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ABSTRACT 

Solid-phase, single-step biosensors are crucial for the development of portable, reusable, and 

convenient biosensors, otherwise known as point-of-care (POC) testing. Although high-

performance single-step biosensors based on the principle of Förster resonance energy transfer 

(FRET) and using upconversion nanoparticles (UCNPs) functionalized with aptamers have been 

suggested as easy-to-use platforms, they lack portability and reusability when used for solution-

phase biosensing. In this study, we describe a solid-phase, single-step aptasensor that showed 

higher performance than those of solution-phase aptasensors, as well as promising reusability. 

The solid-phase, single-step aptasensor was developed based on Au nanocap-supported UCNPs 

(Au/UCNPs), which were partially embedded in a solid substrate (e.g. polydimethylsiloxane, 

PDMS). The Au nanocaps allowed the UCNPs to emit upconverted light only from the restricted 

areas of the UCNPs, i.e., where they were not covered by the nanocaps and PDMS. 

Functionalization of an aptamer labeled with a quencher on the restricted area enabled the 

effective quenching of upconverted light from Au/UCNP via FRET after target (ochratoxin A, 

OTA) detection. The solid-phase, single-step aptasensor showed a linear range of 0.1–1000 ng 

mL–1 and limit of detection of 0.022 ng mL–1 within 30 min toward OTA. Furthermore, 

reusability of the solid-phase aptasensor was evaluated for three cycles of detection and 

regeneration, establishing its apparent reusability via heat treatment. Hence, such solid-phase, 

single-step aptasensors pave the path to the development of a portable and reusable biosensor 

platform for POC testing. 

 
KEYWORDS: Upconversion nanoparticles, solid phase, single step, biosensor, Au nanocap, 

aptasensor, ochratoxin A 
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1. INTRODUCTION 

Portable and easy-to-use biosensors are highly important for future healthcare systems that are 

individual-centered, also known as point-of-care (POC), rather than laboratory- or hospital-

centered (Gubala et al., 2012; Vashist et al., 2015; Nayak et al., 2017; Wood et al., 2019). Based 

on rapid advances in nanomaterial-based technology, various designs for nanoparticle–

bioreceptor conjugates dispersed in solution have led to the development of sensitive biosensor 

platforms that are potentially applicable for POC (Luppa et al., 2011; Quesada-González and 

Merkoçi, 2018; Samorì and Biscarini, 2018; Ye et al., 2018). In particular, upconversion 

nanoparticles (UCNPs) have attracted much attention as strong candidates for such conjugates 

because they can be excited by near-infrared light without photodamage or matrix effects and 

emit highly stable visible light (Zheng et al., 2015; Sedlmeier and Gorris, 2015; Gu and Zhang, 

2018; Ye et al., 2014; Xu et al., 2014; Jo et al., 2018). To take advantage of these properties, the 

functionalization of bioreceptors on UCNPs has been explored to develop target-specific and 

high-performance biosensor platforms based on quenching of the upconversion luminescence 

(UCL) of UCNPs in the presence of target molecules via Förster resonance energy transfer 

(FRET) (Ye et al., 2014; Xu et al., 2014; Jo et al., 2018). Despite the high sensitivities achieved 

by nanoparticle–bioreceptor conjugates dispersed in solution, the development of biosensors for 

POC testing remains a challenge due to their poor portability, the aggregation of the conjugates, 

reusability issues, and their complexity of use. 

Solid-phase, single-step biosensors are regarded as strong candidates to solve such 

challenges, as the immobilization of nanoparticles, bioreceptors, and their conjugates on solid 

substrates provides a highly portable reusable platform, and avoids the issue of nanoparticle 

aggregation (Guan et al., 2015; Han et al., 2017). In addition, single-step biosensors are facile to 
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employ, as no centrifuge equipment is required for the washing steps, and the process tends to be 

less time-consuming (Jo et al., 2018). In the context of single-step biosensors, our group has 

recently reported a conjugate (i.e., a UCNP functionalized with quencher (organic dye)-labeled 

aptamers) that enables highly sensitive single-step detection of small molecules, and is a highly 

convenient biosensor platform for individual users because of its single-step procedure for target 

detection (Jo et al., 2018). Nevertheless, such biosensors based on conjugates dispersed in 

solution (also known as solution-phase biosensors) have considerable limitations in terms of the 

development of POC biosensors as they do not take advantage of solid-phase biosensors. 

 Although there have been a few studies on the immobilization of UCNPs on solid 

substrates and subsequent functionalization of bioreceptors onto the UCNPs to develop platforms 

for solid-phase biosensors (Doughan et al., 2014; Doughan et al., 2015), solid-phase, single-step 

biosensors with sensitivities comparable to solution-phase ones have not yet been reported. 

Therefore, biosensors satisfying solid-phase and single-step are highly demanded for the 

development of future POC biosensors. 

In this study, we demonstrated solid-phase, single-step biosensors based on Au nanocap-

supported UCNPs (Au/UCNPs) partially embedded in a solid substrate (e.g., 

polydimethylsiloxane, PDMS), where quencher-labeled aptamers were functionalized on the 

UCNPs to detect ochratoxin A (OTA). The Au/UCNPs can emit strong and directional 

upconverted light from only the restricted surface of the Au/UCNPs that is not covered by the Au 

nanocap (Scheme 1); this strong and directional upconversion emission from the restricted area 

of the UCNPs stems from plasmon enhancement of the UCL caused by the Au nanocap (Bang et 

al., 2017; Hinamoto et al., 2017). Then, quencher-labeled aptamers were covalently 

functionalized on the restricted surface of Au/UCNPs, where the UCNPs were not covered by 
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the Au nanocap. Thus, the quencher-labeled aptamers could effectively quench the directionally 

emitted light from the Au/UCNPs via FRET depending on the OTA concentration, which 

showed comparable and even higher sensitivity to that of solution-phase biosensors. The higher 

sensitivity is expected possibly because of enhanced FRET efficiency originating from increased 

UCL of UCNPs and/or plasmon-assisted FRET by Au nanocap. Finally, the solid-phase, single-

step aptasensors were successfully applied as reusable biosensors via heat treatment. Hence, the 

fabrication of aptamer-functionalized Au/UCNPs on PDMS could pave the way for the 

development of solid-phase, single-step biosensors. 

 

 

Scheme 1. Working principle of an aptamer (labeled with quenchers)-functionalized Au 
nanocap-supported UCNP (Au/UCNP).: The aptamer can only attach in the regions where the 
UCNP is not covered by Au, which results in effective quenching of UCL from Au/UCNP in the 
presence of OTA. 

 

2. EXPERIMENTAL SECTION 

2.1. Materials 

Yttrium(III) acetate hydrate (Y(CH3COO)3·xH2O, 99.9% metals basis), ytterbium(III) acetate 

hydrate (Yb(CH3COO)3·xH2O, 99.95% trace metals basis), erbium(III) acetate hydrate 

(Er(CH3COO)3·xH2O, 99.9% trace metals basis), oleic acid (technical grade, 90%), 1-octadecene 
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(technical grade, 90%), ammonium fluoride (NH4F, ACS reagent, ≥98.0%), sodium hydroxide 

(NaOH, BioXtra, ≥98% (acidimetric), pellets (anhydrous)), methanol (for HPLC, ≥99.9%), 

cyclohexane (ACS reagent, ≥99%), OTA, ochratoxin B (OTB), zearalenone (ZEA), aflatoxin B1 

(AFB1), sulfuric acid (ACS reagent, 95.0–98.0%), (3-aminopropyl)trimethoxysilane (APTMS, 

97%), glycine (ACS reagent, ≥98.5%), Tris base, and N-hydroxysuccinimide (NHS, 98%) were 

purchased from Sigma-Aldrich. 1,2-Dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-

[methoxy(polyethylene glycol)-2000] (mPEG) and 1,2-distearoyl-sn-glycero-3-

phosphoethanolamine-N-[carboxy(polyethylene glycol)-2000] (DSPE-PEG-carboxylic acid) 

were purchased from Avanti Polar Lipids (Alabaster, AL, USA). Ethanol (HPLC grade) was 

purchased from Duksan (Ansan, South Korea). 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide 

hydrochloride (EDC) and borate buffer were obtained from Thermo Fisher Scientific (Waltham, 

MA, USA). Deoxyribonucleic acid (DNA) oligonucleotides (BHQ1-labeled and Cy5-labeled) 

were custom-made at Xenotech (Daejeon, South Korea). Hydrogen peroxide (35% w/w aq. soln., 

stab.) was purchased from Alfa Aesar. PDMS (SYLGARD 184) was purchased from Dow 

Corning (USA). 

2.2. Synthesis of NaYF4:Yb3+,Er3+ nanoparticles 

NaYF4:Yb3+,Er3+-based UCNPs were synthesized using the liquid-solid solution solvothermal 

method according to previously reported procedures (Park et al., 2012). In brief, 

Y(CH3COO)3·xH2O (0.78 mmol), Yb(CH3COO)3·xH2O (0.20 mmol), and Er(CH3COO)3·xH2O 

(0.02 mmol) were mixed with 8 mL of oleic acid and 15 mL of 1-octadecene in a 50 mL flask 

under a nitrogen atmosphere. The mixed solution was heated to 160 °C, which was maintained 

for 30 min with stirring, and then cooled to room temperature. Ten milliliters of NaOH (0.25 M) 

and NH4F (0.4 M) in methanol was injected into the solution, which was then stirred for 30 min 
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at room temperature to obtain UCNPs. The solution was heated to 100 °C and maintained for 30 

min to evaporate methanol, and then the temperature was increased to 300 °C and maintained for 

1 h. The synthesized UCNPs in solution were washed with ethanol using a centrifuge (9500 rpm 

for 20 min) three times, then resuspended in cyclohexane. 

2.3. Synthesis of carboxy PEG-capped UCNPs 

Carboxylation of UCNPs was performed as previously reported (Jo et al., 2018). UCNPs in 

chloroform (2 mg mL–1, 5 mL) were mixed with solutions of 3 mg mL–1 mPEG and 1 mg mL–1 

DSPE-PEG-carboxylic acid in chloroform, and the mixture was stirred for 30 min at room 

temperature. To evaporate chloroform, the UCNP-containing solution was heated in a vacuum 

oven at 65 °C for 1 h. Then, 10 mL of deionized water (DW) was added to the fully dried 

UCNPs. After filtration with a 0.2 µm cellulose acetate syringe filter, the carboxy PEG-capped 

UCNPs were washed three times with DW using a centrifuge (9500 rpm for 20 min). Finally, the 

carboxy PEG-capped UCNPs were resuspended and stored in DW. 

2.4. Fabrication of Au/UCNPs and UCNPs on PDMS substrates for aptasensors 

Glass slides (15 mm × 15 mm) were treated using piranha solution (H2SO4:H2O2=3:1) and 

washed with DW. Then, a self-assembled monolayer (SAM) of APTMS was formed on the 

glasses by exposure to an APTMS solution (4% APTMS in ethanol) for 2 h; the SAM of 

APTMS resulted in an aminated glass surface. Fifty microliters of UCNP solution (0.05 mg mL-1 

in DW) was dropped onto the aminated glass and dried at 40 °C in an oven. Glancing angle 

deposition of Au thin films was performed on the UCNP/glass samples using an e-beam 

evaporator; the deposition thickness and angle were 40 nm and 60°, respectively. Note that this 

Au deposition step was skipped for the fabrication of UCNPs on the PDMS substrate. Next, a 

mixture of PDMS and curing agent (ratio of 10:1) was poured onto the Au-deposited 
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UCNP/glass slides, which were placed in Petri dishes. After extracting bubbles from the PDMS 

by a vacuum pump, the PDMS was cured at 65 °C in an oven for 2 h. Finally, the PDMS was cut 

to a size larger than the glass slide, then detached from the Petri dishes and glass slides, resulting 

in the formation of a rectangular vessel of PDMS with Au/UCNPs embedded at the surface. (For 

the fabrication of bare UCNP-embedded PDMS, the same procedures 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 for the fabrication of aptasensors was performed 

following the same procedure as that used for the fabrication of Au/UCNPs on PDMS, although 

Au thin films were not deposited. 

2.6. Upconversion emission measurement 

The UCL emission spectra were measured using a customized microscope (Olympus BX43, 

Tokyo, Japan) equipped with a spectrometer (SR-500i-A, Andor Tech, USA), charged coupled 

device (CCD) camera (DV420A-OE, Andor Tech, USA), and 980-nm laser (SSL-LM-980-600-

D, Shanghai Sanctity Laser Technology, Shanghai, China) as an excitation source for the 

UCNPs. 

2.7. Aptamer functionalization on Au/UCNPs on PDMS, UCNPs on PDMS, and UCNPs on 

glass 

The aptamers used in this work were amine- and quencher-modified at each end (amino-AAA 

AAG CAT CTG ATC GGG TGT GGG TGG CGT AAA GG-black hole quencher-1 (BHQ1)). 

The sequence of the aptamer can specifically bind with OTA (Jo et al., 2018). To prepare 

Au/UCNPs on PDMS substrates as biosensors, the aptamers were functionalized onto the open 

surface of the carboxylated UCNPs, where they were not covered by the Au nanocaps, located in 
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the vessel of the PDMS substrate. Notably, the functionalization of UCNPs on PDMS and 

UCNPs on glass was performed following the same procedure as that of Au/UCNPs on PDMS. 

However, for UCNPs on glass, the PDMS vessel was prepared separately. First, EDC/NHS 

coupling reactions (0.1 M EDC in DW and 0.025 M NHS in DW were used) were performed on 

the Au/UCNPs for 15 min to activate the carboxylated UCNPs and functionalize the amino-

aptamer. A simple washing step was carried out by spraying DW onto the samples using a 

squeeze bottle. Then, 100 µM aptamer solution (in 10 mM HEPES buffer, pH 7.2) was dropped 

onto the Au/UCNPs on PDMS and incubated for 3 h. Another washing step was performed using 

2% SDS and DW in turn. Next, a blocking process for the activated functional groups on the 

surface was performed by exposure to glycine (20 mM in HEPES) for 30 min and 50 mg mL–1 

Tris for 30 min. Finally, a washing process was performed using DW. 

2.8. OTA detection using Au/UCNPs functionalized with aptamers on PDMS 

After functionalization, a 10 mM borate buffer solution (pH 8.5) containing 4 mM KCl (this 

solution was used in all experiments for OTA detection as the binding buffer) was injected onto 

the PDMS vessels where aptamer-functionalized Au/UCNPs were partially embedded. Cover 

glasses were used to partially cover the PDMS vessels containing the borate buffer solution and, 

at the same time, fully cover the pathway of the 980-nm laser light. The roles of cover glass were 

to ensure a uniform thickness of the buffer solution and minimize the evaporation of the buffer 

solution during assays. Before OTA detection, the aptamer-functionalized Au/UCNPs on PDMS 

were incubated at 70 °C in an oven for 1 h to stretch any unintentionally folded aptamers. OTA 

detection was carried out by comparing measured UCL spectra from the injection of control 

solution (DW) and OTA solution (in DW) into the borate buffer solution contained in the PDMS 

vessels. Various concentrations of OTA were used for detection: final concentrations of 0.1, 1, 
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10, 100, and 1000 ng mL–1. The UCL emission spectra were measured 30 min after injection of 

the control or OTA solution. To minimize evaporation of the borate buffer solution during 

assays, the spectrometer chamber was kept at a humid environment using wet disposable wipers 

(KIMTECH). 

2.9. Regeneration of aptamer-functionalized Au/UCNPs on PDMS 

Regeneration of aptamers after OTA detection was carried out by injecting 10% methanol (in 

DW) onto the aptamer-functionalized Au/UCNPs in PDMS vessels and incubating at 70 °C for 

30 min (Park et al., 2014). Then, the aptamer-functionalized Au/UCNPs were washed with DW 

and stored in 10 mM borate buffer (pH 8.5). Before reuse of the regenerated aptamer-

functionalized Au/UCNPs on PDMS, they were incubated at 70 °C in an oven for 1 h to stretch 

unintentionally folded aptamers, then used to detect OTA again. 

 

3. RESULTS AND DISCUSSION 

The fabrication of aptamer-functionalized Au/UCNPs on PDMS as a solid-phase, single-step 

biosensor is described in Fig. 1a,b. In brief, a solution containing UCNPs (characterized in detail 

in Fig. S1) was drop-cast onto a glass substrate and dried (Fig. 1a). Scanning electron 

microscopy (SEM) imaging of the resulting UCNP-coated glass substrate demonstrated the 

formation of a UCNP monolayer (Fig. S2a,b). Then, Au was deposited using an e-beam 

evaporator to form Au nanocaps on UCNPs (Fig. S2c), which resulted in an approximately four-

fold UCL enhancement (Fig. S3), which was ascribed to the deposited Au (Bang et al., 2017; 

Hinamoto et al., 2017). For transfer of Au/UCNPs onto a solid substrate and the conversion of 

their direction, PDMS was poured onto Au/UCNPs on the glass substrate and cured until 

hardening. The role of PDMS was to serve as a solid substrate for Au/UCNPs, thus facilitating 
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the fabrication of solid-phase biosensors; PDMS effectively immobilized Au/UCNPs by 

physically surrounding them and leading to stable operation during target detection. Au/UCNPs 

partially embedded in PDMS were finally obtained by PDMS detachment. This transfer process, 

based on PDMS, was necessary because the area where the UCNPs were not covered by Au 

nanocaps needed to be exposed outside PDMS to functionalize the aptamers on the UCNPs. 

Besides, the cavity produced by the above detachment was used as an assay vessel. After 

detachment, the embedded Au/UCNPs were observed by SEM (Fig. S4a,b), leaving the Au film 

deposited on a glass substrate without the transferred Au/UCNPs (Fig. S4c,d). For OTA-binding 

aptamer functionalization (amine- and BHQ1-modification at each end), EDC/NHS coupling 

was performed to covalently attach the amine at the end of the aptamer to carboxylated UCNPs 

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

 

The above aptamer functionalization was confirmed by reduction in the UCL of the 

UCNPs, with the corresponding observations conducted under wet conditions as described in Fig. 

1b i) and ii). Importantly, the sample was not moved during aptamer functionalization to exactly 

measure the extent of UCL reduction of the UCNPs (determined as 17.5%; Fig. 1c). The reasons 

for the reduction were expected because of the attachment of BHQ1-labeled aptamers, resulting 

in i) adsorption of emitted light from UCNPs by BHQ1 (Fig. 1d), and ii) quenching phenomenon, 

to some degree, caused by unintentionally folded aptamers. In addition to functionalization with 

BHQ1-labeled aptamers, those with Cy5-labeled aptamers were also performed in the same way 

to directly observe attachment by imaging the fluorescence of Cy5, which is more detectable 

than the absorbance of BHQ1 or DNA (Fig. 1e,f). After functionalization of the Cy5-labeled 

aptamers on Au/UCNPs, a fluorescence signal was observed only from the area where 

Au/UCNPs had been transferred onto PDMS after Cy5-aptamer attachment (Fig. 1e,f). It should 

be noted that although the Cy5-aptamer solution covered the entire PDMS vessel during the 

attachment, attachment was ultimately observed only in regions where Au/UCNPs were present. 

These results indicated that EDC/NHS coupling reactions on the Au/UCNPs allowed for 

successful aptamer attachment. 

 The working principle of solid-phase, single-step biosensors composed of UCNP (donor) 

and BHQ1 (acceptor) linked by an aptamer, as described in Fig. S5, is based on UCL quenching 

of UCNPs via FRET (Clapp et al., 2004; Medintz et al., 2006; Bednarkiewicz et al., 2010). The 

above quenching is caused by aptamer folding after target binding, as this folding results in a 
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shortened distance between the UCNP and the quencher with overlapped emission and 

absorption spectra, respectively. In detail, FRET efficiency is inversely proportional to the sixths 

power of the donor-to-acceptor distance, as described below (Eq. 1, 2). 

 

FRET efficiency = 
�

��(
�

��
)�

,          (1) 

	

� = 8.79 × 10���	��� × (�����Φ� ),        (2) 

 

where ! is the donor-to-acceptor distance, R0 is the Förster distance, � is the refractive index of 

the surrounding medium, κ2 is the relative orientation between donor emission and acceptor 

absorption dipoles, ΦD is the quantum yield of the donor, and   is the degree of spectral 

resonance between the two species. Hence, aptamer folding induced by target-aptamer binding 

results in a shortening of the distance (r) between UCNPs and quenchers (BHQ1), thereby 

facilitating UCL quenching. Thus, the extent of UCL quenching can be used to quantify the 

concentration of a target in solution. For a model study, OTA, one of the most abundant 

mycotoxins observed in contaminated food, was chosen as the target (Jo et al., 2018). 

 Solid-phase single-step biosensor platforms based on a glass substrate were fabricated by 

immobilization of UCNPs on a slide glass followed by attachment of quencher (BHQ1)-modified 

aptamers (Fig. 2a,b). The absorbance of the BHQ1 quencher overlaps with the emission 

spectrum of UCNPs, meeting the requirements for FRET (Fig. 1c,d). Before OTA solution 

injection, the solid-phase aptasensor exposed to binding buffer (10 mM borate buffer (pH 8.5) 

with 4 mM KCl) was heated at 70 °C for 30 min to stretch any unintentionally folded aptamers. 

The adopted binding buffer conditions, based on the results of our previous work, were optimal 

for OTA detection (Jo et al., 2018). A schematic illustration of UCL measurement for OTA 
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detection is shown in Fig. S6. A relatively low UCL quenching efficiency of ~17% was observed 

in the presence of 1 µg mL–1 OTA (Fig. 2c), as compared to values of ~35% previously reported 

for single-step solution-phase OTA aptasensors (Jo et al., 2018). Quenching efficiency was 

calculated using Eq. 3. 

 

Quenching efficiency (%) = 
#$%$&$'(�#)*&*+&$,%

#$%$&$'(
× 100,       (3) 

 

where Iinitial and Idetection are the peak areas of the UCL spectrum before and after OTA injection, 

respectively. The reason for such low sensitivity toward OTA was ascribed to the fact that the 

area where the aptamer-BHQ1 can functionalize UCNPs was reduced because of contact with 

glass (Fig. 2a). Considering that upconverted light can be emitted from the entire UCNP surface, 

aptamer functionalization of this limited area results in low sensitivity, which is a critical 

disadvantage for sensing applications despite the potential for portable biosensor usage. 
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Figure 2. Schematic illustrations of OTA detection using aptamer (labeled with a quencher)-
functionalized bare UCNPs on a glass substrate based on FRET-induced quenching: (a) before 
and (b) after OTA detection. (c) UCL spectra acquired before and after OTA detection for 
aptamer (labeled with a quencher)-functionalized bare UCNPs. The same schematic illustrations 
for the case of Au/UCNPs on PDMS instead of bare UCNPs on glass: (d) before and (e) after 
OTA detection. (f) UCL spectra acquired before and after OTA detection for Au/UCNPs on 
PDMS. The incubation time for OTA-aptamer binding was 30 min for each aptasensor. 

 

 To solve this problem, the Au/UCNPs were introduced to the solid-phase aptasensor 

(Scheme 1). Previous works have shown that Au/UCNPs can strongly emit upconverted light 

from a restricted UCNP area, near the Au nanocap edge (Bang et al., 2017; Hinamoto et al., 

2017). Moreover, localized surface plasmon resonance (LSPR) of Au nanocaps on UCNPs 

enhances the UCL of UCNPs. Thus, aptamer functionalization on the restricted area of 

Au/UCNPs on a PDMS substrate could be a promising way of fabricating solid-phase biosensors, 

as aptamer-BHQ1 can fully cover the UCNP area capable of emitting upconverted light to result 

in effective quenching of upconverted light from Au/UCNP by BHQ1. 
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 The performance of Au/UCNPs functionalized with BHQ1-labeled aptamers on the 

PDMS substrate (hereafter denoted as Au/UCNP-based solid-phase aptasensor) was evaluated by 

exposure to OTA (Fig. 2d,e). Before OTA solution injection, the Au/UCNP-based solid-phase 

aptasensor containing binding buffer in the PDMS vessel (i.e., in the empty volume created by 

glass slide removal) was heated at 70 °C for 30 min to stretch any unintentionally folded 

aptamers. The Au/UCNP-based solid-phase aptasensor showed UCL quenching efficiency of 

~42% for 1 µg mL–1 OTA (Fig. 2f), which significantly exceeded the value obtained in the case 

of UCNPs on glass substrate (~17%) (Fig. 2c). More comparisons with solid-phase aptasensors 

presented in this work are shown in Fig. S7. As illustrated in Scheme 1, the high quenching 

efficiency of the Au/UCNP-based solid-phase aptasensor compared with that of the UCNP-based 

solid-phase ones (UCNPs on both glass and PDMS) was attributed to the focusing of UCL at the 

specific area where aptamer functionalization occurred. 

The Au/UCNP-based solid-phase aptasensor was then employed to detect various OTA 

final concentrations of 0.1–1000 ng mL–1, as shown in Fig. 3a. UCL measurement was 

performed by sequential injection of OTA solutions from low to high concentrations into the 

binding solution without any sample movement. The incubation time for OTA-aptamer binding 

equaled 30 min for each concentration. As a result, an increase in FRET-attributable UCL 

quenching was observed with increasing OTA concentration (Fig. 3a). 
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Figure 3. (a) OTA detection using Au/UCNP-based solid-phase aptasensor within the range of 
0.1–1000 ng mL–1. (b) Comparison of the performance of solid-phase and solution-phase 
biosensors: UCNP on PDMS and Au/UCNP on PDMS for solid-phase and UCNPs dispersed in 
solution for solution-phase using the results adopted from the previous work reported by our 
group (Jo et al., 2018). 

  

Comparisons of the quenching efficiencies of Au/UCNP-based solid-phase and UCNP-

based solution-phase aptasensors are presented in Fig. 3b. Note that the results of OTA detection 

by the UCNP-based solution-phase sensor are taken from the work of Jo et al. (2018). The 

sensing performances of solid-phase (Au/UCNP-based) (black dots in Fig. 3b) and solution-

phase aptasensors (red dots in Fig. 3b) (Jo et al., 2018) were compared. Sensitivity of the former 

aptasensor toward OTA was slightly higher than that of the latter within the linear range of 0.1–

1000 ng mL–1, and the limit of detection (LOD), which is the lowest OTA concentration required 

to produce a signal greater than three times the standard deviation of the noise level (S/N = 3), of 

the solid-phase aptamer was calculated as 0.022 ng mL–1 (Fig. S8). A detailed comparison of our 

solid-phase biosensors with those previously reported in literature is given in Table S1. The 

higher sensitivity of the solid-phase aptasensor compared to that of solution-phase ones was 

expected because of the following two reasons. (a) The enhanced emission properties of UCNPs 

owing to the LSPR of Au nanocaps on UCNPs are responsible for the enhanced sensitivity, as 

the quantum yield of the donor (ΦD) increased the FRET efficiency according to Eq. 2 (Clapp et 
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al., 2004; Medintz et al., 2006; Bednarkiewicz et al., 2010; Wiesholler et al., 2018). (b) The 

LSPR due to Au nanocap presence might also lead to plasmon-assisted enhancement of FRET 

during OTA detection (Aissaoui et al., 2017; Anderson et al., 2019; Bohlen et al., 2019; Cao et 

al., 2019). Hence, the Au/UCNP-based solid-phase aptasensor showed a comparable or even 

higher sensitivity than that of the solution-phase one. Furthermore, the selectivity of the 

aptasensor was also evaluated toward OTB, ZEA, and AFB1 (Fig. S9), confirming that the 

aptasensor could selectively detect only OTA. 

 The reusability of portable biosensors is also an important factor for POC testing; 

therefore, the Au/UCNP-based solid-phase aptasensor was evaluated as a regenerable biosensor. 

The aptamer can be regenerated under specific conditions such as elevated temperature or 

exposure to HCl or NaOH solutions (Prabhakar et al., 2011; Ye et al., 2012; Park et al., 2014). 

Among the various regeneration techniques for the aptamers, the elevated temperature method, 

which was reported in a previous work from our group (Park et al., 2014), was adopted to 

regenerate our solid-phase aptasensors. The detailed procedure for the regeneration process is 

described in the Experimental section. Fig. 4 shows the results of OTA (1 µg mL-1) detection and 

regeneration for three cycles (raw data are shown in Fig. S10). Although there was a slight 

deviation at each cycle, apparent detection and regeneration tendencies were observed. Thus, the 

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

  

4. CONCLUSIONS 

In this paper, we demonstrated a solid-phase, single-step aptasensor based on Au nanocap-

supported UCNPs functionalized with quencher-labeled aptamers on a PDMS substrate. The 

Au/UCNP-based solid-phase aptasensor was used to detect OTA within the range of 0.1–1000 ng 

mL–1 on the basis of quenching of the UCL of UCNPs caused by FRET between the UCNPs and 

quencher. The role of the Au nanocaps on the UCNPs was to restrict the strong UCNP emission 

of upconverted light to a specified area due to LSPR phenomenon. Functionalization of aptamers 

on this specified area with strong upconverted light emission led to a sensing performance 

(detection range: 0.1–1000 ng mL–1; LOD: 0.022 ng mL–1 within 30 min in a single step) 

comparable to that of solution-phase biosensors. Moreover, the Au/UCNP-based solid-phase 

aptasensor showed potential for reusability for three cycles by exposure to an elevated 

temperature. As a solid-phase biosensor, this aptasensor could afford the advantages of 

portability, ease of washing, and reusability, which could 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 functionalized onto exposed Au/nanoparticle area 

- Sensitivity 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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