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Highly sensitive and univer sal detection strategy based on a colorimetric
assay using tar get-specific heter ogeneous sandwich DNA aptamer

Juyoung Kan§ Gyuho Yeor, Hyungjun Jang,
Chin-Ju Park* and Min-Gon Kinrt*

ABSTRACT: A simple, universal, and sensitive colorimetricdg@nsor for detecting of various biomarkers was
devised using a target-specific DNA aptamer, asrdoegnition element, and engineered with streptavi
fusion replication protein A 70kDa (RPA70A) linked biotin-horseradish peroxidase, as the coloriimetr
element. To improve sensitivity and stability comgzhto other colorimetric detection techniques,deeeloped

a novel detection strategy by integrating a nevalected heterogeneous sandwich DNA aptamer anéiprot
engineering in this study. The proposed assay sed@n a change in color from colorless to blue tduthe
interaction of the aptamer with RPA70A in the preseof the target; this color change could be oleskby
the naked eye or measured with a UV-vis spectraméte confirmed its high sensitivity and specifjcibr two
model targets using their aptamers under optimpkgmental conditions. In addition, the feasibility the
assay was tested in clinical samples containing &fRefluenza A or B virus. These results suggeést our
detection system developed herein can be univgrapllied to the diagnosis of various diseases @wanits

stability, sensitivity, and specificity.
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1. INTRODUCTION

The development of highly sensitive and accurateati®n techniques for infectious viral diseases tiose a
major threat to weakly immunized children and thdedy is of paramount importance to public heastbues
[1]. In particular, accurate and sensitive diagsadsiessential for the appropriate treatment of yndiseases
caused by viruses, such as influenza A and B vishg;h have become widespread globally with higieétion
rates [2—4]. Several techniques for detecting thésises have been reported; among these, theaooshonly
used method is a polymerase chain reaction (PC8jebtechnique for amplifying and detecting viraheg in
human biological samplg§-9]. This method is more accurate than other oughbut requires complicated
sample preparation and sophisticated equipment.

Among the various methods for biomarker detectimtuding PCR, colorimetry-based assay is an attect
method with the following advantages: use of visilight for detection, ease of operation, and featling [10—
12]. Biosensors using colorimetric detection cohwvaslorless signals into visible color changes. iMas
strategies for generating colorimetric signals hbgen successfully studied; however, several agdle, such
as poor stability and low sensitivity, remain ummiged [13,14]. For example, horseradish peroxid&ieP) is
widely used in biosensors based on colorimetricect&n because it is capable of reacting with uaio
substrates to exhibit characteristic color chafggs17]. These methods have been reported to eriable
recognition and detection of color changes basethempresence or absence of a target, through gatnjun
with an antibody or elements capable of recognizivegtarget. However, they have limitations regagdihe
detection of biomarkers requiring high sensitibgcause of the poor stability or the need for cempgteps for
signal amplification [18]. Moreover, depending dre tconjugation method, a low recognition rate aaldef
positive signals may be obtained.

To address these limitations, several techniquasdhange target-recognition elements into aptamerdd
simple signal amplification steps to the analysisehbeen developgdi9—22]. Aptamers are single-stranded
DNA, RNA, or peptide molecules that interact witldesired target with high affinity and specifidi®s,24].
They are widely used as clinical diagnostic toald therapeutic agents because they possess satreasitages
over antibodies, such as lower manufacturing castsshorter production timgb—27]. In addition, when an
aptamer is used as a recognition agent, it endbfgdy sensitive detection by incorporating variaignal
amplification methods that utilize the favorableadcteristics of nucleic acids [28]. We previoudbveloped
an aptamer-based colorimetric biosensor using HRRfEsulated liposomes with signal amplificationHaghly

sensitive detection of disease biomark2#. This method achieved high sensitivity butéstricted in practical
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diagnosis applications due to some limitations.SEheonstructs are difficult to store for a longdilvased on
the characteristics of liposomes, and the synttuddiiRP-loaded liposomes involves markedly compsips.
Herein, we devised a novel detection platform basea@ colorimetric assay using heterogeneous sahdwi
DNA aptamers and engineered replication proteiroAdmplification of the colorimetric signal. Remion
protein A (binding domain A of human replicationofgin A 70kDa; RPA70A) is a single stranded-DNA
(ssDNA) binding protein that binds universally waptamers (i.e. sSSDNA) [30]. Lyophilized streptanifusion
RPA70A linked with biotin-HRP (STA-RPA70A@biotin-HR used as a colorimetric agent in the proposed
detection method is more stable than enzymes euledpd in liposomes or chemical reagents used hrot
colorimetric assays. We additionally developed & B&NA aptamer specific to influenza B virus nuclemgin
(NP) using the previous strategy for the selectibra heterogeneous sandwich DNA aptamer. Usingethes
materials, we successfully applied the aptamehéodetection of influenza A and B virus NPs in tevised
colorimetric biosensor, with a femtomolar limit afetection (LOD), and demonstrated its potential for

application in diverse clinical fields.

2. EXPERIMENTAL SECTION

2.1 Materialsand reagents

Histidine (His)-tagged recombinant NP (A/Puerto d?34/Mount Sinai (H1N1)) and Influenza B
(B/Florida/4/2006) NP expressed in a baculoviriseat cell expression system were purchased frora Sin
Biological Inc. (Beijing, China). Anti-influenza NP antibody (capture and detection) and anti-imfhzeB NP
antibody (“immobilized Ab”) produced in a murine de were purchased from HyTest Ltd. (Turku, Finland
and Fitzgerald Industries International (Acton, MASA), respectively. Peroxidase Labeling Kit-NH2 sva
purchased from Dojindo molecular technologies, (Rockville, MD, USA). The oligonucleotide sequerafe
the influenza A NP aptamer employed in this stied§-TAG GGA AGA GAA GGA CAT ATG ATT GGC TTG
CAT GCT GGACTT CCT ACT GGT TTT TGA CTA GTA CAT GACAC TTG A-3. Bovine serum albumin
(BSA) and surfactant 10G (95R-103) were purchasma fitzgerald Industries International. Neo protsaver
was obtained from TOYOBO Co., Ltd (Osaka, Japad)6rwell plates were purchased from Greiner Bi@On
Inc. (Kremsmunster, Austria). STA-HRP and 3,3',8@&ramethylbenzidine (TMB) substrate reagent seise
purchased from BD Biosciences (San Diego, CA, US)s-HCI, potassium chloride, magnesium chloride,
sodium chloride, Triton X-100, and Tween 20 werechased from Sigma-Aldrich (St. Louis, MO, USA).

Human nasal fluid from a single human donor (994S)3vas purchased from LEE Biosolutions Inc. (Mang
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Heights, MO, USA). dNTP mixture, lambda exonucleasd nTaq polymerase were obtained from Enzynomics
(Daejeon, Korea). The PCR Product Purification Wi#s purchased from Gene All (Daejeon, Korea). All
oligonucleotides employed in this study were puseltbfrom Integrated DNA Technologies Inc. (CoradvilA,
USA). All buffers and reagent solutions were prepausing distilled water (DW) generated on an ELv@her
purification system (Lane End, UK).

2.2 H-sandwich SELEX

The H-sandwich systematic evolution of ligands Bpanential enrichment (SELEX) method introduced in
the previous study was used to develop a heterogengandwich DNA aptamer specific to influenza Bisi
NP [31]. To immobilize the antibody for capturiftetNP and aptamer, anti-influenza B NP antibodydimL?)
was incubated in 0.1 M carbonate buffer (pH 9.5ai86-well plate at 4 °C overnight. After incubatiand
washing, the wells were subsequently blocked with(fv/v) BSA at 37 °C for 1 h. Recombinant NP (1 mg™)
(i.e., positive well) or PBS-T (i.e., counter wellith coated antibody were prepared at 37 °C fdr. Zhe
ssDNA random library was denatured by heating &t®@r 5 min in binding buffer (50 mM Tris-HCI, pA.4,
100 mM NaCl, 5 mM KCI, 1 mM MgG) and immediately cooled on ice. After that, thBN# library was
added to BSA-blocked counter wells for 30 min tcclede ssDNA bound to antibodies or BSA. The
supernatants containing unbound ssDNA were incdhiatevells containing the antibody-NP complex (piosi
well) for 30 min. The wells were then washed wiBiS?T, and binding buffer was added and incubat&0&1C
for 10 min to elute antibody-NP complex-bound ssDNAe mixture was purified using the PCR purifioati
kit according to the manufacturer’s protocol. Thiegpitate was dissolved in 30 pL of sterile watad stored
at 4 °C for subsequent experiments.

In order to amplify the bound ssDNA, PCR was perfed using a forward primer and phosphorylated
reverse primer. The PCR was carried out in 50 pdodiition containing purified template DNA, two ipers (1
UM each), 2.5 mM dNTP mixture, and nTaq polymer&eR conditions were as follows: 95 °C for 5 mif); 3
cycles of 95 °C for 30 s, 56 °C for 20 s, and 72f6€ 20 s; and final extension at 72 °C for 5 niline
phosphate-labeled PCR product was then cleavedssidNA by lambda exonuclease before the next raxind
selection. Furthermore, the H-sandwich SELEX pracedncluded additional rounds of counter-SELEXngsi
human nasal fluid and NP of influenza A virus torgase specificity {4and 9" rounds). A total of 12 sequential
rounds of selection were performed in accordantle thie abovementioned protocol.

2.3 Purification of STA-fusion RPA70A protein

STA-fusion RPA70A (STA-RPA70A) was subcloned inte {pET His6é TEV LIC cloning vector (1B), which
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was a gift from Scott Gradia, and transfected Bt@1 (DE3) cells. Proteins were overexpressed andigd
as described previously [30]. Cells were grown #C3to an OD 600 of 0.5-0.6, following which IPTGsv
added to a final concentration of 0.5 mM. Cells avercubated overnight at 18°C. His-tagged STA-RBPA70
proteins were purified using an Ni-NTA column (EBiotech, Daejeon, Korea) and eluted with elutaifer
(50 mM NaHPQ,, 300 mM NaCl, 300 mM imidazole). Further purificet was performed by size exclusion
chromatography using AKTA pure and Hi-Load 16/6002g (GE Healthcare) with PBS buffer at a flow rafte
1 mL/min (Fig. S1).

2.4 Preparation of STA-fusion RPA70A linked to biotin-HRP

To synthesize STA-fusion RPA70A linked to biotin-ARSTA-RPA70A@biotin-HRP), purified STA-
RPA70A was mixed with biotin-HRP and incubated at°@ for 1 h. After incubation, size exclusion
chromatography was performed to remove the remginimcoupled biotin-HRP. The final concentration of
STA-RPA70A@biotin-HRP was 0.5 mg-mLand it was lyophilized for 12 h using an lIshirdze dryer
(FD5520S; lishin Biobase Co., Dongducheon, Koreafdrther experiments.

2.5 Direct enzyme-linked oligonucleotide assay (EL ONA)

To determine the binding affinities of the selectagtamers, we performed direct enzyme-linked
oligonucleotide assay (ELONA) as described previo[29]. Recombinant NP of influenza B virus (1 pd-™)
was immobilized in a 96-well plate at 4 °C overrighfter blocking with 1% (w/v) BSA in PBS-T for 1, four
biotin-labeled aptamers (0-10 pM) were used asdgtection probes. The binding affinities betweea th
aptamers and influenza B virus NP were determingdmeasuring absorbance values at 650 nm using
streptavidin-HRP and TMB solution and calculatigusing GraphPad Prism version 7.01 software.

2.6 M easurement of NPs of influenza A and B virus

The STA-RPA70A@biotin-HRP, in the form of lyoph#id powder, used in this study was defined as “1 X"
by adding 50 uL of DW. Anti-NP antibodies (of infloza A or B virus) were diluted to 1 pug-thin 0.1 M
carbonate buffer (pH 9.5) and coated on a 96-wlellepat 4 °C overnight. After incubation, the weliere
blocked with 1% (w/v) BSA including 2% (w/v) protesaver in PBS-T for 1 h. After the washing stéyBs
and NP-specific aptamers (10 nM) were mixed in iigduffer in concentrations ranging from 0.1 pg-hib
1 pg-mL* and incubated in the antibody-captured wells guB@vell for 1 h. The wells were then washed using
200 pL PBS-T, and STA-RPA70A@biotin-HRP was addethé wells and incubated for 10 min. After washing
to remove residual reactants, a mixture of TMB ezdg (10QuL) was added to induce a catalytic reaction in the

wells. The HRP of the conjugates catalyzed theaiiad of TMB, and the color changed from colorlessglark
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blue.

2.7 Sandwich enzyme-linked immunosor bent assay (EL|SA)

To compare the sensitivity with the developed métheandwich ELISA was performed using the same
capture antibody, and HRP-conjugated detectiorbadyi for colorimetric signal generation. Except ming
the detection antibody that binds NP in the formsahdwich, assay procedures were similar the dpedlo
method mentioned above. The detection antibodyugated HRP was made following the kit’s user protoc
All reagent concentrations were the same as thualgzed in the developed method.

2.8 Evaluation of clinical samples

We obtained patient samples containing NPs of émfaa A and B viruses from Discovery Life Sciendes,
(Huntsville, AL, USA). The study protocol was exjplad in detail to patients from whom samples were
obtained, and signed informed consent forms wetaimdd in accordance with the institution's revievard's
approved guidelines and relevant regulations. Bjckl fluid samples were stored at —80 °C untilsaduent
analysis. The analysis of NPs in the clinical sasgdbr the proposed method was performed accotdirige

procedure described above.

3. RESULTSAND DISCUSSION
3.1 Principle of the detection system using STA-RPA70A@biotin-HRP

Our proposed detection system comprises a colaionassay that utilizes heterogeneous sandwich DNA
aptamers and RPA70A protein binding to ssDNAg( 1). RPA70A interacts nonspecifically with single-
stranded DNA (ssDNA), binding to the exposed bagkout altering the structure of the DNA [28]. Tppdy

this property of RPA70A to colorimetric assays, purified RPA70A fused with STA. Subsequently, HRP
tagged with biotin was linked to RPA7@#a STA-biotin binding.

In a previous study, we developed a method foresing DNA aptamers with heterogeneous sandwich
structure [31]. Aptamers selected through this eteerved as a detection probe, and we selected DNA
aptamers for influenza A and B virus NPs as maaigjdts.

When a mixture of the incubated target and aptamadded to a well containing the immobilized captu
antibody, the complex formed a heterogeneous samdstructure (antibody-target-aptamer) throughottser
binding site. Next, the STA-RPA70A@biotin-HRP bintbsthe strand of the exposed aptamer, and the HRP
linked to RPA70A reacts with the TMB mixture to saua color change.

3.2 Binding affinities of selected aptamers



The random nucleotide library, generated from al pfo10"® ssDNA molecules with 40-base random
sequences, was screengd 12 rounds of H-sandwich SELEX.able S1 shows the sequences of the selected
aptamers. In addition, the eluted DNA concentratims measured before performing the next roundatuate
the efficiency of enrichmenf{g. S2A). The ratio value is calculated as the ratio @& BNA concentration in
the positive well to the DNA concentration in theuater well. As the number of rounds increased,DNA
concentration of the positive well gradually incged, and then decreased again after additionalt&oun
selection in the @and 9" rounds. This low concentration may be due to ss@ling to nasal fluid or other
NPs during counter selection. H-sandwich SELEX wasnpleted in the I round, at which point the
concentration ratio showed saturation. A total @firfaptamer candidates were obtained, and thedirgn
affinity to the influenza B virus NP was measurgdeE. ONA. As shown inFig. S2B, Inf B-aptl showed the
highest binding affinity to the NP, with a dissd@a constantky) value of 0.97 £ 0.6 nM; therefore, we used
Inf B-aptl in subsequent experiments.

3.3 Confirmation of STA-RPA70A@biotin-HRP

After confirmation of STA-RPA70A purification by SBPAGE Fig. S1), STA-RPA70A was reacted with
biotin-HRP and separated by size exclusion chrogmafihy to use as a colorimetric element in the gsed
assayFig. 2A).

The peak of the purified STA-RPA70A (black) and hemak of the STA-RPA70A@biotin-HRP (red, after
incubation with STA-RPA70A and biotin-HRP) were ained through size exclusion chromatography. The tw
peaks showed a difference in size; the STA-RPA70m@HBHRP peak increased in molecular weight,
producing the front peak, and the unreacted STA-RIBAproduced the rear peak. We then performed te-pla
based colorimetric assay to measure the absorbanoeler to evaluate the quality of the synthesiSah-
RPA70A@biotin-HRP. STA was coated onto a 96-wadt@land then immobilized with biotin-labeled ssDNA
(oligo dT) to confirm linking of RPA70A to the biotHRP. As shown inFig. 2B, the wells containing
immobilized ssDNA displayed higher absorbance vahan the wells containing immobilized STA, BSA, or
anti-mouse 1gG. These results indicate that STA-RB¥@biotin-HRP was adequately synthesized via the
established protocol.

3.4 Optimization test

To obtain optimal detection performance, factofliencing detection efficiency were investigateght#@mer

concentration is important for induction of STA-RPF@biotin-HRP: if the concentration of aptamer is

insufficient when binding to the target, sensitiletection by the interaction of the aptamer withARBA is not
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possible. The NP concentration was 10 ng*mahd that of the aptamer ranged from 1 nM to 100 (fhg.
S3A). As the aptamer concentration increased, sohdichbsorbance values of wells with or without tgét.
For optimal detection efficiency, the ratio of thigssorbance value of the well containing the tatgéhat of the
background signal was calculated and indicatedaheropriate ratio of on-off (on; w/ NP, off; w/o NP
absorbance values at an aptamer concentration @fMLOThus, 10 nM was chosen as the optimal aptamer
concentration for incubation with NP. The diluticatio of synthesized STA-RPA70A@biotin-HRP is amth
factor that affects the sensitivity of detectiors 8hown inFig. S3B, the absorbance value decreased with
increasing dilution ratio, and the on-off absorlmanatio was appropriate at 0.1 X (1:10 dilutionpe$e results
were used as the basis for the selection of aptaomentrations and dilution ratios for subseqesperiments.
3.5 Performance of the proposed assay for detection of biomarkers

After confirming the optimum conditions and quality the synthesized STA-RPA70A@biotin-HRP, we
assessed the performance of the present assayhdoddtection of influenza A and B virus NPs using
heterogeneous sandwich aptamers by evaluatingiitsitevity under different NP concentrations. Tdcoéate
the sensitivity of the proposed method, the absmbavalues for various concentrations were measal@t)
the UV spectrumFig. 3 shows the pattern of increase of the absorbanagesahnd color changes with
increasing influenza A and B virus NP concentrativom 0.1 pg-mL to 1 pg-mL}, along the UV spectrum.
The graph irFig. 3A (bottom) shows that the color at 1 pg-huf NP was easily observed by the naked eye.
The inserted linear graph also shows the high tityeaf the absorbance values as the NP conceoitratias
increased (R= 0.99). The LOD was calculated as 0.3 pg™r(®&/N = 3) using the formula defined by the
absorbance value (without NP) + 3.3 SD on a ligraph. Similarly, the color change and absorbammtees
were measured according to the influenza B NP auraion Fig. 3B). We could observe an obvious color
change at the NP concentration of 1 pgnaind the LOD of 0.16 pg-mi(S/N = 3). Moreover, we compared
the influenza A virus NP detection sensitivity withir developed method and conventional sandwiclSEBLI
using the same capture antibody. As showfim $4, the color at 100 pg-miof NP was observed with the
naked eye in conventional ELISA. It is 100 timeghar concentration than that is detected with aopgsed
method, 1 pg-mL These results demonstrate that our proposed héshd0O0 times more sensitive than the
conventional sandwich-based assay. We proposerthia colorimetric agents can be combined with dietec
agents in our approach compared to conventionad.dbeen when compared with other colorimetric mdsho
for detecting similar targets, the proposed deteatnethod offers higher sensitivity and simpli¢ifiable 1).

We used aptamers specific to each target and nezhswe absorbance values in various solutions tonga
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different substances (PBS, nasal fluid, NP of mfiza A virus, NP of influenza B virus, and NP migfuto
determine the specificity of the proposed detectiwthod Fig. 4). In wells with an influenza A NP-specific
aptamer, higher absorbance values were observatidanfluenza A NP and NP mixed solution thandter
solutions. Similarly, high absorbance values westained for the influenza B NP and NP mixed solutio
wells containing the influenza B NP-specific aptante particular, the low absorbance for nasaldfland PBS
indicated that the aptamer did not bind, and, floeee no color change occurred. These results jrdvat our
sensing platform using STA-RPA70A@biotin-HRP exteli high sensitivity and specificity owing to theeu
of target-specific aptamers and RPA70A.

In addition, we measured the change in absorbacsath aptamer length by adding oligo dT to tharapr
sequence specific for NP of influenza A virus. Thifowed us to confirm the improvement in sendivi
according to the length of the aptamé&ig( S5). The findings showed that the absorbance valu¢hef
concentration was increased when 20 bases or mere added to the aptamer, and the absorbance of the
aptamer with 30 added bases was increased by apmateky 1.3 times compared with the original absoite.
Therefore, in cases of target detection requirimgh hsensitivity, the performance of the method dBn
improved by increasing the length of the aptamemtoptimal length.

3.6 Clinical application

To confirm the potential for clinical applicatiowe evaluated the utility of the present assay base8TA-
RPA70A@biotin-HRP and aptamers for practical détecof influenza A and B virus NPs in patient sael
As shown inFig. 5, we observed significant differences in absorbarataees between influenza virus-negative
and -positive samples. These results indicatettimaimethod proposed in this study is useful fordineple and
sensitive detection of disease biomarkers in husaamples and could be clinically applied.

3.7 Confirmation the stability of colorimetric agents

A further experiment was performed to investigie stability of synthesized STA-RPA70A@biotin-HRP i
the freeze-dried powder form. For application inieas fields, the colorimetric element must be Eakithout
limitations in regard to storage period or formidat We verified the performance of the assay bysneng
the absorbance according to storage period andufatibn. As shown inFig. 6A, the on-off ratio of the
absorbance values was almost constant even witbasing storage period, and the values for welhsaioing
NP after 2 months were 93% that of the value imitetly after preparation. In addition, we observbuious
differences in on-off ratios both in lyophilizeddaim solution formulationsKjg. 6B). These results indicate that

the synthesized STA-RPA70A@biotin-HRP was highlgbt and active, regardless of the storage peniod o
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formulation.

CONCLUSIONS
We developed heterogeneous sandwich DNA aptamecsfispfor the influenza B virus NP and appliedrthe

to a novel biosensor platform that improved upoa freviously developed liposome-based colorimetric
detection method. The newly developed method etddbihigh sensitivity and stability through protein
engineering and purification of STA-fusion RPA70f0tein. We also prepared the STA-HRP and biotin-HRP
(STA-RPA70A@biotin-HRP) conjugatéia the STA-biotin interaction for colorimetric signdetection. The
proposed detection system based on STA-RPA70A@biRP has three advantages. First, long-term storag
can be achieved through lyophilization. Second, $FA-RPA70A@biotin-HRP can be combined with the
aptamer at higher yields by increasing the aptdemgth because the conjugate was synthesized cdiynpaty
through protein linkages. Aptamer length can baulagd according to required sensitivity in furtrstudy.
Finally, this method can be used universally irsbitsors with a heterogeneous sandwich format. \Wireeed

the specificity and universality of the presentedéibn method for influenza A and B virus NPs actieved
LODs of 0.3 and 0.16 pg i, respectively. The efficiency of detection of tisigstem was evaluated using

patient samples, and the results support its agtfwic for sensitive diagnosis in various clinicelds.
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Figure Legends

Figure 1. Principle of the detection platform using the STRAZ0A@biotin-HRP and aptamer in
heterogeneous sandwich colorimetric assay.

Figure 2. Confirmation of the synthesized STA-RPA70A@biatiRP.

Figure 3. Detection performance of NPs using aptamer and BPA70A@biotin-HRP in proposed
colorimetric biosensor.

Figure 4. Specificity of the proposed method for the detectf NPs using each aptamer determined
by measuring the absorbance value.

Figure 5. Evaluation of the proposed biosensor using clirsaaples.

Figure 6. Stability of STA-RPA70A@biotin-HRP according tmsige period and formulation.
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Table 1. Comparison of detection sensitivity for infectiodisease biomarkers in colorimetric assays (NP:
nucleoprotein; SFTS: severe fever with thrombocgtoa syndrome).

Detection method Target LOD Reference

Enzyme-encapsulated liposome H5N1 0.04 ng*mL [14]

RPA70A-conjugated liposome with

HRP encapsulation NP of SFTS virus 9 pg-mb. [29]

Magnetic nanoparticle NP Of\'/riltljl;enzaA 0.3nM [32]

Functionalized magnetic

; -1
microparticle Influenza virus 11.16g-mL [33]

NPs of influenzaa  0-3/0.16

STA-RPA70A@biotin-HRP .
@biotin and B virus

) Thisstudy
pg- mL
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Figure 3. Detection performance of NPs using aptamer and BPA70A@biotinHRP ir
proposed colorimetric biosensor. Diverse conceintmatof NP were incubated with aptame
final concentrations from 0.1 pg-Mto 1 pg-mL:. Scanning of absorbance in the preseasfce
influenza A virus NP (top). Correlation between #iesorbance value and the NP concentr
(bottom). Inset shows linearity graph (y=0.182x#@qR=0.99)); xaxis is logarithmic sca
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deviation of three experiments.
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Figure 4. Specificity of the proposed method for the detettid NPs using each aptamer determ
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Table 1. Comparison of detection sensitivity for infectiodsease biomarkers in colorimetric assays (NP:
nucleoprotein; SFTS: severe fever with thrombocgtoa syndrome).

Detection method Target LOD Reference

Enzyme-encapsulated liposome H5N1 0.04 ng*mL [14]

RPA70A-conjugated liposome with

HRP encapsulation NP of SFTS virus 9 pg-mb. [29]

Magnetic nanoparticle NP Of\'/riltljl;enzaA 0.3nM [32]

Functionalized magnetic

; -1
microparticle Influenza virus 11.16g-mL [33]

NPs of influenzaa  0-3/0.16

STA-RPA70A@biotin-HRP .
@biotin and B virus
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Highlights

We newly selected heterogeneous sandwich DNA aptamer specific for influenza B virus NP,
Our sensing platform improves the efficiency of biosensor via protein engineering.

Long-term colorimetric reagent (STA-RPA70A@biotin-HRP) storage can be achieved
through lyophilization.

STA-RPA70A @biotin-HRP can be combined with the aptamer at higher yields by increasing
the aptamer length.

This method is universally useful in biosensor with a heterogeneous sandwich format.
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