusted to 11 nm and stored at 4 °C until use.

Characterization of GNPs: Size, polydispersity, and zeta potential of
synthesized GNPs were confirmed using DLS. The GNPs solution was di-
luted to 1 nm with distilled water. 1 mL of 1 nm GNPs were added to a
cuvette (Ratiolab, Dreieich, Germany). After equilibration for 30 s at 25 °C,
the size and polydispersity index of GNPs were measured using DLS. Im-
age of synthesized GNPs was acquired using a TEM and EDS analysis.
TEM sample was prepared by dropping 1 mL of 1 nm synthesized GNPs
on a carbon grid and air-dried overnight. Images and constituent atoms of
GNPs, two DNA-conjugated GNPs, and aggregated GNPs were acquired
using a SEM and EDS analysis. For each sample, 20 µL aliquot of 0.1 nm
was dropped onto an aluminum foil and air-dried overnight and thenmea-
sured using SEM and EDS.

Colorimetric Detection Using Plasmonic Biosensor: The colorimetric
change of GNPs was visually confirmed according to the target concen-
tration. Each tube contains 2 µL of 10×MNAzyme buffer, 2 µL of 150 mm
MgCl2, 2 µL of 2 µm MNAzyme subunit A+B solution, 2 µL of 400 nm
Linker and 2 µL of 0–1000 nm of the target. The samples were incubated for
1 h at 50 °C in order for theMNAzyme to sufficiently cleave the linker. After
the 5 µL addition of 11 nm Imm1-immobilized GNP (GNP-1) and Imm2-
immobilized GNP (GNP-2), respectively, the samples were incubated for
20 min at 50 °C and cooled to room temperature for 5 min. Then, 5 µL of
the solution was dropped onto the nitrocellulose blotting membrane (8 ×
2 cm) at intervals of 1 cm and observed after air-drying overnight. Images
were adjusted for contrast and brightness.

Optimized Conditions of Plasmonic Biosensor: To obtain the best per-
formance of the assay, temperature, time, and linker concentration were
optimized. For optimization of reaction temperature, each E-tube con-
tains 4 µL of 10× MNAzyme buffer, 4 µL of 150 mm MgCl2, 4 µL of 2 µm
MNAzyme subunit A+B solution, 4 µL of 4 µm Linker and 4 µL of 2 µm
of the target. Each sample was incubated for 150 min at 50, 55, 60, and
65 °C. For optimization of reaction time, the above samples were incu-
bated at 50 °C for 0, 0.5, 1, 1.5, 2, 3, 4 h. Then, 5 µL of 100 bp DNA ladder
and 10 µL of each sample mixed with 6× loading buffer were loaded in a
well of 3% agarose gel with 1X TAE buffer. Gel electrophoresis was per-
formed in 1× TAE buffer at a constant potential of 90 V for 15 min using
a Mupid-2 plus. The gel image was acquired using the gel documentation
system.

For optimization of linker concentration, each tube contains 4 µL of 10×
MNAzyme buffer, 4 µL of 150 mmMgCl2, 4 µL of 2 µmMNAzyme subunit
A+B solution, 4 µL of 100–700 nm Linker and 4 µL of 0–200 nm of the
target. The samples were incubated for 1 h. After 10 µL addition of 11 nm
GNP-1 and GNP-2 solutions, the samples were incubated for 20 min at
50 °C and cooled to room temperature for 5 min. Then, the absorbance
spectrum of each sample was measured from 510 to 540 nm wavelength
using a microplate spectrophotometer. The peak absorbance was plotted
according to target concentrations.

Sensitivity and Specificity of the Biosensor: Under optimal conditions,
the detection limit was measured under the following conditions. Each
1.7 mL tube containing 4 µL of 10× MNAzyme buffer, 4 µL of 150 mm
MgCl2, 4 µL of 2 µm MNAzyme subunit A+B solution, 4 µL of 400 nm
Linker and 4 µL of 0–200 nm of the target. After the same procedure above,
the absorbance spectrum of each sample was measured between 450 and
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600 nm using a microplate spectrophotometer. Mean and standard devia-
tion of peak wavelength was plotted according to the target concentration
from triplicate. For the specificity test, M1, M2, and M3 were designed as
having one, two, and three adjacent mismatches, respectively (Table S1,
Supporting Information). The target was replaced with a mismatched se-
quence according to 0, 50, 200, and 1000 nm. All the other protocol was
the same as the above.

Practical Usability Test of the Biosensor: Practical usability was tested
using contaminants and 16S rRNA real targets. First, the Luria–Bertani
(LB) broth was used as a contaminant. LB broth was used for the target
dilution. The target with LB broth was used for colorimetric detection. Sec-
ond, the 16S rRNA real target was purified and detected using the biosen-
sor. S. enterica serotype Choleraesuis was obtained fromATCC (Manassas,
VA, USA) (7001). S. choleraesuis strain used in this study was cultured in
LB broth at 37 °C and 125 rpm overnight. The number of Salmonellae is
measured using the plate count technique. The total RNA of S. cholerae-
suis was extracted using the RNeasy Mini Kit was purchased from Qiagen
GmbH (Hilden, Germany). The concentration and purity of the extracted
total RNA weremeasured as follows. 2 µL of total RNAwas placed in Take3
plates (Biotek Instruments, Inc., Winooski, VT, USA) and measured by mi-
croplate spectrophotometer. The diluted total RNA was used as a target
and all instruments, and tubes used in the experiment were cleaned using
RNaseZap. All the other protocol was the same as the above.

Statistical Analysis: Statistical analyses were performed using a paired
t-test of the SigmaPlot version 10.0 (Systat Software Inc., San Jose, CA,
USA) to assess differences between the two groups.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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