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A B S T R A C T   

To resolve time-consuming and imperceptible monitoring problems in the traditional systematic evolution of 
ligands by exponential enrichment (SELEX), we report gold nanoparticle-assisted SELEX (GNP-SELEX) as a vi
sual, proofreading, and self-monitoring platform and its application to small molecule-binding single-stranded 
DNA (ssDNA) aptasensors. Through the colorimetric changes between rounds, GNP-SELEX enabled the rapid 
determination of target-specific aptamer library enrichment with neither target modification nor extra moni
toring process. We identified ssDNA aptamers with high selectivity and binding affinity by targeting two small 
molecules (brassinolide; BL and bisphenol A; BPA) as a model. The rational design of selected aptamers by 3D 
molecular simulation increased their ability to detect BL or BPA in real samples as bioreceptors. These results 
suggest that GNP-SELEX is useful as a self-monitoring platform to discover ssDNA aptamers as well as to develop 
aptasensors for diverse targets in a rapid and simple way.   

1. Introduction 

Single-stranded DNA (ssDNA) aptamers have garnered increasing 
attention as artificial bioreceptors, given their high chemical stability 
and cost-effective production, which enables unique studies in bio
sensing applications (Cho et al., 2009; Gold et al., 1995). While ssDNA 
aptamers have been determined to detect metal ions, small molecules, 
proteins, and cells, traditional approaches for the selection of 
target-specific aptamers involve a process known as systematic evolu
tion of ligands by exponential enrichment (SELEX) and require chemical 
modifications of target molecules and a supporting matrix (e.g., chip 
substrate, bead, carrier, or membrane) that binds to a target (Li et al., 
2009; Ma et al., 2015; Ruscito and DeRosa, 2016; Strehlitz et al., 2008). 
Despite the recent advances in modification- or matrix-free methods 
coupled with capillary electrophoresis, graphene oxide, or click chem
istry, the SELEX procedure is still challenging given that a pool of 
positively or negatively enriched aptamer libraries cannot be directly 

monitored in sequential rounds (Mendonsa and Bowser, 2004; Nguyen 
et al., 2014; Pfeiffer et al., 2018). To this end, there is a need for the 
auxiliary use of high-performance liquid chromatography, 
enzyme-linked oligonucleotide assay, or real-time quantitative poly
merase chain reaction (qPCR) as a monitoring tool to determine inter
vention and enrichment of the selection pressure of aptamer library in 
the SELEX process (Drolet et al., 1996; Luo et al., 2017; Muller et al., 
2008). In particular, when targeting small molecules, it is challenging to 
estimate the binding affinity and specificity of the aptamer library for 
the target molecule in and between rounds (Ruscito and DeRosa, 2016). 
Surface plasmon resonance, isothermal titration calorimetry, or fluo
rescence polarization/anisotropy have been generally used to elucidate 
the binding affinity of the selected aptamers for a small molecule (Chang 
et al., 2014; Yang et al., 2019; Zhu et al., 2012). However, their repeated 
use per SELEX round is limited in terms of time and cost. An efficient 
self-monitoring method during SELEX procedure, enables the rapid 
enrichment of target-specific aptamers by reducing false-positive and 
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false-negative aptamer libraries. 
As a rapid and straightforward analysis, gold nanoparticle (GNP)- 

based colorimetry, which is caused by size-dependent light scattering 
and surface plasmon effects, has been widely used with ssDNA aptamers 
for the visual detection of targets (Huang et al., 2005; Liu and Lu, 2005; 
Smith et al., 2016). It is noteworthy that target-bound and 
target-unbound ssDNA aptamers on the surface of GNPs are readily 
discerned through their aggregation and color change at high salt con
centrations (Gopinath et al., 2014; Lee et al., 2018; Wei et al., 2007). 
This colorimetric principle by aptamer-facilitated GNPs, however, has 
only been used as a bioassay with a target-specific aptamer sequence. 
Although GNP-combined SELEX has been recently reported (Chatterjee 
et al., 2020; Li et al., 2019; Smith, 2014), GNPs were exploited only as a 
binding matrix of the DNA library, not as a colorimetric tracer or a 
proofreading platform. Because GNPs can react differently to aptamer 
libraries in increasing SELEX rounds, this principle prompts us to 
explore the possibility of colorimetric SELEX. 

Here, we report a GNP-assisted SELEX (GNP-SELEX) method as a 
visual monitoring platform for the rapid development of small molecule- 
binding ssDNA aptasensors. GNPs in the SELEX process can function as 
both a colorimetric indicator and an aptamer library selector. The color 
change in GNPs expressed as extinction ratio (E520/E700) enables easy 
monitoring of an increase or decrease in the binding affinity of the 
aptamer library against a target molecule (or a counter-target molecule) 
per round, which does not encompass target modification or post-SELEX 
analysis (e.g., qPCR). Through dispersion (reddish color) or salt-induced 
aggregation (purple color) of GNPs during alternating positive and 
negative SELEX rounds, this method enables the visual evolution of 
target-selective ssDNA library enrichment and the rapid determination 
of transition (or termination) of successive rounds. To demonstrate the 
usefulness of our method, a plant steroid hormone (brassinolide; BL) and 
an endocrine disruptor (bisphenol A; BPA) were employed as target 
small molecules with different chemical structures. By optimizing the 
SELEX conditions, we discovered and engineered ssDNA aptamers 
against two small molecules, thereby exploring the usability of apta
sensors using the selected aptamers. 

2. Material and methods 

2.1. Material 

Hydrogen tetrachloroaurate (III) trihydrate (HAuCl4⋅3H2O), sodium 
citrate dihydrate (trisodium salt, C6H5Na3O7⋅2H2O), hydrogen peroxide 
(H2O2, 30% (w/w)), bisphenol A (2,2-bis(4-hydroxyphenyl)propane, 
BPA), bisphenol S (bis(4-hydroxyphenyl) sulfone, BPS), and bisphenol F 
(bis(4-hydroxyphenyl)methane, BPF) were purchased from Sigma- 
Aldrich (St. Louis, MO, USA). Plant steroids were kindly provided by 
Dr. Seong-Ki Kim (Chung-Ang University, Seoul, Korea), and 3,3′,5,5′- 
Tetramethylbenzidine (TMB) was purchased from Thermo Fisher Sci
entific (Waltham, MA, USA). The Taq polymerase and T-vector were 
purchased from Promega Corporation (Madison, WI, USA). Agarose gel 
cleanup kit was purchased from QIAGEN (Hilden, Germany). Ordinary 
and BPA-free thermal paper receipts were purchased from Hansol Paper 
Co., Ltd. (Seoul, Korea). Transparent 96-well microplates were pur
chased from SPL Life Sciences Co., Ltd. (Pocheon, Korea). The combi
natorial ssDNA library was synthesized by Integrated DNA Technologies 
Inc. (IDT, Coralville, IA, USA). Aptamers and primers were synthesized 
by Macrogen Inc. (Seoul, Korea). A biotinylated aptamer was synthe
sized by Macrogen Inc. (Seoul, Korea). 

2.2. Synthesis of GNP 

Unmodified GNPs were synthesized by reduction and stabilization 
with sodium citrate as previously described (Grabar et al., 1995; Tur
kevich et al., 1951). Briefly, 100 μL of a stock solution containing 300 
mM HAuCl4⋅3H2O was added to 50 mL distilled water to yield a final 

concentration of 600 μM in a round-bottomed flask. This solution was 
then boiled under vigorous stirring. One milliliter of a 2% (w/v) sodium 
citrate solution was added to the stirring solution. This resulted in a 
color change from pale yellow to reddish-brown. The solution was then 
boiled for another 20 min and then cooled to room temperature while 
stirring. The gold colloid was stored at 4 ◦C until further use. The sizes of 
dispersed or aggregated GNPs were characterized using a dynamic light 
scattering instrument (Scatteroscope I; K-ONE Inc., Seoul, Korea). The 
molar concentration of the unmodified GNPs solution was determined to 
be 1.0 nM after confirming the size distribution and particle number of 
the colloidal GNP. The extinction coefficient of the unmodified GNPs 
was 1.26 × 109 M− 1 cm− 1 at 520 nm. 

2.3. Preparation of the ssDNA library 

Prior to SELEX, a 60-nt ssDNA library, including a central 30-nt 
randomized sequence flanked by two 15-nt primer binding sites, was 
prepared using a forward primer (5′ − ATGCGGATCCCGCGC− 3′) and 
reverse primer (5′− CGCGCGAAGCTTGCG− 3′). After incubation with 
primers in the ratio of 10:1 (forward: reverse), the ssDNA library was 
amplified by asymmetric PCR with one cycle at 95 ◦C for 5 min and 30 
cycles at 95 ◦C for 30 s, 57 ◦C for 30 s, and 72 ◦C for 30 s, followed by the 
last cycle at 72 ◦C for 10 min. The PCR products were analyzed using 3% 
agarose gel electrophoresis (100 V, 30 min) in 0.5 × Tris-acetate-EDTA 
(TAE) buffer and purified using a gel extraction column. The product 
was eluted with a 0.3 M sodium acetate solution (pH 5.2) and concen
trated using ethanol precipitation. 30 pmol of the random ssDNA library 
(final 150 nM) was incubated with 0.075 pmol GNPs (final 0.375 nM) at 
a molar ratio of 400:1 (ssDNA:GNP) in a binding buffer (0.1 × phos
phate-buffered saline (PBS), pH 7.4, containing 1 mM PO4

3− , 13.7 mM 
NaCl, and 0.27 mM KCl) to give a final volume of 200 μL, followed by 
centrifugation at 6,500×g for 10 min to eliminate the ssDNA library with 
low affinity for the GNP surface prior to SELEX. The supernatant was 
then discarded, and the pulldown product was washed three times with 
the binding buffer. After the product was boiled at 95 ◦C for 15 min and 
centrifuged again, the eluted ssDNA library was collected in the binding 
buffer for use in the first round of SELEX. 

2.4. GNP-SELEX procedure 

A SELEX process was performed to select ssDNA aptamers binding 
specifically to BL or BPA, containing successive steps of negative and 
positive selections using GNPs and target or counter-target small mol
ecules (Tables S1 and S2). During the first step of each round, the ssDNA 
library was initially mixed with GNPs in a binding buffer at a molar ratio 
of 400:1 (ssDNA library:GNP) to render a final volume of 190 μL in a 
transparent 96-well microplate (SPL Life Sciences). In the second step, 
10 μL of a solution containing a target molecule (for the positive SELEX) 
or a counter-target molecule (for the negative SELEX) was added to the 
library-GNP colloidal solution and incubated for 30 min. During the 
third step, 10 μL of 1 M NaCl was added to the solution and incubated for 
15 min to induce salt-bridged aggregation. In the fourth step, the su
pernatant GNP-unbound ssDNA library (for the positive SELEX) or GNP- 
bound ssDNA library (for the negative SELEX) was collected by centri
fugation (at 6,500×g for 10 min), followed by concentration using 
ethanol precipitation; GNP-bound ssDNA library was additionally sub
jected to boiling at 95 ◦C for 15 min and subsequent centrifugation prior 
to concentration. In the last step, to amplify double-stranded (dsDNA) 
from the eluted ssDNA library, 2 μL of ssDNA library from SELEX was 
mixed with 25 μL of 2 × Hot Start GoTaq master mix (Promega, Madi
son, WI, USA), 21 μL of distilled water, 1 μL of 25 μM forward primer, 
and 1 μL of 25 μM reverse primer and subjected to 30 cycles of regular 
PCR. The PCR product was monitored using 3% agarose gel electro
phoresis (100 V, 30 min) and purified by agarose gel extraction. To 
generate the ssDNA library for the next round, asymmetric PCR was 
performed with dsDNA. To monitor steps 1–3 in each SELEX round, the 
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extinction values of the solutions were sequentially measured using a 
microplate reader (Varioskan; Thermo Fisher Scientific), and the color 
photographic image of each solution was sequentially captured using a 
mobile phone camera (Galaxy Note 8, Samsung Electronics, Suwon, 
Korea). The aggregation of colloidal GNP was estimated from the 
extinction ratio (E520/E700), where E520 and E700 represent the extinction 
value of the colloidal GNP at 520 nm and 700 nm, respectively. 

2.5. Sequencing 

In the last round of SELEX, dsDNA amplified from the selected 
aptamers was subcloned into a pGEM-T Easy plasmid vector (Promega) 
to retrieve the entire sequence. The plasmid was transformed into E. coli 
DH5α, followed by an incubation step at 37 ◦C under selective antibiotic 
pressure. Individual bacterial colonies were sequenced, and the multiple 
alignments of selected aptamers were performed using ClustalX to 
analyze the group similarity. The secondary structure of the aptamer 
candidates was predicted using Mfold web server (Zuker, 2003). 
Consensus motif of aptamer candidates was determined using Multiple 
Em for Motif Elicitation (MEME, http://meme-suite.org/tools/meme/) 
(Bailey et al., 2009). 

2.6. Determination of binding affinity of aptamers for small molecules 
using the GNP colorimetric assay 

To determine the binding affinity of selected aptamers for small 
molecules, an ssDNA aptamer (30 μL of 10 μM) was initially mixed with 
GNPs (75 μL of 1 nM) in a binding buffer to render a final volume of 190 
μL in a transparent 96-well microplate. The solution was then reacted 
with 10 μL of various concentrations of small molecules in the binding 
buffer, which was incubated for 30 min at room temperature. After in
cubation, 10 μL of 1 M NaCl was added to the solution. The extinction 
ratio (E520/E700) of the solutions was measured using a microplate 
reader and the color photographic image of each solution was captured 
using a mobile phone camera. The dissociation constant (KD) value was 
calculated by employing binding (%) as a function of target concentra
tion using the GNP colorimetric assay. The value represents a target 
concentration at which half of the maximal binding (%) reached in the 
hyperbolic curve fitted by a single-site model. Binding (%) indicates the 
proportion of target-dependent extinction ratio changes relative to that 
of the target-independent extinction ratio change, according to the 
following Equation (1): 

Binding (%) =
ExtR0 − ExtRC

ExtR0 − ExtRmax
× 100 (Eq.1)  

where ExtR0 is the salt-induced extinction ratio (E520/E700; ExtR) in the 
absence of the target, ExtRC is the salt-induced ExtR in the presence of a 
specific target concentration, and ExtRmax is the salt-induced maximal 
ExtR without an aptamer. 

2.7. Circular dichroism (CD) 

CD spectra from the ssDNA aptamer were analyzed using a Jasco J- 
1500 CD spectrophotometer (Jasco, Japan) equipped with a thermal 
controlled single cell block. Aptamers (final 0.7–1 μM) with or without 
the target molecule (final 1–10 μM) were scanned between 200 nm and 
350 nm at a speed of 100 nm min− 1 in a 1 nm bandwidth. The CD curves 
were averaged from three scans. Data were corrected against a blank 
measurement of binding buffer and smoothed using a Savitzky–Golay 
filter. 

2.8. Preparation of plant extracts 

Wild-type Arabidopsis thaliana, Col-0, and brassinosteroid-deficient 
mutant Sdet2 seeds were sterilized with 70% ethanol containing 

0.025% Triton X-100 and planted on 1/2 Murashige and Skoog (MS; 
Duchefa Biochemie, Haarlem, Netherlands) medium containing 0.8% 
Phytoagar and 1% sucrose (Park et al., 2014). After two days of cold 
treatment, plants were grown under long-day conditions (16 h/8 h 
light-dark cycle) in a plant growth chamber at 22 ◦C. For BL treatment, 
seedlings were grown on 1/2 MS medium with or without 100 nM BL. 
The 10-day-old Arabidopsis seedlings (0.6 g) were ground using a mortar 
and pestle and extracted with 8 mL of 80% methanol in water three 
times. The extracts were concentrated in vacuo. The dried fraction was 
dissolved in a small amount of 100% methanol prior to use. 

2.9. Detection of BL in plant extracts by aptamer-mediated precipitation 
(AP) 

Prior to AP, agarose beads were conjugated with an anti-BL ssDNA 
aptamer (tgBL-v2) via streptavidin-biotin interaction. Twenty microli
ters of streptavidin-coated agarose resin (Life Technologies, CA, USA) 
were washed twice with 1 × bind and wash (B&W) buffer (5 mM Tris- 
HCl, pH 7.5, containing 0.5 mM EDTA and 1 M NaCl) and resus
pended in 500 μL of 2 × B&W buffer to inhibit ssDNA degradation 
during the aptamer binding to the agarose bead. The 5′-end biotinylated 
tgBL-v2 aptamer in distilled water was mixed with agarose resin to 
render a final concentration of 3.6 μM, followed by a 15 min incubation 
at room temperature on a shaker. The mixture was washed twice with a 
1 × B&W buffer to remove the excess aptamers. The aptamer-conjugated 
beads were kept in 20 mM Tris-HCl (pH 7.4) at 4 ◦C. For the AP pro
cedure, 30 μL of plant extract was diluted in 70 μL of 100% ethanol and 
centrifuged at 13,000×g for 3 min to remove hydrophobic debris. 50 μL 
of supernatant was diluted in an AP buffer (20 mM Tris-HCl, pH 7.4, 
containing 0.1 mg mL− 1 salmon sperm DNA) and then mixed with the 
aptamer-conjugated bead. In this step, divalent ions were omitted in 
buffer because high salt concentrations increase non-specific in
teractions between the aptamers and other hormones. After 10 min- 
incubation, the bead was sequentially washed with PBST (PBS con
taining 0.05% Tween-20) and the AP buffer. To elute BL from the beads, 
100% ethanol was mixed with the beads and the eluate was collected by 
centrifugation (13,000×g for 5 min). 

2.10. Detection of BPA on thermal receipts by an enzymatic aptasensor 

Prior to the assay, the tgBPA-v2 aptamer was boiled for 5 min at 
95 ◦C, and slowly cooled at room temperature for 15 min. The tgBPA-v2 
aptamer (10 μL of 10 μM), hemin (10 μL of 10 μM), and BPA (5 μL at 
appropriate concentration) were mixed with 25 μL of 2 × PBS. The final 
concentrations of aptamer and hemin were 2 μM. For the process of 
binding, the mixture was incubated for 10 min at room temperature. 
TMB solution (100 μL) containing TMB and 0.1% hydrogen peroxide 
was then added to the mixture. When the color of the solution changed 
from clear to blue (~5 min), the absorbance was measured using a 
microplate reader. For the detection of BPA on thermal receipt papers, 
the receipt paper, cut into a square size (0.75 × 0.75 cm), was passivated 
with 500 μL of binding buffer containing 0.2 mg mL− 1 salmon sperm 
DNA (SSD) in a transparent 12-well microplate (SPL Life Sciences) at 
room temperature, for 30 min. Excess SSD was washed away with 500 μL 
of binding buffer for 3 min. Then, 500 μL of reaction solution containing 
400 nM tgBPA-v2 and 400 nM hemin in the binding buffer was dropped 
on the paper, followed by a 10 min incubation at room temperature. The 
TMB solution containing 0.1% hydrogen peroxide was sequentially 
dropped on the paper to induce a color change. After 5 min of incuba
tion, the color photographic image of the paper was taken using a mobile 
phone camera (Galaxy Note 8), and the TMB intensity was calculated by 
ImageJ software (University of Wisconsin at Madison, Madison, WI, 
USA). 
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2.11. Statistical analysis 

Statistical analysis was performed using the SPSS software program 
(IBM, version 26.0). Statistical significance was determined by Student’s 
t-test or one-way ANOVA as indicated in the figure legends. All data sets 
were subjected to normality tests (Shapiro-Wilk test) when applicable. 

Based on the normality of distributions, Student’s t-test or one-way 
ANOVA with Scheffe’s post-hoc test was performed only if the data set 
are truly normal. N-values correspond to the sample size and p-values 
are ranged as follows: *p < 0.05; **p < 0.01; ***p < 0.001. 

Scheme 1. Schematic of the GNP-SELEX procedure. Positive and negative GNP-SELEX are alternately used for the target molecules (in yellow) and the counter-target 
molecules (in green), respectively, to discover the target-selective ssDNA aptamers. Owing to the salt-induced dispersion (reddish color) or aggregation (purple color) 
of GNPs during the iterative rounds, this method simplifies the monitoring of the visual evolution of the target-selective ssDNA library enrichment and the deter
mination of the transition (or termination) of the successive rounds. The positive or negative GNP-SELEX is interchangeable at the beginning of each round (dotted 
arrow) and consists of five steps each. 

Fig. 1. GNP-SELEX for the discovery of ssDNA aptamers against BL (A) or BPA (B). Color change (image in microplate well) and extinction ratio value (E520/E700; bar 
graph) of the colloidal GNP observed with the progression of each SELEX round are displayed here. Positive GNP-SELEX was performed with target molecules (BL or 
BPA), whereas negative GNP-SELEX with counter-target molecules (BSS or BPS). S1, S2, and S3 represent step 1 (aptamer library binding), step 2 (target or counter- 
target binding), and step 3 (salt treatment) of the colloidal GNP in each round, respectively. (For interpretation of the references to color in this figure legend, the 
reader is referred to the Web version of this article.) 
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3. Results and discussion 

3.1. GNP-SELEX enables the rapid, proofreading, and self-monitored 
enrichment of ssDNA aptamer library 

As depicted in Scheme 1, the positive GNP-SELEX undergoes five 
steps repeatedly: binding of the ssDNA library to the GNPs, target 
binding, salt treatment, elution, and PCR amplification. The ssDNA li
brary (60-nt in length containing a 30-nt random region) stabilizes the 
unmodified GNPs (citrate-capped GNPs) using the van der Waals forces 
between the hydrophobic nitrogen bases and the GNP surface (ssDNA 
library binding step). The addition of the target molecules to the ssDNA- 
stabilized GNPs induces a conformational change in some ssDNA se
quences. This results from the increase in the affinity of the target- 
nitrogen base to a level higher than that of the Au-nitrogen base affin
ity, leading to the release of the ssDNA from the GNPs (target binding 

step). This brings about the rapid aggregation of the GNPs (lower E520/ 
E700 value) under high-salt conditions, resulting in the color changes in 
the colloidal GNP from reddish to purple, with the progression of each 
iterative round (salt treatment step). The ssDNA library released from 
the GNPs can then be easily harvested from the supernatant after 
centrifugation, followed by PCR amplification (elution and PCR ampli
fication steps). To endow the ssDNA library target specificity, negative 
GNP-SELEX can be performed with the counter-target molecules. The 
opposite color change (higher E520/E700 value), relative to the positive 
GNP-SELEX, enables easy monitoring to remove the unspecific ssDNA 
strands. 

Two small molecules, BL and BPA, were chosen as targets to 
demonstrate the possibility of GNP-SELEX. BL is the most biologically 
active brassinosteroid (BR). BRs are steroid hormones essential for plant 
growth and development (Noguchi et al., 2000; Thompson et al., 1981). 
The endogenous BL level in vegetative tissue is extremely low; 

Fig. 2. Binding affinity test of candidate aptamers. (A–C) Secondary structures of the candidate aptamers (gBL9-11, gBL9-20, and gBPA11-40). Major hairpin 
structures for target binding have been indicated in orange and G4 in blue. (D–F) GNP-based binding affinities of candidate aptamers. Binding (%) indicates the 
proportion of changes in the target-dependent extinction ratio relative to that of the target-independent extinction ratio (see Experimental procedures in the sup
porting information). KD value was calculated from the binding (%) as a function of the target concentration using the GNP colorimetric assay. (G–I) Photographs 
showing the GNP colorimetric assay. CS, castasterone; TY, typhasterol; 28-nor-CS, 28-norcastasterone; EDC, endocrine disrupting chemical; BPF, bisphenol F. (For 
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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~0.01–0.1 ng per gram of fresh plant weight (gfw) (Kanwar et al., 
2017). Gas chromatography/mass spectrometry-based identification is a 
traditional method to measure endogenous BL levels in plant tissues. 
However, it requires a large amount of plant material (tens of grams to 
tens of kilograms). Additionally, antibodies or aptamers have not been 
reported for BL, which makes it difficult to detect the amount of BL in 
the plant tissues. In contrast to BL, BPA, an endocrine disrupting 
chemical, was reported to identify its ssDNA aptamer, which was 
directly compared with our selected aptamers (Jo et al., 2011; Xu et al., 
2019). When the self-assembly of the GNPs (26.4 nm in core diameter) 
was controlled by aptamer library at high salt in the absence and pres
ence of the target (Fig. S1), the molar ratio (1:400) of GNP to 30-bp 
randomized aptamer library was optimized with salt-treated reaction 
time (15 min) (Fig. S2). An alternating process with positive (with target 
molecules) and negative GNP-SELEX (with counter-target molecules) 

was performed to confer with the ssDNA library on the target specificity 
(Fig. 1). The iterations of positive GNP-SELEX resulted in a decrease in 
the E520/E700 value at high salt concentrations (final 48 mM NaCl) 
against the BL (Fig. 1A) or BPA (Fig. 1B). In contrast, the negative rounds 
of GNP-SELEX increased the E520/E700 value against the β-sitosterol 
(BSS) or bisphenol S (BPS) as the target analogs. Interestingly, the 
salt-induced color change in the colloidal GNP instantly reached satu
ration with increasing rounds of the BL-targeted GNP-SELEX, but 
gradually in the BPA-targeted GNP-SELEX, indicating target 
molecule-dependent SELEX span. This feature can possibly be attributed 
to the difference in chemical structure, in which BL provided more di
versity at the binding sites with aptamer library than BPA. Notably, this 
method simplifies the determination of whether the next round will 
proceed with the positive or negative SELEX at the salt-induced step 
(step 3). For example, the 4th and 6th rounds in Fig. 1A and the 7th 
SELEX in Fig. 1B enabled the transition from positive to negative SELEX 
(or vice versa) based on the E520/E700 value. Similarly, the rapid re
covery of the salt-induced color change in the negative SELEX (in 
Fig. 1A) implied increased loss in the target-specific aptamer pool, 
facilitating the demand for positive enrichment of the aptamer library 
through additional positive SELEX. However, little color change in the 
negative SELEX (Fig. 1B) represents the retention of the target-specific 
aptamer pool, indicating that some of the enriched aptamer library 
may bind to BPS with weak binding affinity, which may not result in full 
recovery of GNP color. In the round where the color change stagnated, 
we terminated the negative SELEX without additional positive SELEX to 
prevent loss of target-specific aptamer library. This result reveals that 
using color change, GNP-SELEX allows for the proofreading and 
self-monitoring of the positive and negative pressure of the aptamer li
brary against small molecules. 

3.2. Fast colorimetric readout of selected aptamers manifests target 
specificity and binding affinity 

The amplified SELEX product was cloned into a T-vector for 
sequencing to identify target-specific aptamers. When the nucleotide 
sequence of approximately 50 clones for each SELEX was aligned by the 
primary sequence similarity, four groups for BL and five for BPA were 
clustered based on their frequency (Fig. S3). Two aptamers were chosen 
for BL (gBL9-11 and gBL9-20) and one for BPA (gBPA11-40) based on 
the structural stability (ΔG value) by predicting the secondary structure 

Table 1 
List of oligonucleotide sequences used in the study.  

Oligo Name Sequence (5′–3′) Length 
(nt) 

Aptamer 
librarya 

ATG CGG ATC CCG CGC− N30− CGC GCG AAG CTT 
GCG 

60 

Forward 
primer 

ATG CGG ATC CCG CGC 15 

Reverse 
primer 

CGC AAG CTT CGC GCG 15 

gBL9-11 ATG CGG ATC CCG CGC TCC GTG AGA CGG CAA ATT 
ATG GGT TAT ATG CGC GCG AAG CTT GCG 

60 

gBL9-20 ATG CGG ATC CCG CGC CGT GCA GAG GGA GAC CGG 
TAC CCG TTC GTG CGC GCG AAG CTT GCG 

60 

gBPA11-40b ATG CGG ATC CCG CGC CCC AAC TGA AGG ACG CGC 
GAA GAA TAT AAG GTG GCC TGG CGC GCG AAG CTT 
GCG 

70 

tgBL-v1 CGG ATC CCG CGC CGT GCA GAG GGA GAC CG 29 
tgBL-v2c GCG GAT CCC GCG CCG TGC AGA GGG AGA CCG C 31 
tgBPA-v1 CGC GCG AAG AAT ATA AGG TGG CCT GGC CGC GCG 33 
tgBPA-v2 GGA CGC GCG AAG AAT ATA AGG TGG CCT GGC CGC 

GCG 
36 

tgBPA-v3 GGA CGC GCG AAG AAT ATA AGG TGG CCT GG 29  

a The primer sequences are underlined. 
b The short stretch of the aptamer (i.e., insertion of multiple nucleotides into 

parental sequences) was created during PCR amplification. 
c This truncated aptamer was mutated in a single sequence marked in a bolic 

letter. 

Fig. 3. 3D modeling-based engineering of full-length aptamers and binding affinity test of truncated aptamers. (A) 3D molecular simulation of gBL9-20 with BL 
representing lock-and-key modeling. (B) 3D molecular simulation of gBPA11-40 with BPA representing induced-fit modeling. (C and D) Binding affinity test of the 
truncated aptamers as a function of target concentration using GNP-based colorimetry. (E and F) CD analysis of tgBL-v1 and tgBL-v2 in the presence (solid line) and 
absence (dotted line) of BL. (G–I) CD analysis of tgBPA-v1, tgBPA-v2, and tgBPA-v3 in the presence (solid line) and absence (dotted line) of BPA. The final con
centrations of aptamers and target small molecule were 1 μМ and 2 μМ, respectively. Secondary structures of all truncated aptamers have been displayed at the top of 
the respective CD spectra. 
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of the aptamer candidates (Fig. 2A and Fig. S4). The sequences of 
selected aptamers are listed in Table 1. When the consensus motif was 
determined using MEME from the aptamer sequences, the motifs were 
components of our selected aptamers, representing a key region of the 
aptamer for target binding (Fig. S5). Additionally, the gBPA11-40 
aptamer has short stretches (i.e., insertion of single or multiple nucle
otides into parental sequences) that were accidently created during PCR 
amplification, similar to the case in the error-prone PCR. This is 
potentially due to the PCR by-products that can be initiated by the 
partial binding between primers and random segments of the library 
sequences, yielding longer DNA products than the parental library se
quences, as commonly observed in SELEX (Tolle et al., 2014; Wang 
et al., 2019). Despite the presence of stretched aptamer pools with 
adequate sequence diversity, these are considered favorable for 
increasing the binding affinity of aptamers to the target through the 
GNP-SELEX. These full-length candidate aptamers exhibited a 
hammerhead structure containing distinct satellite hairpin regions 
(highlighted in orange) and G-quadruplex (G4) sequences (marked in 
blue for gBPA11-40), independent of primer-binding sites (Fig. 2A− 2C). 
When three aptamers were tested to evaluate their ability to specifically 
bind to targets using GNP-based colorimetric assays, the binding curve 
observed for each aptamer is shown in Fig. 2D− 2I. Fig. S6 represents the 
chemical structures of the small molecules used. The binding affinities, 
gBL9-11 (KD ≈ 55.8 nM) and gBL9-20 (KD ≈ 32.9 nM), were higher in BL 
than those in other plant steroids. Additionally, the binding affinity of 
gBPA11-40 (KD ≈ 58.7 nM) was higher in BPA than in BPS and BPF. 
Notably, gBPA11-40 showed higher binding affinity than the reported 
aptamer (Jo et al., 2011; Lee et al., 2018) under the same conditions 
(Fig. S7). This result indicates that the aptamers selected through 
GNP-SELEX have high target specificity, in which the GNPs can simul
taneously be used to perform SELEX and determine the target binding 

affinity. 

3.3. 3D molecular engineering of full-length aptamers promotes enhanced 
binding affinity 

We further engineered two full-length aptamers (gBL9-20 and 
gBPA11-40) to achieve stronger binding affinity (Fig. 3). The terminal 
sequence of each aptamer was truncated without disturbing its target 
binding site and conformational folding through three-dimensional (3D) 
modeling and molecular dynamics simulation (Fig. S8). It was predicted 
that BL could bind to the GC pairs in the major groove (in stem 1) of the 
gBL9-20 aptamer without a conformational change, similar to the lock- 
and-key model (Fig. 3A). Contrastingly, BPA was expected to trigger 
ligand-induced conformational change; the B-form helix in the hairpin 
structure of the gBPA11-40 aptamer changed into an anti-parallel G4 
structure by the BPA (Fig. 3B). Similarly, two truncated aptamers were 
generated from the gBL9-20, containing essential stem-loop structures 
without (tgBL-v1) or with an additional GC pair (tgBL-v2). Three trun
cated aptamers (tgBPA-v1, single hairpin without G4; tgBPA-v2, single 
hairpin with G4; tgBPA-v3, no hairpin with G4) were also generated 
from gBPA11-40. When the truncated aptamers were tested with targets 
using GNP-based colorimetry, binding affinities of the truncated 
aptamers, tgBL-v2 and tgBPA-v2 (KD ≈ 17.3 nM for BL and KD ≈ 37.9 nM 
for BPA, respectively, in Fig. 3C and D), and their target specificity 
(Fig. S9) was improved compared to those of their full-length aptamers. 
When isothermal titration calorimetry (ITC) was employed to determine 
binding thermodynamics of aptamers to small molecules, the binding 
affinities from heat changes were slightly different from those by GNP- 
based assay, which may be attributed to different reaction regime 
and/or equilibrium condition applied when using two assays (Fig. S10). 
Circular dichroism (CD) analysis further supported the molecular 

Fig. 4. Aptamer-mediated precipitation (AP) and quantitative analysis of BL in crude plant extracts using tgBL-v2. (A) Schematic of purifying BL in plant samples 
using a tgBL-v2-coated agarose bead. (B) Photographs of Arabidopsis extracts before and after AP. NC, negative control with aptamer-free AP in wild-type; WT, 
Arabidopsis wild-type Col-0; Sdet2, BL-deficient Arabidopsis mutant; WT + BL, WT Col-0 grown on MS medium containing 100 nM BL. (C) Photograph and non-linear 
regression curve (R2 = 0.9977) of GNP colorimetric assay with tgBL-v2 as a function of BL concentration (5 × 10− 4 to 5 × 10 ng mL− 1). The inset graph indicates a 
linear regression (R2 

= 0.9899) over a relatively narrow range (5 × 10− 4 to 5 × 10− 1 ng mL− 1). Error bars indicate standard error (n = 4). (D) Quantitative 
determination of BL in the extracts from three plant models with NC. The representative color image is shown below the graph. Error bars above and below the box 
represent maximum and minimum values (n = 3–10); significant differences in binding (%) among the tested samples were evaluated (*p < 0.05, **p < 0.01 and 
***p < 0.001, one-way ANOVA with Scheffe’s post-hoc test). The box plot depicts the data distribution, and the horizontal line that intersects the box is the median 
value for all the data. The horizontal lines that form the top and bottom of the box are the 75th and 25th percentile, respectively. (For interpretation of the references 
to color in this figure legend, the reader is referred to the Web version of this article.) 
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simulation and binding affinity results. There was a considerable change 
in the hairpin structure at 220 nm in the tgBL-v1 aptamer after binding 
with BL, rather than with tgBL-v2, reflecting the ligand-independent 
structure of tgBL-v2 (Fig. 3E and F). The terminal GC pair in tgBL-v2 
resulted in minor groove instability compared to tgBL-v1, confirmed 
by the fluorescence intensity of Hoechst 33258 specific to nucleic acid 
minor grooves (Zhu et al., 2011) (Fig. S11). Unlike tgBL-v2, tgBPA-v2 
showed the most significant change at 270–290 nm in the CD spectrum 
after binding with BPA, indicating the formation of ligand-induced 
anti-parallel G4 structure (Fig. 3G, H, and 3I). This conformational 
change of tgBPA-v2 aptamer increased significantly as the BPA con
centration increased (Fig. S12). 

3.4. ssDNA aptamers via GNP-SELEX potentiate the development of 
practical bioassay and biosensor 

To address the potential of engineered aptamers as biosensing re
ceptors, we designed assay platforms to rapidly detect BL or BPA in real 
samples (Figs. 4 and 5). Similar to conventional immunoprecipitation 
used for target purification, tgBL-v2 aptamer-mediated precipitation 
(AP) was developed to purify BL and remove interferents in the crude 
extract of Arabidopsis (Fig. 4A). Consequently, the pre-treated post-AP 
reactants (Fig. 4B) were subjected to a GNP-based colorimetric assay to 
quantitatively determine the amount of BL in the plant extracts from the 
calibration curve (Fig. 4C). Compared to the negative control (NC) 
without the aptamer in Arabidopsis wild-type Col-0 (WT), a significant 
difference in BL-induced GNP color change existed among the three 
types of plants: WT, BL-deficient Sdet2 mutant, and WT grown on MS 
medium with 100 nM BL (WT + BL) (Fig. 4D). The use of scramble 
aptamer sequence in the AP did not lead to significant detection of BL in 
plant extracts (Fig. S13). The amount of BL in WT, Sdet2, and WT + BL 
was estimated to be ~89.7 pg, ~4.6 pg, and ~584.5 pg per gfw, 
respectively. In this assay, the detection limit of BL was estimated to be 
0.6 pg mL− 1. It should be noted that exogenous treatment of BL with 
Arabidopsis WT can reduce the production of endogenous BL because BL 
signaling induces a negative feedback regulation that suppresses 
expression of BL biosynthetic genes (Kim and Wang, 2010). Therefore, 
compared to the BL detected in WT Arabidopsis, the redundant BL 
detected in BL-treated WT is likely to be exogenous, but not endogenous. 
Importantly, the significant difference in BL content between WT and 
the BL-deficient Sdet2 mutant indicates that the AP-based assay is suf
ficiently capable of distinguishing endogenous BL levels due to its high 
sensitivity. In the plant kingdom, BL occurs at a considerably low con
centration in vegetative tissues. In Arabidopsis, it was reported that 
picogram levels of BL per gfw were observed (Choe et al., 1999), 
consistent with the detection range of BL observed in this method. This 
result reveals that the AP-combined GNP colorimetric assay facilitates 
simple and sensitive BL detection in real plant samples owing to the 
pre-concentration effect of AP. It is not easy to measure BL using a 
traditional time-consuming method, such as gas chromatography-mass 
spectrometry. 

The peroxidase-mimicking DNAzyme activity of the tgBPA-v2 
aptamer with a BPA-induced G4 structure was examined in the pres
ence of hemin (an iron-containing porphyrin derivative as a cofactor for 
DNAzyme), which can result in a strong blue color upon reactions with 
tetramethylbenzidine (TMB) and hydrogen peroxide (H2O2) (Fig. 5A) (Li 

et al., 2016; Travascio et al. 1998, 1999). Using this principle, a stronger 
TMB-oxidized color was observed when BPA was treated with the 
tgBPA-v2 aptamer than the other two selected aptamers (gBPA11-40 
and tgBPA-v1) (Fig. 5B), confirming that tgBPA-v2 exhibited BPA 
concentration-dependency with high selectivity in solution (Fig. 5C) and 
indicating the enzymatic function of this aptamer as a BPA aptasensor. 
The detection limit of BPA was estimated to be 0.3 ng mL− 1. Moreover, 
based on the simple two-step (aptamer and reagent binding steps) and 
drop-on assay on thermal receipt papers (Fig. 5D), the tgBPA-v2 aptamer 
allowed for the rapid identification of BPA in thermal receipts (Fig. 5E). 
This target-induced enzymatic signal generation by the aptamer was 
observed for the first time in this study, contrary to the previously re
ported BPA aptamer, exhibiting a decrease in peroxidase activity upon 
binding with BPA (Fig. S14) (Jo et al., 2011; Xu et al., 2019). Collec
tively, these observations indicate that aptamers selected using 
GNP-SELEX are immediately suitable for sensing and assaying small 
molecules. 

Despite recent advances in SELEX combined with nanomaterials or 
enrichment techniques, a visual monitoring process is required to reduce 
the time and cost associated with each SELEX round (Blind and Blank, 
2015; Zhuo et al., 2017). In this study, we established a new role for 
GNPs as visual selectors in SELEX. In this regard, the developed 
GNP-SELEX has several advantages over classical SELEXs: (i) there is no 
need to modify small molecule targets, (ii) it enables real-time colori
metric progression with the naked eyes or simple extinction measure
ment, (iii) it allows for rapid determination of aptamer enrichment and 
round transition/termination without auxiliary analysis (e.g., real-time 
qPCR), which encompasses a real self-monitoring process, such as 
STOP (termination of positive or negative SELEX), BACK (to the round 
again), or GO (to the next round) in response to aptamer libraries in 
every round, and (iv) the process enables format extensibility and is 
extremely versatile for various positive and negative targets. As thera
peutic and diagnostic aptamers have been proved in the market (Kaur 
et al., 2018; Kulabhusan et al., 2020), further progress on integrating 
this method with microfluidic or other low-cost automatic strategy 
(Dembowski and Bowser, 2017; Han et al., 2020) will facilitate the rapid 
discovery and practical use of aptamers. 

4. Conclusions 

We demonstrated GNP-SELEX as a simple and real-time monitoring 
SELEX platform to rapidly discover ssDNA aptamers against small 
molecules, such as BL or BPA. GNP-SELEX exhibited real-time moni
toring within and between SELEX rounds and enabled the rapid and 
proofreading determination of aptamer library enrichment by 
leveraging the colorimetric change of GNPs in response to intact targets 
and aptamers. Through this process, small molecule-specific aptamers 
with high binding affinity were identified, and truncated aptamers 
(tgBL-v2 and tgBPA-v2) were designed using 3D molecular simulation, 
resulting in the development of aptasensors to effectively detect targets 
in real samples (plant extracts or thermal receipts). Owing to its 
simplicity and versatility, we suggest that GNP-SELEX will be useful as a 
colorimetric SELEX platform to facilitate the rapid discovery of ssDNA 
aptamers against various targets and identify their wide applications in 
bioassays and biosensors. 

Fig. 5. Aptamer-based enzymatic sensing of BPA on thermal receipts. (A) Schematic of colorimetric detection of BPA based on peroxidase activity of G4-induced 
aptamers in the presence of hemin and chromogenic reagents (TMB/H2O2). (B) Photograph (left) and bar graph (right) showing peroxidase activity of three 
selected aptamers in the presence and absence of BPA in a microwell plate. TMB color intensity was measured at 650 nm absorbance. (C) Photographs (top) and 
calibration curves (bottom) representing an aptamer/hemin-based color change as a function of BPA, BPS, or BPF concentration (0− 103) in a microwell plate. (D) 
Schematic of the two-step process for direct detection of BPA by sequentially dropping hemin-bound tgBPA-v2 and TMB/H2O2 on thermal receipt paper. (E) 
Photograph (top) and response graph (bottom) of the drop-on assay using tgBPA-v2 on normal and BPA-free thermal receipts. TMB signal was normalized to the 
background color intensity. Error bars above and below the box represent maximum and minimum values (n = 5); significant difference in TMB signals between two 
receipts was evaluated (***p < 0.001, Student t-test with Shapiro-Wilk normality test). (For interpretation of the references to color in this figure legend, the reader is 
referred to the Web version of this article.) 
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