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ABSTRACT

Solid-phase, single-step biosensors are cruciatiferdevelopment of portable, reusable, and
convenient biosensors, otherwise known as poimaod (POC) testing. Although high-
performance single-step biosensors based on theiglg of Forster resonance energy transfer
(FRET) and using upconversion nanoparticles (UCN@jtionalized with aptamers have been
suggested as easy-to-use platforms, they lacklpltyaand reusability when used for solution-
phase biosensing. In this study, we describe al-phlase, single-step aptasensor that showed
higher performance than those of solution-phasasapsors, as well as promising reusability.
The solid-phase, single-step aptasensor was decklopsed on Au nanocap-supported UCNPs
(Au/UCNPSs), which were partially embedded in a ¢dubstrate (e.g. polydimethylsiloxane,
PDMS). The Au nanocaps allowed the UCNPs to engboperted light only from the restricted
areas of the UCNPs, i.e., where they were not eovdry the nanocaps and PDMS.
Functionalization of an aptamer labeled with a ghen on the restricted area enabled the
effective quenching of upconverted light from Au/NE via FRET after target (ochratoxin A,
OTA) detection. The solid-phase, single-step apsseshowed a linear range of 0.1-1000 ng
mL™ and limit of detection of 0.022 ng mLwithin 30 min toward OTA. Furthermore,
reusability of the solid-phase aptasensor was atedu for three cycles of detection and
regeneration, establishing its apparent reusabiigyheat treatment. Hence, such solid-phase,
single-step aptasensors pave the path to the gewelt of a portable and reusable biosensor

platform for POC testing.

KEYWORDS: Upconversion nanoparticles, solid phasagle step, biosensor, Au nanocap,

aptasensor, ochratoxin A



1. INTRODUCTION
Portable and easy-to-use biosensors are highlyriaofor future healthcare systems that are
individual-centered, also known as point-of-car®©@, rather than laboratory- or hospital-
centered (Gubala et al., 2012; Vashist et al., 28Hyak et al., 2017; Wood et al., 2019). Based
on rapid advances in nanomaterial-based technolegyious designs for nanoparticle—
bioreceptor conjugates dispersed in solution hadetd the development of sensitive biosensor
platforms that are potentially applicable for PQQigpa et al., 2011; Quesada-Gonzalez and
Merkogi, 2018; Samori and Biscarini, 2018; Ye et &018). In particular, upconversion
nanoparticles (UCNPs) have attracted much atterggstrong candidates for such conjugates
because they can be excited by near-infrared ligtitout photodamage or matrix effects and
emit highly stable visible light (Zheng et al., Z)ISedIimeier and Gorris, 2015; Gu and Zhang,
2018; Ye et al., 2014; Xu et al., 2014; Jo et2018). To take advantage of these properties, the
functionalization of bioreceptors on UCNPs has berplored to develop target-specific and
high-performance biosensor platforms based on duegoof the upconversion luminescence
(UCL) of UCNPs in the presence of target moleculas FOrster resonance energy transfer
(FRET) (Ye et al., 2014; Xu et al., 2014; Jo et 2018). Despite the high sensitivities achieved
by nanoparticle—bioreceptor conjugates dispersesblution, the development of biosensors for
POC testing remains a challenge due to their podabpility, the aggregation of the conjugates,
reusability issues, and their complexity of use.

Solid-phase, single-step biosensors are regardestrasg candidates to solve such
challenges, as the immobilization of nanopartickesreceptors, and their conjugates on solid
substrates provides a highly portable reusablefgprai and avoids the issue of nanoparticle

aggregation (Guan et al., 2015; Han et al., 20h7addition, single-step biosensors are facile to



employ, as no centrifuge equipment is requiredHerwashing steps, and the process tends to be
less time-consuming (Jo et al., 2018). In the cdntd single-step biosensors, our group has
recently reported a conjugate (i.e., a UCNP fumetized with quencher (organic dye)-labeled
aptamers) that enables highly sensitive single-d&gpction of small molecules, and is a highly
convenient biosensor platform for individual uskegsause of its single-step procedure for target
detection (Jo et al., 2018). Nevertheless, suclsdnisors based on conjugates dispersed in
solution (also known as solution-phase biosensdwasgg considerable limitations in terms of the
development of POC biosensors as they do not tkangage of solid-phase biosensors.

Although there have been a few studies on the ibilmation of UCNPs on solid
substrates and subsequent functionalization oebeptors onto the UCNPs to develop platforms
for solid-phase biosensors (Doughan et al., 20btighan et al., 2015), solid-phase, single-step
biosensors with sensitivities comparable to solspbase ones have not yet been reported.
Therefore, biosensors satisfying solid-phase amgjlesistep are highly demanded for the
development of future POC biosensors.

In this study, we demonstrated solid-phase, sistge-biosensors based on Au nanocap-
supported UCNPs (Au/UCNPs) partially embedded in salid substrate (e.g.,
polydimethylsiloxane, PDMS), where quencher-labetgddamers were functionalized on the
UCNPs to detect ochratoxin A (OTA). The Au/UCNPsncamit strong and directional
upconverted light from only the restricted surfat¢he Au/UCNPs that is not covered by the Au
nanocap $cheme 1); this strong and directional upconversion emisgrom the restricted area
of the UCNPs stems from plasmon enhancement di@ie caused by the Au nanocap (Bang et
al., 2017; Hinamoto et al., 2017). Then, quenchbeled aptamers were covalently

functionalized on the restricted surface of Au/UGN®Rhere the UCNPs were not covered by



the Au nanocap. Thus, the quencher-labeled aptaroetd effectively quench the directionally
emitted light from the Au/UCNPs via FRET dependiog the OTA concentration, which
showed comparable and even higher sensitivity @b @h solution-phase biosensors. The higher
sensitivity is expected possibly because of enfhR€EET efficiency originating from increased
UCL of UCNPs and/or plasmon-assisted FRET by Awnap. Finally, the solid-phase, single-
step aptasensors were successfully applied ashleusiasensors via heat treatment. Hence, the
fabrication of aptamer-functionalized Au/UCNPs o®NPS could pave the way for the

development of solid-phase, single-step biosensors.
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Scheme 1. Working principle of an aptamer (labeled with qcieers)-functionalized Au
nanocap-supported UCNP (Au/UCNP).: The aptameracdy attach in the regions where the
UCNP is not covered by Au, which results in effeetquenching of UCL from Au/UCNP in the
presence of OTA.

2. EXPERIMENTAL SECTION

2.1. Materials

Yttrium(lll) acetate hydrate (Y(C¥COO)-xH,O, 99.9% metals basis), ytterbium(lll) acetate
hydrate (Yb(CHCOO)-xH,O, 99.95% trace metals basis), erbium(lll) acetatgrate

(Er(CHsCOOQ)-xH,0, 99.9% trace metals basis), oleic acid (techrgcadie, 90%), 1-octadecene



(technical grade, 90%), ammonium fluoride (MIHACS reagent>98.0%), sodium hydroxide
(NaOH, BioXtra, >98% (acidimetric), pellets (anhydrous)), methanior (HPLC, >99.9%),
cyclohexane (ACS reagent99%), OTA, ochratoxin B (OTB), zearalenone (ZEA)a®xin B1
(AFB1), sulfuric acid (ACS reagent, 95.0-98.0%)a(Binopropyl)trimethoxysilane (APTMS,
97%), glycine (ACS reagent98.5%), Tris base, and-hydroxysuccinimide (NHS, 98%) were
purchased from  Sigma-Aldrich. 1,2-Dipalmitoyl-sryegro-3-phosphoethanolamihe-
[methoxy(polyethylene glycol)-2000] (mPEG) and tligtearoyl-sn-glycero-3-
phosphoethanolaming-[carboxy(polyethylene glycol)-2000] (DSPE-PEG-catdic acid)
were purchased from Avanti Polar Lipids (Alabas#&k, USA). Ethanol (HPLC grade) was
purchased from Duksan (Ansan, South Korea). 1-E3R{3-dimethylaminopropyl) carbodiimide
hydrochloride (EDC) and borate buffer were obtaifredh Thermo Fisher Scientific (Waltham,
MA, USA). Deoxyribonucleic acid (DNA) oligonucledies (BHQ1-labeled and Cy5-labeled)
were custom-made at Xenotech (Daejeon, South Kargalyrogen peroxide (35% w/w ag. soln.,
stab.) was purchased from Alfa Aesar. PDMS (SYLGAR®41) was purchased from Dow
Corning (USA).

2.2. Synthesis of NaY F4 Yb*" Er®* nanoparticles

NaYF;:Yb® Er*-based UCNPs were synthesized using the liquidissdiution solvothermal
method according to previously reported proceduf@®ark et al., 2012). In brief,
Y(CH3COO):-xH,0 (0.78 mmol), Yb(CHCOO)-xH,O (0.20 mmol), and Er(C¥OO)-xH,0
(0.02 mmol) were mixed with 8 mL of oleic acid ab8l mL of 1-octadecene in a 50 mL flask
under a nitrogen atmosphere. The mixed solution lveaged to 160 °C, which was maintained
for 30 min with stirring, and then cooled to rooemiperature. Ten milliliters of NaOH (0.25 M)

and NHF (0.4 M) in methanol was injected into the solatizvhich was then stirred for 30 min



at room temperature to obtain UCNPs. The solutias hieated to 100 °C and maintained for 30
min to evaporate methanol, and then the temperatasencreased to 300 °C and maintained for
1 h. The synthesized UCNPs in solution were wasti#dethanol using a centrifuge (9500 rpm
for 20 min) three times, then resuspended in cyotahe.

2.3. Synthesis of carboxy PEG-capped UCNPs

Carboxylation of UCNPs was performed as previousiyorted (Jo et al., 2018). UCNPs in
chloroform (2 mg mLC%, 5 mL) were mixed with solutions of 3 mg MIMPEG and 1 mg mt
DSPE-PEG-carboxylic acid in chloroform, and the tunig was stirred for 30 min at room
temperature. To evaporate chloroform, the UCNPaiamtg solution was heated in a vacuum
oven at 65 °C for 1 h. Then, 10 mL of deionized evgDW) was added to the fully dried
UCNPs. After filtration with a 0.2 um cellulose & syringe filter, the carboxy PEG-capped
UCNPs were washed three times with DW using a ifegé& (9500 rpm for 20 min). Finally, the
carboxy PEG-capped UCNPs were resuspended and stdpaV.

2.4. Fabrication of Au/UCNPsand UCNPson PDM S substrates for aptasensors

Glass slides (15 mm x 15 mm) were treated usingnpa solution (kB50,:H.0,=3:1) and
washed with DW. Then, a self-assembled monolay&M)Sof APTMS was formed on the
glasses by exposure to an APTMS solution (4% APTiNIS®thanol) for 2 h; the SAM of
APTMS resulted in an aminated glass surface. Hifiyroliters of UCNP solution (0.05 mg riL

in DW) was dropped onto the aminated glass andldate40°C in an oven. Glancing angle
deposition of Au thin films was performed on the NRJglass samples using an e-beam
evaporator; the deposition thickness and angle w@rem and 6Q respectively. Note that this
Au deposition step was skipped for the fabricadrJCNPs on the PDMS substrate. Next, a

mixture of PDMS and curing agent (ratio of 10:1) swpoured onto the Au-deposited



UCNP/glass slides, which were placed in Petri dislAdter extracting bubbles from the PDMS
by a vacuum pump, the PDMS was cured at®n an oven for 2 h. Finally, the PDMS was cut
to a size larger than the glass slide, then dethftben the Petri dishes and glass slides, resulting
in the formation of a rectangular vessel of PDM&wAu/UCNPs embedded at the surface. (For
the fabrication of bare UCNP-embedded PDMS, theespmcedures were performed without
the deposition of Au.)

2.5. Fabrication of UCNPs on glass substrate for aptasensors

The deposition of UCNPs on a glass substrate ifdbrication of aptasensors was performed
following the same procedure as that used for dbeidation of AU/UCNPs on PDMS, although
Au thin films were not deposited.

2.6. Upconver sion emission measur ement

The UCL emission spectra were measured using amimgd microscope (Olympus BX43,
Tokyo, Japan) equipped with a spectrometer (SR-BQ@ndor Tech, USA), charged coupled
device (CCD) camera (DV420A-OE, Andor Tech, USA)d #80-nm laser (SSL-LM-980-600-
D, Shanghai Sanctity Laser Technology, Shanghainalhas an excitation source for the
UCNPs.

2.7. Aptamer functionalization on Au/UCNPs on PDM S, UCNPs on PDMS, and UCNPs on
glass

The aptamers used in this work were amine- and duggrmodified at each end (amino-AAA
AAG CAT CTG ATC GGG TGT GGG TGG CGT AAA GG-black leoquencher-1 (BHQ1)).
The sequence of the aptamer can specifically biith @TA (Jo et al.,, 2018). To prepare
AuU/UCNPs on PDMS substrates as biosensors, thenaptawere functionalized onto the open

surface of the carboxylated UCNPs, where they weteovered by the Au nanocaps, located in



the vessel of the PDMS substrate. Notably, the tfonalization of UCNPs on PDMS and
UCNPs on glass was performed following the samegqutore as that of Au/UCNPs on PDMS.
However, for UCNPs on glass, the PDMS vessel wapared separately. First, EDC/NHS
coupling reactions (0.1 M EDC in DW and 0.025 M NHPW were used) were performed on
the Au/UCNPs for 15 min to activate the carboxydatéCNPs and functionalize the amino-
aptamer. A simple washing step was carried out graysng DW onto the samples using a
squeeze bottle. Then, 100 uM aptamer solution@mM HEPES buffer, pH 7.2) was dropped
onto the AU/UCNPs on PDMS and incubated for 3 fotAar washing step was performed using
2% SDS and DW in turn. Next, a blocking processthar activated functional groups on the
surface was performed by exposure to glycine (20 imMEPES) for 30 min and 50 mg miL
Tris for 30 min. Finally, a washing process wadgrened using DW.

2.8. OTA detection using AU/UCNPs functionalized with aptamerson PDM S

After functionalization, a 10 mM borate buffer sidim (pH 8.5) containing 4 mM KCI (this
solution was used in all experiments for OTA datechs the binding buffer) was injected onto
the PDMS vessels where aptamer-functionalized ANBE were partially embedded. Cover
glasses were used to partially cover the PDMS \&ssataining the borate buffer solution and,
at the same time, fully cover the pathway of the-@8 laser light. The roles of cover glass were
to ensure a uniform thickness of the buffer solu@md minimize the evaporation of the buffer
solution during assays. Before OTA detection, thamer-functionalized Au/UCNPs on PDMS
were incubated at 70 °C in an oven for 1 h to sitr@iny unintentionally folded aptamers. OTA
detection was carried out by comparing measured W@dctra from the injection of control
solution (DW) and OTA solution (in DW) into the lade buffer solution contained in the PDMS

vessels. Various concentrations of OTA were usediévection: final concentrations of 0.1, 1,



10, 100, and 1000 ng mL The UCL emission spectra were measured 30 mén affection of
the control or OTA solution. To minimize evaporatiof the borate buffer solution during
assays, the spectrometer chamber was kept at a lenwironment using wet disposable wipers
(KIMTECH).

2.9. Regeneration of aptamer-functionalized AU/UCNPson PDM S

Regeneration of aptamers after OTA detection wasechout by injecting 10% methanol (in
DW) onto the aptamer-functionalized Au/UCNPs in PBMessels and incubating at 70 °C for
30 min (Park et al., 2014). Then, the aptamer-fonalized Au/UCNPs were washed with DW
and stored in 10 mM borate buffer (pH 8.5). Befoeise of the regenerated aptamer-
functionalized Au/UCNPs on PDMS, they were incubade 70 °C in an oven for 1 h to stretch

unintentionally folded aptamers, then used to d&dd@A again.

3. RESULTSAND DISCUSSION

The fabrication of aptamer-functionalized Au/UCN&s PDMS as a solid-phase, single-step
biosensor is described ig. 1a,b. In brief, a solution containing UCNPs (characed in detail

in Fig. S1) was drop-cast onto a glass substrate and dfieg (la). Scanning electron
microscopy (SEM) imaging of the resulting UCNP-@mhtglass substrate demonstrated the
formation of a UCNP monolayerFig. S2a,b). Then, Au was deposited using an e-beam
evaporator to form Au nanocaps on UCNPg(S2c), which resulted in an approximately four-
fold UCL enhancement~{g. S3), which was ascribed to the deposited Au (Banglet2017;
Hinamoto et al., 2017). For transfer of Au/UCNPgooa solid substrate and the conversion of
their direction, PDMS was poured onto Au/UCNPs be glass substrate and cured until

hardening. The role of PDMS was to serve as a solimbtrate for AU/UCNPs, thus facilitating

10



the fabrication of solid-phase biosensors; PDMSeaively immobilized Au/UCNPs by
physically surrounding them and leading to stalgeration during target detection. AU/UCNPs
partially embedded in PDMS were finally obtainedRiyMS detachment. This transfer process,
based on PDMS, was necessary because the area thbelBCNPs were not covered by Au
nanocaps needed to be exposed outside PDMS todoalite the aptamers on the UCNPs.
Besides, the cavity produced by the above detachmves used as an assay vessel. After
detachment, the embedded Au/UCNPs were observ&EM (Fig. S4a,b), leaving the Au film
deposited on a glass substrate without the tramesfeku/UCNPs Fig. S4c,d). For OTA-binding
aptamer functionalization (amine- and BHQ1-modiima at each end), EDC/NHS coupling

was performed to covalently attach the amine atketigb of the aptamer to carboxylated UCNPs

(Fig. 1b).
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Figure 1. (a,b) Schematic illustration of the fabricationogess for Au/UCNPs on PDMS
substrate functionalized with quencher-labeled rapta as a solid-phase aptasensor. (c) UCL
spectra before and after aptamer (labeled with BHQdctionalization. (d) Absorption spectrum
of quencher (BHQ1) and UCL spectrum of UCNPs. Fdgoence images acquired (e) before and
(f) after aptamer (labeled with Cy5) functionalipat

The above aptamer functionalization was confirmgdrdéduction in the UCL of the
UCNPs, with the corresponding observations condugteler wet conditions as describedrig.
1b i) and ii). Importantly, the sample was not moved during @etafunctionalization to exactly
measure the extent of UCL reduction of the UCNRseunined as 17.5%:ig. 1c). The reasons
for the reduction were expected because of thetattant of BHQ1-labeled aptamers, resulting
in i) adsorption of emitted light from UCNPs by BH@@ig. 1d), and ii) quenching phenomenon,
to some degree, caused by unintentionally foldgdragrs. In addition to functionalization with
BHQ1-labeled aptamers, those with Cy5-labeled aptarwere also performed in the same way
to directly observe attachment by imaging the fsoence of Cy5, which is more detectable
than the absorbance of BHQ1 or DNRid. 1ef). After functionalization of the Cy5-labeled
aptamers on Au/UCNPs, a fluorescence signal waerebd only from the area where
AU/UCNPs had been transferred onto PDMS after Qytaraer attachment(g. 1ef). It should
be noted that although the Cy5-aptamer solutiorei the entire PDMS vessel during the
attachment, attachment was ultimately observed iontggions where Au/UCNPs were present.
These results indicated that EDC/NHS coupling reast on the Au/UCNPs allowed for
successful aptamer attachment.

The working principle of solid-phase, single-stepsensors composed of UCNP (donor)
and BHQL1 (acceptor) linked by an aptamer, as desttrinFig. S5, is based on UCL quenching
of UCNPs via FRET (Clapp et al., 2004; Medintz let 2006; Bednarkiewicz et al., 2010). The

above quenching is caused by aptamer folding &rget binding, as this folding results in a

12



shortened distance between the UCNP and the querwitle overlapped emission and
absorption spectra, respectively. In detail, FREiCiency is inversely proportional to the sixths

power of the donor-to-acceptor distance, as desttiielow Eq. 1, 2).

FRET efficiency =——— (1)

1
T
1+(E)6’

R§ =8.79 x 10728 mol X (n™*k2dp)), 2

wherer is the donor-to-acceptor distané®,is the Forster distance,is the refractive index of
the surrounding mediunk? is the relative orientation between donor emissiod acceptor
absorption dipoles®p is the quantum yield of the donor, apds the degree of spectral
resonance between the two species. Hence, aptaitdergfinduced by target-aptamer binding
results in a shortening of the distancg lfetween UCNPs and quenchers (BHQ1), thereby
facilitating UCL quenching. Thus, the extent of U@Quenching can be used to quantify the
concentration of a target in solution. For a mostldy, OTA, one of the most abundant
mycotoxins observed in contaminated food, was aihasehe target (Jo et al., 2018).
Solid-phase single-step biosensor platforms baseal glass substrate were fabricated by
immobilization of UCNPs on a slide glass followedditachment of quencher (BHQ1)-modified
aptamers Kig. 2a,b). The absorbance of the BHQ1 quencher overlapf wie emission
spectrum of UCNPs, meeting the requirements for FREQg. 1c,d). Before OTA solution
injection, the solid-phase aptasensor exposedridirg buffer (10 mM borate buffer (pH 8.5)
with 4 mM KCI) was heated at AT for 30 min to stretch any unintentionally foldagdtamers.
The adopted binding buffer conditions, based onréiselts of our previous work, were optimal

for OTA detection (Jo et al., 2018). A schematlasiration of UCL measurement for OTA

13



detection is shown iRig. S6. A relatively low UCL quenching efficiency of ~17%as observed
in the presence of 1 pg MLOTA (Fig. 2c), as compared to values of ~35% previously reporte
for single-step solution-phase OTA aptasensorsefJal., 2018). Quenching efficiency was

calculated usingq. 3.

Quenching efficiency (%) &nitiat"ldetection 5 10, (3)

Iinitial

whereliniia andlgetecionare the peak areas of the UCL spectrum beforeatied OTA injection,
respectively. The reason for such low sensitivitydrd OTA was ascribed to the fact that the
area where the aptamer-BHQ1 can functionalize UCN&s reduced because of contact with
glass Fig. 2a). Considering that upconverted light can be emittem the entire UCNP surface,
aptamer functionalization of this limited area fesun low sensitivity, which is a critical

disadvantage for sensing applications despite ¢tbenpial for portable biosensor usage.
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Figure 2. Schematic illustrations of OTA detection usingaapér (labeled with a quencher)-
functionalized bare UCNPs on a glass substratedbase=RET-induced quenching: (a) before
and (b) after OTA detection. (c) UCL spectra acegiibefore and after OTA detection for
aptamer (labeled with a quencher)-functionalized hACNPs. The same schematic illustrations
for the case of AuU/UCNPs on PDMS instead of bardNB€ on glass: (d) before and (e) after
OTA detection. (f) UCL spectra acquired before afittr OTA detection for AU/UCNPs on
PDMS. The incubation time for OTA-aptamer bindingsai80 min for each aptasensor.

To solve this problem, the Au/UCNPs were introdl¢e the solid-phase aptasensor
(Scheme 1). Previous works have shown that Au/UCNPs canngtysoemit upconverted light
from a restricted UCNP area, near the Au nanocae €Bang et al., 2017; Hinamoto et al.,
2017). Moreover, localized surface plasmon resomaSPR) of Au nanocaps on UCNPs
enhances the UCL of UCNPs. Thus, aptamer funcimsigdn on the restricted area of
Au/UCNPs on a PDMS substrate could be a promisiag @ fabricating solid-phase biosensors,
as aptamer-BHQ1 can fully cover the UCNP area depafbemitting upconverted light to result

in effective quenching of upconverted light from/AICNP by BHQ1.
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The performance of Au/UCNPs functionalized with @Hlabeled aptamers on the
PDMS substrate (hereafter denoted as Au/UCNP-bedatiphase aptasensor) was evaluated by
exposure to OTARKig. 2d,e). Before OTA solution injection, the Au/UCNP-bassulid-phase
aptasensor containing binding buffer in the PDMSse¢ (i.e., in the empty volume created by
glass slide removal) was heated at °@0 for 30 min to stretch any unintentionally folded
aptamers. The Au/UCNP-based solid-phase aptaseshswved UCL quenching efficiency of
~42% for 1 pg mC* OTA (Fig. 2f), which significantly exceeded the value obtaiirethe case
of UCNPs on glass substrate (~17%ig( 2c). More comparisons with solid-phase aptasensors
presented in this work are shownking. S7. As illustrated inScheme 1, the high quenching
efficiency of the Au/UCNP-based solid-phase aptagsenompared with that of the UCNP-based
solid-phase ones (UCNPs on both glass and PDMShttréisuted to the focusing of UCL at the
specific area where aptamer functionalization oezr

The Au/UCNP-based solid-phase aptasensor was theioged to detect various OTA
final concentrations of 0.1-1000 ng MLas shown inFig. 3a. UCL measurement was
performed by sequential injection of OTA solutidnem low to high concentrations into the
binding solution without any sample movement. Timgubation time for OTA-aptamer binding
equaled 30 min for each concentration. As a resultincrease in FRET-attributable UCL

guenching was observed with increasing OTA coneéotr Fig. 3a).
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Figure 3. (a) OTA detection using Au/UCNP-based solid-phagtasensor within the range of
0.1-1000 ng mL*. (b) Comparison of the performance of solid-phasel solution-phase
biosensors: UCNP on PDMS and Au/UCNP on PDMS flidgzhase and UCNPs dispersed in
solution for solution-phase using the results aglddtom the previous work reported by our
group (Jo et al., 2018).

Comparisons of the quenching efficiencies of Au/UEbased solid-phase and UCNP-
based solution-phase aptasensors are preserfegl Bb. Note that the results of OTA detection
by the UCNP-based solution-phase sensor are takem the work of Jo et al. (2018). The
sensing performances of solid-phase (Au/UCNP-bafigdrk dots inFig. 3b) and solution-
phase aptasensors (red dot&ig. 3b) (Jo et al., 2018) were compared. Sensitivityhef former
aptasensor toward OTA was slightly higher than dfahe latter within the linear range of 0.1-
1000 ng mL*, and the limit of detection (LOD), which is theMest OTA concentration required
to produce a signal greater than three times #redard deviation of the noise level (S/N = 3), of
the solid-phase aptamer was calculated as 0.022LAY(Fig. S8). A detailed comparison of our
solid-phase biosensors with those previously regoih literature is given idable S1. The
higher sensitivity of the solid-phase aptasensonpared to that of solution-phase ones was
expected because of the following two reasonsTl(&) enhanced emission properties of UCNPs
owing to the LSPR of Au nanocaps on UCNPs are resplte for the enhanced sensitivity, as

the quantum yield of the donobf) increased the FRET efficiency accordindzm. 2 (Clapp et
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al., 2004; Medintz et al., 2006; Bednarkiewicz ket 2010; Wiesholler et al., 2018). (b) The
LSPR due to Au nanocap presence might also legdiagmon-assisted enhancement of FRET
during OTA detection (Aissaoui et al., 2017; Ander®t al., 2019; Bohlen et al., 2019; Cao et
al., 2019). Hence, the Au/UCNP-based solid-phagasapsor showed a comparable or even
higher sensitivity than that of the solution-phasee. Furthermore, the selectivity of the
aptasensor was also evaluated toward OTB, ZEA, AlFid1l (Fig. S9), confirming that the
aptasensor could selectively detect only OTA.

The reusability of portable biosensors is alsoimportant factor for POC testing;
therefore, the AU/UCNP-based solid-phase aptaseva®revaluated as a regenerable biosensor.
The aptamer can be regenerated under specific tcmmglisuch as elevated temperature or
exposure to HCIl or NaOH solutions (Prabhakar et28l11; Ye et al., 2012; Park et al., 2014).
Among the various regeneration techniques for fitaraers, the elevated temperature method,
which was reported in a previous work from our grafPark et al.,, 2014), was adopted to
regenerate our solid-phase aptasensors. The defabeedure for the regeneration process is
described in the Experimental sectifig. 4 shows the results of OTA (1 pg MLdetection and
regeneration for three cycles (raw data are showhig. S10). Although there was a slight
deviation at each cycle, apparent detection anenegtion tendencies were observed. Thus, the

AU/UCNP-based solid-phase biosensor is a potepiasfiorm for reusable POC testing.
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Figure 4. Regeneration and reuse of Au/UCNP-based solidephptasensor by exposure to 70
°C for 1 h.

4. CONCLUSIONS

In this paper, we demonstrated a solid-phase, esistgp aptasensor based on Au nanocap-
supported UCNPs functionalized with quencher-lathedptamers on a PDMS substrate. The
AU/UCNP-based solid-phase aptasensor was useddat d&T A within the range of 0.1-1000 ng
mL™" on the basis of quenching of the UCL of UCNPs edusy FRET between the UCNPs and
guencher. The role of the Au nanocaps on the UGM3sto restrict the strong UCNP emission
of upconverted light to a specified area due to RBenomenon. Functionalization of aptamers
on this specified area with strong upconvertedtlighission led to a sensing performance
(detection range: 0.1-1000 ng MLLOD: 0.022 ng mC' within 30 min in a single step)
comparable to that of solution-phase biosensorsteMer, the Au/UCNP-based solid-phase
aptasensor showed potential for reusability foreg¢hrcycles by exposure to an elevated
temperature. As a solid-phase biosensor, this apsas could afford the advantages of
portability, ease of washing, and reusability, idhoould therefore pave the way to developing a

highly effective platform for POC testing.
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Highlight

Concept & design of solid-phase, single-step biosensors were demonstrated
Fabrication based on Au nanocap-supported upconversion nanoparticles on PDMS
Quencher-labeled aptamers functionaized onto exposed Au/nanoparticle area
Sengitivity toward ochratoxin A was comparable to that of solution-phase sensor

Reusability of solid-phase single-step aptasensor was successful via heat treatment
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