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The Ability of Nuclease-Resistant RNA Aptamer against
Streptococcus suis Serotype 2, Strain P1/7 to Reduce Biofilm
Formation In Vitro
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Abstract: Streptococcus suis, a Gram-positive bacterium, is an important swine and human pathogen,
with serotype 2 being the most prevalent strain found worldwide. Deafness, meningitis, and death
(in severe cases) are observed in S. suis-infected cases. Development of the ligands that can bind to
S. suis with high affinity and specificity could be beneficial for the diagnosis and treatment of S. suis
infection. Herein, the nuclease-resistant RNA aptamers based on 2′-fluoropyrimidine modification
against S. suis serotype 2, strain P1/7, were established using the cell- Systematic Evolution of Ligands
by Exponential enrichment (SELEX) technique. One of the aptamers, R8-su12, could bind to the
S. suis target strain as well as other S. suis serotypes, i.e., 1, 1/2, 9, and 14, but not to other bacteria
tested, i.e., S. pneumoniae ATCC 49619, Staphylococcus aureus ATCC 25923, Escherichia coli ATCC 25922,
and Pseudomonas aeruginosa ATCC 27853. Moreover, the R8-su12 RNA aptamer was also capable of
inhibiting the biofilm formation of the S. suis target strain, making it potentially useful for the study
of biofilm formation and the treatment of S. suis infection in humans and pigs in the future.

Keywords: RNA aptamer; nuclease-resistant aptamer; Streptococcus suis; biofilm formation; S. suis
infection

1. Introduction

Streptococcus suis is a zoonotic pathogen causing infectious diseases in pigs and humans
such as meningitis, pericarditis, and septic shock [1,2]. To date, S. suis has been classified
into 29 serotypes (SS) based on the specific antigens that appear on the polysaccharide
capsule [3,4]. S. suis SS 2 infection was the most prevalent human case in Thailand,
especially in the northern region [5,6]. Conventional methods for the identification of S.
suis are culture and biochemical tests [7], which are time-consuming and sometimes yield
controversial results as other bacteria such as S. pneumoniae, S. bovis, enterococci, viridans
streptococci or even Listeria monocytogenes [8]. This can lead to a delayed or incorrect
diagnosis. One of the important virulence characteristics of S. suis is biofilm formation [9,10],
which allows for the bacteria to colonize permanently, increases resistance to the host
immune system and antibiotics, and promotes their survival and proliferation [11]. An
understanding of the biofilm formation involved in S. suis pathogenesis is needed for the
effective control of S. suis infection in humans and animals.

Different types of ligands could be generated to bind S. suis with high affinity and
specificity for research, diagnostic, and therapeutic purposes. One example is aptamers,
which are single-stranded DNA or RNA [12]. The aptamers are generated using the
technique called “Systematic Evolution of Ligands by EXponential enrichment” or SELEX,
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originally established in 1990 by Ellington and Tuerk [13,14]. In this study, the S. suis-
specific RNA aptamers were developed because RNA has a greater ability to fold into
more diverse three-dimensional conformations, which are capable of binding to target
molecules, compared with DNA [15,16]. In addition, the RNA aptamers can be modified to
become more resistant to the nucleases that could interfere with their functions. One of the
modification methods is the substitution of the 2′-hydroxyl group of ribose sugar with the
fluoro (-F), amino (-NH2), or methoxy (-OMe) groups [16,17].

In this study, nuclease-resistant RNA aptamers against S. suis SS 2, type strain P1/7
were successfully generated using the whole-cell SELEX approach. One of them, the
R8-su12 RNA aptamer, could specifically recognize S. suis and inhibit biofilm formation,
making it potentially useful for the study of biofilm formation and the treatment of S. suis
infections in humans and pigs in the future.

2. Results
2.1. Nuclease-Resistant RNA Aptamer Selection Based on the Cell-SELEX Technique

To select the nuclease-resistant RNA aptamers specific to S. suis SS 2, P1/7, approxi-
mately 1014 random RNA library pool was produced. A total of 10 mg/mL baker’s yeast
tRNA was also added to the library pool as a binding competitor to reduce non-specific
RNA binding. Then, the random RNA library mixture was incubated with 107 live S. suis SS
2, P1/7 cells. The cell-SELEX was performed with a total of eight rounds. The enrichment
of aptamer pool during selection rounds 4 (R4), 6 (R6), and 8 (R8) were measured using
real-time reverse transcription (RT) qPCR compared with the random RNA library (Lib).
The fold change in the relative binding affinity of RNA aptamer was increased in the later
round of cell-SELEX (data not shown). The latest R8 RNA aptamer pool was used to
determine the relative binding affinity compared to the starting N40 Lib. After calculation,
the % binding of R8 RNA aptamer pool was higher than % binding of Lib with statistical
significance (p = 0.023), implying the enrichment of the R8 RNA aptamer pool against S.
suis SS 2, P1/7 (Figure 1A). The 8th round cell-SELEX pool was also screened for specificity
using target and non-target cells, which were S. pneumoniae and S. pyogenes. The R8 RNA
aptamer pool tested with S. suis SS 2, P1/7 showed the highest % binding when compared
to the testing against S. pneumoniae and S. pyogenes, with statistical significance (p = 0.034
and p = 0.034, respectively) (Figure 1B). These results suggested that the R8 RNA aptamer
pool was enriched and able to bind to S. suis SS 2, P1/7.
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Figure 1. Characterization of RNA aptamer pool. (A) Enrichment of RNA aptamer pool derived from
round eighth (R8) of cell-SELEX assay. The % binding of R8 RNA aptamer pool compared to the
library (Lib) was presented. (B) Specificity of R8 RNA aptamer pool. The R8 RNA aptamer pool and
random RNA Lib were tested with S. suis, S. pneumoniae, and S. pyogenes. * indicates the statistically
significant difference using a Mann–Whitney U test (p < 0.05).
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Therefore, the aptamer pool from R8 was cloned and sequenced. According to the
sequencing analysis of 26 clones, they can be classified into four distinct groups as shown
in Table 1. In the first group contained seven clones of short 40-nt long, calculated as 26.9%.
The second group was also 40-nt long, with two corresponding sequences (7.7%). The third
group consisted of four clones (15.4%), which were 39-nt long. The last group, named
“ungrouped”, comprised of 13 different clones with various sequences, counting as 50% of
the total number of all sequences (Table S1, Supplementary Materials).

Table 1. Summarization of consensus randomized sequences of the RNA R8 aptamer pool.

Group Representative Clone Consensus Randomized Sequences Nucleotides Frequency (%)

1 R8-su12 CAUACUGAGUAAGAUCGGAAAUUUCGGUGUAAGGCCACGG 40 7/26
(26.9%)

2 R8-su057 UGGAUGUAUGGAACUUGCAGAUCUUAACUGCACGAAGCGU 40 2/26
(7.7%)

3 R8-su15 ACACGUUGCUGAAACAUACCGAGUAACAUAAAGCGGGUG 39 4/26
(15.4%)

4 Ungrouped Different clones with various sequences 40 13/26
(50%)

Thus, group 1 showed the highest consensus sequences frequency among the 26 clones,
suggesting that they might have a high affinity toward S. suis SS2, P 1/7. The representative
R8-su12 RNA aptamer from group 1 was then selected for the prediction of secondary
structures; the folding temperature was set at 37 ◦C. The R8-su12 RNA aptamer had one
predicted secondary structure with a folding energy (initial ∆G) equal to −24.30 kcal/mol.
The predicted secondary structure consists of an external loop with four bases and one
closing helices. Moreover, loops and stems were also found, as shown in Figure 2. Hence,
the R8-su12 RNA aptamer was chosen for further characterization.
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2.2. Specificity of R8-su12 RNA Aptamer

To test the specificity of the R8-su12 RNA aptamer, the target S. suis SS 2, P1/7 and non-
target cells including the American Type Culture Collection (ATCC) strains of S. pneumoniae,
S. aureus, E. coli, and P. aeruginosa, were evaluated. The negative control—L2 RNA aptamer
(5′-GGGAGUCGACCGACCAGAAGAAGCUGCUUCAAAAUAGAUCUACACUCACAU
AAGGCGAAUAUGUGCGUCUACAUCUAGACUCAU-3′) was used in this experiment,
instead of a random RNA Lib. The R8-su12 and L2 RNA aptamer were incubated with target

3
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and non-target cells. As shown in Figure 3A, the R8-su12 RNA aptamer show statistically
significant higher binding affinities to S. suis SS 2, P1/7 when compared with S. pneumoniae,
S. aureus, E. coli, and P. aeruginosa. (p = 0.021, 0.020, 0.020, and 0.021, respectively).
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Figure 3. Specificity of the R8-su12 RNA aptamer. (A) The specificity of R8-su12 RNA aptamer
was tested using target S. suis SS 2, P1/7 and non-target cells. (B) The specificity of R8-su12 RNA
aptamer was tested using target S. suis SS 2, P1/7 and other S. suis serotypes. * indicates a statistically
significant difference using a Mann–Whitney U test (p < 0.05).

Moreover, the R8-su12 RNA aptamer was also tested with S. suis SS 1/2, 1, 9, and
14. These strains are closely related to the target cells and showed a high prevalence of
S. suis infection strains in Thailand [18]. The R8-su12 RNA aptamer showed an ability to
bind to these S. suis strains. Interestingly, the R8-su12 RNA aptamer showed the highest %
binding when tested with S. suis SS 1/2, followed by S. suis SS 1, 2, 14, and 9, respectively
(Figure 3B). In addition, the R8-su12 RNA aptamer showed a significant higher binding
affinity against S. suis SS 1 (p = 0.021) compared to the target cells. On the other hand, a
lower binding affinity against S. suis SS 9 (p = 0.021) was shown. No significant binding
was found in S. suis SS 1/2 (p = 0.275) and S. suis SS 14 (p = 0.127) (Figure 3B).

2.3. The Effect of R8-su12 RNA Aptamer on S. suis SS 2, P1/7 Biofilm Formation

Biofilm formation is associated with the virulence of S. suis [11] and one biofilm-
production-related molecule—polysaccharide intercellular adhesin (PIA) is located on
the cell surface [19]. Hence, we hypothesized that the derived aptamer that targeted the
surface molecules on S. suis cells might affect the biofilm formation. As shown in the result,
the biofilm formation of S. suis SS 2, P1/7 cultured with R8-su12 RNA aptamer, L2 RNA
aptamer and baker’s yeast tRNA was significantly reduced by 61.2%, 12.8% and 12.9 %,
respectively, when compared to control (p < 0.05). Noticeably, the influential activity that
decreased biofilm formation was also observed in R8-su12 RNA aptamer treated S. suis SS 2,
P1/7, showing 55.5% and 55.4% reductions when compared to L2 RNA aptamer (p < 0.001)
and baker’s yeast tRNA (p < 0.001), respectively. While the presence of L2 RNA aptamer
and baker’s yeast tRNA in the culture medium, biofilm formation showed no statistically
significant difference (p = 0.988) (Figure 4). These results implied that the R8-su12 RNA
aptamer can reduce the production of S. suis SS 2, P1/7 biofilm formation.
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Figure 4. Reduction in biofilm formation by R8-su12 RNA aptamer. The S. suis SS 2, P1/7 was
cultured in BHI broth with supplements (control) and in the presence of R8-su12 RNA aptamer
(R8-su12), L2 RNA aptamer (L2), and baker’s yeast tRNA (tRNA). After 3 days of incubation without
shaking, production of biofilm was determined using crystal violet biofilm assay. Percentage of S.
suis SS 2, P1/7 biofilm formation was calculated. * indicates p < 0.05 and ** indicates p < 0.001 using
the one-way ANOVA test.

3. Discussion

S. suis is reported as a zoonotic pathogen causing infectious diseases in pigs and
humans, such as meningitis, pericarditis, and septic shock [1,2]. S. suis serotype 2 infection
is the most prevalent human case in the world, including Thailand, especially in the
northern region [5,6]. Nowadays, no vaccine is available and rapid disease progression
is of great concern. Thus, the prevention and control of S. suis infection is needed. The
development of ligands that can bind to S. suis with high affinity and specificity could be
beneficial for the diagnosis and treatment of S. suis infection.

In this study, the nuclease-resistant RNA aptamer, R8-su12, against S. suis SS 2, P1/7
was first established. RNA aptamers were chosen over DNA aptamers for their ability
to fold into a more diverse, three-dimensional structures [15,16]. Moreover, they can be
generated with 2′-fluoropyrimidines (2′-fluoro-dCTP and 2′-fluoro-dUTP) substitution to
improve their stability and resistance to nucleases [20–22]. The whole cell-SELEX approach
was used because the identification and production of unique proteins as selection targets
are difficult, as the molecules on the S. suis cell surface show high levels of similarity [23].
This approach would also help to generate the aptamers that target multiple surface
antigens, and would not require the isolation and purification of target proteins, thus
avoiding the misfolding or denaturation of the target molecules [24]. In addition, we
developed the electrophoretic separation technique to partition non-binding RNAs from the
aptamers that bound to bacterial cells, and this was used in the last two rounds of selection.
Using this technique, non- or weak-binding RNAs were actively separated into the agarose
gel under an electric field due to their negative charges, while the aptamers bound with
high affinity to S. suis remained in the sample well with bacterial cells. Theoretically, the
active separation using electrophoresis would remove non-binding RNAs from the target
cells more efficiently than the washing separation, which relies on the passive dissociation
of RNAs. Therefore, the stringency of selection was increased, resulting in the successful
recovery of the high-affinity S. suis aptamers.

For the specificity determination, the data showed that the R8-su12 RNA aptamer
bound to target cells, S. suis SS 2, P1/7, as well as the others S. suis serotypes, 1, 1/2, 2,
and 14. Unfortunately, the target molecule of the aptamer was not determined in this
study. We speculated that the potential targets of the R8-su12 RNA aptamer could be some
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components of capsular polysaccharides (CPSs) that are shared between these serotypes.
There are several studies revealed that S. suis serotypes 1, 1/2, 2, and 14 contain sialic acid
in their CPSs [9,25,26]. Therefore, this might be one of the candidate molecules to which
R8-su12 RNA aptamer can bind. However, it would be helpful to identify the potential
targets of this aptamer in further studies.

One of the important virulence characteristics of S. suis is biofilm formation. This leads
to an increased resistance to host defenses and antimicrobial agents, making pathogens
difficult or impossible to eliminate [10]. Therefore, the R8-su12 RNA aptamer was further
tested for its effects on S. suis biofilm formation. We found that the derived aptamer can
reduce the biofilm formation of S. suis SS 2, P1/7. The studies on the bacteria biofilm
revealed that the regulatory mechanism can be divided into eight categories, depending on
the different communication signaling molecules produced by bacteria [20]. These consist
of: (1) bacterial death and dissolution mechanism, which plays an important role in the
formation and development of bacterial biofilms; (2) extracellular polymeric substance
matrix (EPS) that consists of some extracellular polysaccharides, DNA, proteins, and some
other macromolecules; (3) two-component systems (TCS), which mainly involve receptor
histidine protein kinases (HPK) and response regulators (RR); (4) extracytoplasmic function
(ECF) signaling pathway that regulate the production of alginate, which is important for
the biofilm structure; (5) intracellular second messenger cyclic diguanylate (c-di-GMP),
which can induce the production of extracellular polymeric substances (EPS) and surface
adhesins, leading to the formation of bacterial biofilms; (6) small RNAs (sRNAs), which are
involved in the regulation of expression or activity of important transcriptional regulators
and components required for cell attachment and biofilm formation; (7) bacterial biofilm
intracellular signal transduction system called bacterial quorum sensing (QS) system; (8) the
polysaccharide intercellular adhesin (PIA) which plays an important role in the bacterial
aggregation stage of bacterial biofilm formation. Moreover, the study by Zhou [27] revealed
that the reduction in O-acetylserine (thiol)-lyase B (CysM), a key enzymatic regulator of
cysteine synthesis, can inhibit S. suis biofilm formation. The study also showed that the
ability of the complementary mutant (C∆cysM) strain to form a biofilm may indirectly
related to the QS system. It is possible that the R8-su12 RNA aptamer might bind to those
molecules, indirectly or directly playing a role in biofilm formation. However, additional
studies are required to investigate how the aptamer affects biofilm formation.

4. Materials and Methods
4.1. Bacteria Used and Culture Condition

The Streptococcus suis serotype 2, type strain P1/7 (S. suis SS 2, P1/7) (kindly provided
by Division of Bacteriology, Department of Microbiology, Faculty of Medicine, Chiang
Mai University) was used as the target cell in this study. For specificity testing, other
bacterial species, including Escherichia coli ATCC 25922, Pseudomonas aeruginosa ATCC
27853, Staphylococcus aureus ATCC 25923, Streptococcus pneumoniae ATCC 49619, S. pyogenes
ATCC 19615, S. suis serotype 1 DMST, S. suis serotype 1/2 DMST, S. suis serotype 14 DMST,
and S. suis serotype 9 clinical isolates were used. S. suis SS 2, P1/7 was cultured onto 5%
blood agar (BA) (Becton Dickinson, NJ, USA) and incubated at 37 ◦C, 5% CO2 for 18–24 h.
For other bacterial species were incubated overnight for 18–24 h at 37 ◦C, 5% CO2 on 5% BA
(Becton Dickinson, NJ, USA) or trypticase soy agar (Becton Dickinson, NJ, USA) depending
on their optimal medium. To prepare the target cells for the SELEX process, fresh colonies
from BA (Becton Dickinson, NJ, USA) were harvested and washed thrice with 1 mL of
Phosphate Buffer Saline (PBS). Then, the bacterial cells were adjusted to reach at the desired
OD600 with a total of 1 mL of binding buffer before being loaded into a centrifugal filter
(Ultrafree®-MC with Microporous Durapore® PVDF Membrane, pore size 0.45 µm, Merck,
NJ, USA).
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4.2. Cell-SELEX Technique

The starting 2′-F pyrimidine modified RNA Lib was prepared by in vitro transcrip-
tion of a N40 DNA Lib containing a 40-nt random region and primer binding sites (5′-
AGTAATACGACTCACTATAGGGAGTCGACCGACCAGAA-N40-TATGTGCGTCTACAT
CTAGACTCAT-3′) using T7 R&D polymerase (50 U/µL) (Lucigen Corporation, WI, USA).

To obtain the practical diversity of the Lib about 1014 molecules, 100 pmol of random
RNA Lib was used in the first round of cell-SELEX. The 2′-F random RNA Lib was thermally
equilibrated for proper folding in a total volume of 100 µL binding buffer (0.05 M HEPES
pH 7.4, 0.1 M NaCl, and 0.01 M MgCl2) with 10 mg/mL baker’s yeast tRNA (Merck,
NJ, USA) at 65 ◦C, followed by a cool-down at room temperature for 5 min. The freshly
prepared 107 cells of S. suis SS 2, P1/7 were incubated with the equilibrated random RNA
Lib at room temperature in the centrifugal filter for 60 min in rounds 1–7 and 50 min in
round 8, with gentle rotation. The unbound or weakly bound aptamers were partitioned by
washing in binding buffer for various specific volumes, numbers of washes, and incubation
times on the rotator according to the selection protocol (Table 2). For rounds 7 and 8, the
separation was performed using an electrophoresis technique to increase the selection
stringency. In brief, after the binding step, the bacterial pellet was washed once with 100 µL
of binding buffer for 1 min, and then resuspended with 50 µL of binding buffer. The
suspension was transferred into a well of agarose gel (3% in 0.5× TAE). After that, 0.5×
TAE was carefully added into an electrophoresis chamber. Gel electrophoresis was run
using 100 V for 10 min. The target cells with bound aptamers were collected and washed
thrice with 100 µL of binding buffer for 1 min each time before the elution step.

Table 2. The aptamer selection protocol for cell-SELEX using S. suis SS 2, P1/7 as target cells.

SELEX
Round

Input RNA
(pmol)

S. suis SS 2, P1/7
(Cells) Washing

1 100 1.03 × 107 100 µL × 5 times, 1 min each
2 50 1.02 × 107 100 µL × 5 times, 1 min each
3 50 1.00 × 107 100 µL × 5 times, 3 min each
4 25 1.11 × 107 100 µL × 5 times, 3 min each
5 10 1.21 × 107 100 µL × 5 times, 3 min each
6 10 1.29 × 107 100 µL × 5 times, 5 min each
7 10 1.01 × 107 100 µL for 1 min, followed by electrophoretic separation
8 10 1.07 × 107 100 µL for 1 min, followed by electrophoretic separation

The bound RNAs were eluted using 100 µL of elution buffer (8 M urea, 5 mM EDTA
pH 8.0), followed by ethanol precipitation. The RNA pool was reverse-transcribed using
Superscript® III Reverse Transcriptase (Thermo Fisher Scientific, Waltham, MA, USA) and
3′-N40 primer (5′-ATGAGTCTA GATGTAGACGCACATA-3′). Then, the cDNA was ampli-
fied with Taq DNA polymerase (Thermo Fisher Scientific, Waltham, MA, USA) using 3′-N40
primer and 5′-primer containing T7 promoter (underlined) (5′-AGTAATACGACTCACTATAG
GGAGTCGACCGACCAGAA-3′). The PCR products were transcribed in vitro, purified
using the Qiaquick PCR Purification Kit (Qiagen, Hilden, Germany), and used for the next
round of cell-SELEX. The cell-SELEX was performed until the 8th round (R8).

4.3. Evaluation of Relative Binding Affinity and Specificity of the RNA Aptamer

The enrichment of the aptamer pool in selected rounds (Rx), which were R4, R6, and R8,
was quantified by relative binding affinity using the binding assay. One hundred picomoles
of either the control RNA Lib or selected aptamer pool in the presence of baker’s yeast tRNA
was incubated with approximately 107 cells of S. suis SS 2, P1/7. Both Lib and Rx were
saved for approximately 10 µL as input RNA. After binding, washing, and elution steps, as
described above, the amount of input and bound RNAs were quantified using real-time RT
qPCR. The real-time master mix was generated in a total 10 µL per reaction comprising the
final concentration of 1× SensiFAST™ SYBR® No-ROX Kit (Meridian Bioscience, TN, USA),
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0.5 µM of each 3′-N40 primer and 5′-primer (5′-GGGAGTCGACCGACCAGAA-3′), and
0.5 µL of cDNA from each RT reaction (Lib input, Lib elute, Rx input, Rx elute, NTC). Each
sample was performed in triplicate. For non-template control (NTC), real-time PCR master
mix and cDNA from NTC-RT reaction were used. The real-time RT qPCR was performed
under the following conditions: 94 ◦C for 30 s, 60 ◦C for 30 s, 72 ◦C for 30 s, with a total of
45 cycles. The fluorescence signal was read at 60 ◦C and the association curve was set at
65 ◦C to 95 ◦C. The binding percentage was calculated using Formula (1):

% binding = 2 − (Ctelute − Ctinput), (1)

where Ctelute refers to the cycle threshold of elute sample and Ctinput refers to the cycle
threshold of input sample. The % binding of random RNA library (% bindingLib) and the
% binding of Rx (% bindingRx) were then calculated into the fold change using Formula (2):

Fold change = % bindingRx/% bindingLib, (2)

For specificity testing, the R8 aptamer pool and representative R8-su12 RNA aptamers
were screened toward S. suis SS 2, P1/7 and non-target cells, including other species of
Streptococcus (S. pyogenes, S. pneumoniae), Gram-positive bacteria (S. aureus), Gram-negative
bacteria (E. coli, P. aeruginosa), and other S. suis serotype (S. suis SS1/2, 1, 9, and 14). One
hundred picomole of the control (random RNA Lib pool or L2 aptamer) and the derived
nuclease-resistant RNA aptamers were incubated with 107 of target cells, S. suis SS 2, P1/7
and non-target cells. Then, the cell-SELEX was processed until the eluate was obtained.
After that, it was used as a template in the binding assay using real-time RT qPCR. The
binding percentage and fold change were calculated as described above.

4.4. Aptamer Characterization

The aptamer pool from cell-SELEX round 8 was cloned using pTG19-T PCR cloning
vector B (Vivantis, Selangor, Malaysia). Twenty-six clones were sequenced and analyzed
for similarity using the Clustal Omega Multiple Sequence Alignment (https://www.ebi.ac.
uk/Tools/msa/clustalo/ accessed on 11 November 2020). The selected RNA aptamer was
also predicted for secondary structure using the mfold Web Server (http://www.unafold.
org/mfold/applications/rna-folding-form.php accessed on 7 February 2021) to determine
the binding sites between the aptamer and target cells.

4.5. Biofilm Formation Assay

To determine the effect of the RNA aptamer on the biofilm formation of S. suis SS 2,
P1/7, the selected R8-su12 RNA aptamer was tested. The determination of S. suis SS 2, P1/7
biofilm formation was preliminarily tested based on the crystal violet biofilm assay [28].

To examine the RNA aptamer’s ability to inhibit biofilm formation, the detection of
biofilm formation was carried out according to Meng et al. [28] with some modifications. In
brief, 200 µL of S. suis SS 2, P1/7 from the overnight culture at 37 ◦C was mixed with 100 µL
of 4.76 ng/µL (176 nM) of R8-su12 RNA aptamer with 10 mg/mL baker’s yeast tRNA,
negative control L2 RNA aptamer with 10 mg/mL baker’s yeast tRNA, and 10 mg/mL
baker’s yeast tRNA alone. Then, the mixture was transferred into a 24-well polystyrene
plate containing 1.8 mL of BHI broth. The plates were incubated at 37 ◦C for 3 days without
shaking. After staining with 0.1% crystal violet for 30 min, the OD600 was measured. The
BHI broth with the supplements was performed as a negative control, and its OD600 was
set as blank. These blank absorbance values and cut off values (ODc) were used to calculate
and interpret the biofilm formation result as described [28]. Each sample in the biofilm
formation assay was performed in quadruplicate in three independent experiments.

4.6. Statistically Analysis

All samples were tested in triplicate with at least three independent experiments.
The one-way analysis of variance and Mann–Whitney U test were used to determine the
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statistically significant when p < 0.05 or 0.001. All the calculations were performed using
the SPSS Statistics 6.0 software (IBM Corp., Armonk, NY, USA).

5. Conclusions

Herein, the nuclease resistant RNA aptamer specific to S. suis SS 2, strain P1/7, R8-su12,
was successfully constructed. Moreover, the derived RNA aptamer revealed the ability to
bind to other pathogenic S. suis (serotype 1/2, 1, 9, and 14). Remarkably, the R8-su12 RNA
aptamer can significantly reduce the biofilm formation, one of the S. suis virulence factors.
However, the target ligand of the aptamer on the S. suis SS 2, strain P1/7 cell surface would
be further identified. This might be useful for understanding the pathogenesis, leading to
an early diagnostic, treatment, and effective control of S. suis infection.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules27123894/s1, Table S1: The sequencing analysis of the
RNA R8 aptamer pool.
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Abstract: Aflatoxin B1 (AFB1) is one of the mycotoxins produced by Aspergillus flavus and
Aspergillus parasiticus, and it causes contamination in foods and great risk to human health. Simple
sensitive detection of AFB1 is important and demanded for food safety and quality control. Aptamers
can specifically bind to targets with high affinity, showing advantages in affinity assays and biosensors.
We reported an aptamer structure-switch for fluorescent detection of aflatoxin B1 (AFB1), using a label-
free aptamer, a fluorescein (FAM)-labeled complementary strand (FDNA), and a quencher (BHQ1)-
labeled complementary strand (QDNA). When AFB1 is absent, these three strands assemble into a
duplex DNA structure through DNA hybridization, making FAM close to BHQ1, and fluorescence
quenching occurs. In the presence of AFB1, the aptamer binds with AFB1, instead of hybridizing with
QDNA. Thus, FAM is apart from BHQ1, and fluorescence increases with the addition of AFB1. This
assay allowed detection of AFB1 with a detection limit of 61 pM AFB1 and a dynamic concentration
range of 61 pM to 4 µM. This aptamer-based method enabled detection of AFB1 in complex sample
matrix (e.g., beer and corn flour samples).

Keywords: aptamer; aflatoxin B1; fluorophore; quencher; structure-switch

1. Introduction

Many agricultural products (e.g., maize, corn, wheat, oilseed, peanut, and several
other cereals) and fruits suffer contamination of aflatoxins [1], toxic metabolites produced
by Aspergillus flavus and Aspergillus parasiticus. Aflatoxins may also be found in other
contaminated food products (e.g., beer, liquor, and grape wine) [2]. The ingestion of aflatoxins
threatens human and animal health [3]. Aflatoxin B1 (AFB1) is the most toxic component
of aflatoxins fractions [4,5]. The International Agency for Research in Cancer (IARC) has
classified AFB1 as a Group 1 carcinogen [6]. Detection of AFB1 is important in food safety
and quality control. The conventional AFB1 detection methods (e.g., HPLC and LC-MS) are
time consuming and require sophisticated instruments, having limitations in rapid, high-
throughput and on-site test [7]. Antibody based assays allow rapid detection of AFB1 [8],
but antibodies are costly and vulnerable to denature [9]. Hence, it is still desirable to develop
simpler methods for rapid, high-throughput, and cost-effective detection of AFB1 on site.

Aptamer is single stranded DNA or RNA that can specifically bind to a target molecule
with high affinity [10]. The aptamer is a promising rival of the antibody, and shows some
advantages (e.g., in vitro selection, easy chemical synthesis, small size, high thermal sta-
bility, and low cost) [11]. It has wide applications in assays and biosensors [12]. Some
aptamer-based assays for AFB1 have been developed, including fluorescence, colorimetry,
electrochemistry, surface plasmon resonance, etc. [13–18]. Among these assays, fluores-
cence methods have attracted more attention due to their simplicity and sensitivity [19].
Fluorescence aptasensors usually rely on the target-binding induced fluorescence change,
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and labeling of an aptamer with fluorophore/quencher is often needed, which may change
the initial affinity of the aptamer and increase cost [20]. Some nanomaterials have been used
for fluorescence aptasensors, benefiting from their unique quenching ability or fluorescence
property [21]. However, preparation of nanomaterials is complicated, and functionalization
of nanomaterials is laborious. Nutiu and Li reported a structure-switch signaling aptamer
strategy [22] in which intact label-free aptamers were used as recognition units for fluores-
cence detection of target molecules. This strategy is general and has few restrictions on the
size and secondary structure of aptamers. To date, this structure-switch signaling aptamer
strategy has been successfully applied to detections of some targets, such as adenosine
triphosphate (ATP), thrombin [22], and chloramphenicol [23].

In this study, we describe a fluorescent switch aptasensor for detection of AFB1
using a label-free aptamer, a fluorescein (FAM)-labeled complementary DNA (denoted
as FDNA), and a quencher (BHQ1)-labeled complementary DNA (denoted as QDNA).
In the absence of AFB1, a DNA duplex of the aptamer, FDNA, and QDNA is formed
through DNA hybridization. This DNA assembly brings FAM and BHQ1 into proximity,
causing fluorescence quenching. When AFB1 is present, the aptamer prefers to bind
with AFB1, as the aptamer–AFB1 complex is more stable than the DNA duplex assembly.
Aptamer–AFB1 binding causes release of QDNA from DNA duplex, and fluorescence
intensity increases. Thus, detection of AFB1 is achieved by measuring the fluorescence
change. Under optimized assay conditions, we achieved quantitative detection of AFB1
in a concentration range of 61 pM to 4 µM, with a detection limit of 61 pM AFB1. This
structure-switch aptasensor allowed the detection of AFB1 in a complex sample matrix
(e.g., beer and corn flour). It shows the advantages of the use of label-free aptamers and
a larger enhancement of the fluorescence signal. This analytical method has potential in
rapid, high-throughput, on-site and cost-effective detection of AFB1.

2. Results and Discussions
2.1. Working Principle of Fluorescent Switch Aptasensor for AFB1 Detection

Figure 1 illustrates the working principle of the fluorescent switch aptasensor. FDNA
is labeled with a fluorescein (FAM) at the 5’end, and QDNA is labeled with a quencher
(BHQ1) at the 3’end. The unlabeled aptamer sequence contains a FDNA-hybridizing
sequence and an AFB1 binding motif. In the absence of AFB1, an FDNA, QDNA, and
aptamer sequence together construct a tripartite DNA duplex, which makes FAM close to
BHQ1, causing fluorescence quenching. In the presence of AFB1, aptamer binds with AFB1,
and QDNA is released from the DNA duplex, resulting in a fluorescence increase. AFB1
can be detected by measuring the increase in fluorescence intensity of this aptasensor.

Figure 1. Working principle of fluorescent switch aptasensor for AFB1 detection. In the absence of
AFB1, aptamer hybridizes with both FDNA and QDNA to form a tripartite DNA duplex structure in
which FAM and BHQ1 are close to each other, causing fluorescence quenching. In the presence of
AFB1, aptamer prefers to bind with AFB1 rather than QDNA, resulting in disassembly of the tripartite
DNA duplex and fluorescence recovery. AFB1 can be detected by measuring the fluorescence change.
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2.2. Feasibility of Fluorescent Structure-Switch Aptasensor

We tested the feasibility of the fluorescent switch aptasensor for AFB1 detection. As
Figure 2 shows, the sample containing FDNA and QDNA displayed high fluorescence
intensity similar to that of the sample containing only FDNA. This result means FDNA
fluorescence cannot be quenched by QDNA in the absence of aptamer. After the addition
of aptamer, a significant decrease in fluorescence intensity was observed. This result
shows the tripartite DNA duplex was successfully constructed, and FDNA fluorescence
was quenched. Fluorescence obviously increased upon addition of AFB1 (200 nM) into
the solution containing FDNA, QDNA, and the aptamer. Thus, the fluorescent switch
aptasensor is feasible for AFB1 detection.

Figure 2. Feasibility test of the fluorescent switch aptasensor for AFB1 detection by measuring differ-
ent samples. (a) FDNA; (b) FDNA+QDNA; (c) FDNA+QDNA+aptamer; and (d) FDNA + QDNA
+ aptamer + AFB1. Assay buffer was 10 mM Tris-HCl (pH 7.5) solution containing 50 mM MgCl2,
50 mM NaCl, and 0.1% Tween 20. FDNA concentration was 50 nM. Aptamer (Af27) concentration was
100 nM. QDNA (Af27-C13Q) concentration was 100 nM. AFB1 concentration was 200 nM. Incubation
at 4 ◦C for 60 min was applied.

2.3. Optimization of Experimental Conditions

To achieve better assay performances, we optimized some important experimental con-
ditions including sequences of aptamer and QDNA, concentration of FDNA, concentration
ratio between FDNA, aptamer and QDNA (CFDNA:CAptamer:CQDNA), MgCl2 concentration,
NaCl concentration, incubation temperature, and incubation time. In the following dis-
cussions, F0, Fblank, and FAFB1 represent the fluorescence intensity of sample containing
only FDNA; the fluorescence intensity of sample containing FDNA, QDNA, and aptamer;
and the fluorescence intensity of sample containing FDNA, QDNA, aptamer, and AFB1,
respectively. Quenching efficiency was calculated by (1 − (Fblank/F0)) × 100%.

A suitable DNA duplex structure is essential for the structure-switch aptasensor to
generate signal response. An unstable structure gives rise to a high background, while
a too stable structure might lead to weak signal response to AFB1, causing a reduction
in sensitivity. We explored different combinations of the aptamer and QDNA. As shown
in Figure 3, when Af27 and Af27-C13Q were employed, a larger ratio of FAFB1 to Fblank
(FAFB1/Fblank) was obtained. Therefore, aptamer Af27 and QDNA Af27-C13Q were applied
in the further experiments.

To investigate the effect of the concentration ratio between FDNA, aptamer, and
QDNA (CFDNA:CAptamer:CQDNA), we fixed FDNA concentration at 50 nM and changed
the aptamer concentration and QDNA concentration. As displayed in Figure 4A, Fblank
decreased with the increase in concentrations of aptamer and QDNA, meaning a lower
background. However, FAFB1 also decreased with the increase in aptamer and QDNA.
Finally, CFDNA:CAptamer:CQDNA was chosen to be 1:2:3, respectively, because the quench-
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ing efficiency and the ratio of FAFB1/Fblank approached to larger values at this condition
(Figure 4B,C).

Figure 3. Effects of different combinations of aptamer and QDNA on the ratio of FAFB1/Fblank.
(a) Af27 + Af27 − C12Q; (b) Af27 + Af27 − C13Q; (c) Af27 + Af27 − C14Q; (d) Af29 + Af29 − C13Q;
(e) Af29 + Af29 − C14Q; and (f) Af29 + Af29 − C15Q. Assay buffer was 10 mM Tris-HCl (pH 7.5)
solution containing 50 mM MgCl2, 50 mM NaCl, and 0.1% Tween 20. FDNA concentration was
50 nM. Aptamers (Af27 or Af29) concentrations were 100 nM. QDNAs concentrations were 100 nM.
AFB1 concentration was 200 nM. Incubation at 4 ◦C for 60 min was applied.

Figure 4. Cont.

14



Molecules 2022, 27, 4257

Figure 4. Effects of different concentration ratios between FDNA, aptamer, and QDNA
(CFDNA:CAptamer:CQDNA) on (A) fluorescence intensity of samples, (B) quenching efficiency, and
(C) ratio of FAFB1/Fblank. Assay buffer was 10 mM Tris-HCl (pH 7.5) solution containing 50 mM
MgCl2, 50 mM NaCl, and 0.1% Tween 20. FDNA concentration was fixed at 50 nM. AFB1 concentra-
tion was 200 nM. Af27 and Af27-C13Q were used as aptamer and QDNA, respectively. Incubation at
4 ◦C for 60 min was applied.

Then, the FDNA concentration was optimized under the condition that
CFDNA:CAptamer:CQDNA was fixed at 1:2:3, respectively. With an increase in FDNA concen-
tration, fluorescence intensities F0 and FAFB1 increased (Figure S1A), while the quenching
efficiency had slight change (Figure S1B). The ratio of FAFB1/Fblank reached a maximum
value when 50 nM FDNA was used (Figure S1C). Therefore, 50 nM FDNA was chosen in
the further experiments.

We investigated the effect of MgCl2 concentration on detection of AFB1 (Figure S2).
Upon addition of MgCl2, the quenching efficiency and the ratio of FAFB1/Fblank all increased,
which can be explained due to the fact that Mg2+ promotes both DNA hybridization and
aptamer–AFB1 binding [16,17]. Finally, 50 mM MgCl2 was chosen because FAFB1/Fblank
reached the maximum value at this condition. Only a slight effect of NaCl concentration on
fluorescence intensity was observed (Figure S3) in the presence of 50 mM MgCl2, consistent
with previous study [16,17]. Finally, we chose to add 50 mM NaCl in assay buffer.

Incubation temperature has important influence on performance of this aptasensor. As
Figure S4 shows, when the incubation temperature was set at 25 ◦C or 37 ◦C, the presence
of AFB1 did not cause a significant change in fluorescence. This result can be attributed to
the fact that, at these temperatures, the aptamer has low affinity [15], and AFB1 binding
cannot effectively replace QDNA. In contrast, a large signal change caused by AFB1 was
achieved by employing incubation at 4 ◦C, because the aptamer has enhanced affinity at
4 ◦C [15]. Therefore, incubation at 4 ◦C was chosen. Furthermore, incubation time was also
optimized (Figure S5), and incubation for 60 min was applied to find a larger value of the
ratio of FAFB1/Fblank.

2.4. Detection of AFB1

We detected different concentrations of AFB1 under optimized conditions. As Figure 5
shows, the fluorescence intensity gradually increased with the increasing concentration
of AFB1 in a dynamic concentration range from 0 to 4 µM. A linear relationship between
fluorescence intensity and AFB1 concentration ranging from 0.2 to 31.2 nM was obtained
(Y = 186X + 1143 (R2 = 0.99613), where Y is the fluorescence intensity and X is the con-
centration of AFB1). The lowest concentration of AFB1 that could be detected was 61 pM,
based on three times the standard deviation of the blank sample, which is lower than or
comparable to the detection limits of some previously reported methods (listed in Table S1
in ESM) [13,21,24–33].
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Figure 5. Detection of different concentrations of AFB1 using this fluorescent switch aptasensor. As-
say buffer contained 10 mM Tris-HCl (pH 7.5) solution, 50 mM MgCl2, 50 mM NaCl, and 0.1%
Tween20. Af27 and Af27-C13Q were used as aptamer and QDNA, respectively. The ratio of
CFDNA:CAptamer:CQDNA was 50 nM:100 nM:150 nM. Incubation at 4 ◦C for 60 min was applied.

2.5. Selectivity Test and Detection in Complex Sample Matrix

To assess the selectivity of the structure-switch aptasensor towards AFB1, we detected
AFB1 (200 nM) along with a few non-target mycotoxins including OTA, OTB, FB1, FB2,
and ZAE. As shown in Figure S6, non-target mycotoxins (1 µM) gave fluorescence intensity
similar to the blank sample, while AFB1 showed higher fluorescence intensity. These results
demonstrate the assay was selective, and co-existences of the tested non-target mycotoxins
did not cause interference to the AFB1 detection.

To evaluate the performance of this structure-switch aptasensor in a complex sample
matrix, we detected different concentrations of AFB1 spiked in 20-fold diluted beer and
20-fold diluted corn flour extraction. As shown in Figure S7, in both the diluted beer sample
and diluted corn flour extraction sample, the fluorescence intensity increased with the
increasing spiked amount of AFB1. Detection performances in 20-fold diluted beer and
20-fold diluted corn flour extraction were comparable to that in pure assay buffer. These
results demonstrate the potential application of the developed structure-switch aptasensor
in real samples analysis.

3. Materials and Methods
3.1. Chemicals and Reagents

All DNA strands listed in Table 1 were synthesized and purified by Sangon Biotech
Inc. (Shanghai, China). Aflatoxin B1 (AFB1), ochratoxin A (OTA), ochratoxin B (OTB),
fumonisin B1 (FB1), fumonisin B2 (FB2), and zearalenone (ZAE) were purchased from
Pribolab (Qingdao, China). Beer and corn flour were bought from a local supermarket.
Assay buffer was 10 mM Tris-HCl (pH 7.5) solution containing 50 mM NaCl, 50 mM
MgCl2, and 0.1% Tween20. Black 96-wells microplates were purchased from Thermo Fisher
Scientific Inc. (Waltham, USA). All reagents used for experiments were analytical reagents.
Solutions were prepared with ultrapure water (>18.2 MΩ·cm) from a Purelab Ultra Genetic
Elga Labwater system (High Wycombe, UK).
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Table 1. Sequences of different DNA strands.

Name Function Sequence (5’ to 3’)

FDNA FDNA FAM-TCACAGATGAGT
Af27 aptamer ACTCATCTGTGATCACGTGTTGTCTCTCTGTGTCTCGTG
Af29 aptamer ACTCATCTGTGATGCACGTGTTGTCTCTCTGTGTCTCGTGC

Af27-C12Q QDNA GACAACACGTGA-BHQ1
Af27-C13Q QDNA AGACAACACGTGA-BHQ1
Af27-C14Q QDNA GAGACAACACGTGA-BHQ1
Af29-C13Q QDNA GACAACACGTGCA-BHQ1
Af29-C14Q QDNA AGACAACACGTGCA-BHQ1
Af29-C15Q QDNA GAGACAACACGTGCA-BHQ1

The underlined section of aptamers (Af27 and Af29) are the sequence binding with AFB1.

3.2. Detection of AFB1

To detect AFB1, we mixed FDNA, QDNA, an aptamer, and AFB1 in the assay buffer.
The final concentrations of FDNA, the aptamer, and QDNA were 50 nM, 100 nM, and
150 nM, respectively. After incubation for 60 min at 4 ◦C, 100 µL of the reaction mixture
solution was transferred into a microplate well. Then, the fluorescence intensity was
immediately measured by using a microplate reader (BioTek Synergy H1, Winooski, VT,
USA), with an excitation wavelength of 485 nm and emission wavelength of 525 nm. Three
repeated measurements for duplicate samples were carried out, and the average data
were used.

3.3. Selectivity Test

To assess the selectivity of this structure-switch aptasensor towards AFB1, some non-
target mycotoxins (OTA, OTB, FB1, FB2, and ZAE) were tested. The AFB1 concentration was
200 nM, and concentrations of the non-target mycotoxins were 1 µM. The assay procedures
for non-target mycotoxins were the same as that for AFB1 detection.

3.4. Detection of AFB1 in Complex Sample Matrix

Beer was ultrasonicated to degas, and then filtered through a syringe filter (0.22 µm)
before dilution with the assay buffer. Finally, different concentrations of AFB1 spiked
in 20-fold diluted beer were detected using this structure-switch aptasensor following
the same assay procedures. The corn flour extraction was prepared as follows: 3 mL of
methanol/water (70:30, v/v) solution was added into corn flour (1 g), followed by a vortex
for 20 min. After standing for 10 min, the supernatant was filtered through a syringe
filter (0.22 µm) before dilution with the assay buffer. AFB1 concentrations spiked in 20-
fold diluted extraction solution of corn samples were also detected by using the same
assay procedures.

4. Conclusions

In summary, we reported a simple fluorescent switch aptasensor for AFB1 detection
using FDNA with FAM label, QDNA with BHQ1 label, and an unlabeled aptamer. In
the absence of AFB1, the three DNA sequences assembled to DNA duplex, showing low
fluorescence due to fluorescence quenching. The addition of AFB1 caused dissociation
of the DNA duplex consisting of FDNA, QDNA, and the unlabeled aptamer, resulting
in a fluorescence increase. This aptasensor allowed the sensitive detection of AFB1, and
a detection limit reached 61 pM. This aptasensor was selective and allowed to detect
AFB1 in diluted beer and corn flour extraction. This method shows the advantages of a
larger enhancement of fluorescence signal and use of an unlabeled aptamer. This sensor is
promising in rapid, high-throughput, on-site, and cost-effective detection of AFB1.
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Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules27134257/s1, Table S1. Comparison of some aptamer-
based fluorescence assays for AFB1; Figure S1. Effects of different FDNA concentrations on (A) fluores-
cence intensity of samples, (B) quenching efficiency, and (C) ratio of FAFB1/Fblank; Figure S2. Effects
of MgCl2 concentrations in assay buffer on (A) fluorescence intensity of samples, (B) quenching
efficiency, and (C) ratio of FAFB1/Fblank; Figure S3. Effects of different NaCl concentrations in
assay buffer on (A) fluorescence intensity of samples, (B) quenching efficiency, and (C) ratio of
FAFB1/Fblank; Figure S4. Effects of different incubation temperatures on (A) fluorescence intensity
of samples, (B) quenching efficiency, and (C) ratio of FAFB1/Fblank; Figure S5. Effects of incubation
time on (A) fluorescence intensity of samples, (B) quenching efficiency, and (C) ratio of FAFB1/Fblank;
Figure S6. Selectivity of the fluorescent switch aptasensor towards AFB1; Figure S7. Detections of
AFB1 spiked in 20-fold diluted beer and 20-fold diluted corn flour extraction.
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Abstract: The Systematic Evolution of Ligands by EXponential enrichment (SELEX) is conventionally
an effective method to identify aptamers, which are oligonucleotide sequences with desired properties
to recognize targets specifically and sensitively. However, there are some inherent limitations, e.g.,
the loss of potential high-affinity sequences during biased iterative PCR enrichment processes and the
limited structural diversity of the initial library, which seriously restrict their real-world applications.
To overcome these limitations, the in silico base mutagenesis post-SELEX strategy based on the low
Gibbs free energy (∆G) and genetic algorithm was developed for the optimization of the interferon-
gamma aptamer (B1-4). In the process of evolution, new sequences were created and the aptamer
candidates with low ∆G values and advanced structures were produced. After five rounds of
selection, systematic studies revealed that the affinity of the newly developed evolutionary aptamer
(M5-5) was roughly 10-fold higher than that of the parent aptamer (B1-4), and an aptasensor detection
system with a limit-of-detection (LOD) value of 3.17 nM was established based on the evolutionary
aptamer. The proposed approach provided an efficient strategy to improve the aptamer with low
energy and a high binding ability, and the good analytical utility thereof.

Keywords: aptamer; in silico; base mutagenesis; post-SELEX; interferon-gamma

1. Introduction

An aptamer, a kind of oligonucleotide sequence with a specific three-dimensional
structure to selectively bind to a specific target, has many merits, such as a small size,
customizable modification, long half-life, low cost, and low variability between batches. An
aptamer is conventionally screened and isolated from the Systematic Evolution of Ligands
by EXponential enrichment (SELEX) [1,2]. Although the SELEX is an effective screening
method and many improvements have been made by researchers, it still has some inherent
limitations. The structural diversity of oligonucleotide sequences in the initial library
is practically limited. In addition, the biased iterative polymerase chain reaction (PCR)
process in the SELEX makes it difficult to amplify sequences with advanced structures [3].
Therefore, the aptamers screened by traditional SELEX techniques are not always strong
enough to detect targets.

Several post-SELEX strategies [4] have been proposed to make up for the shortcomings
of the traditional SELEX, such as splitting or truncation, bivalent or multivalent construc-
tion, and chemical modification. Recently, the in silico post-SELEX strategy has emerged as
a potential strategy to improve aptamers through an iterative process followed by in vitro
experimental evaluation [5,6]. The computer-assisted method could efficiently optimize
the aptamer through three main steps, including constructing the secondary and tertiary
structures of the aptamer, predicting the structural conformation of the aptamer binding
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to the target, and optimizing the binding of the aptamer by mutation or modification. For
instance, Song et al. engineered a high-affinity aptamer mutant that specifically binds
to marine toxin gonyautoxin 1/4 [7]. Hsieh et al. successfully found one new sequence
that could produce a relatively superior binding reaction with a prostate-specific antigen
based on the known aptamers [8]. Wang et al. identified two aptamer mutants against
the carcinoembryonic antigen exhibiting significantly high binding ability [9]. Thus far,
the in silico post-SELEX strategy has been performed to engineer high-affinity aptamers
for several targets. However, the thermodynamical stability of the aptamer has not been
considered during the in silico post-SELEX program. Low ∆G was an important factor
in the identification of an aptamer with high affinity [10,11]. Normally, the aptamer with
the most thermodynamically stable structure has the lowest ∆G value [6,12,13]. In other
words, as conformational flexibility is a key factor in limiting the affinity and specificity of
aptamers, aptamers with a good binding ability mainly depend on stable conformation,
especially in complex samples [14,15].

In the field of biomedical analysis, aptamers provide an alternative research platform
for rapid detection and precise diagnosis [16]. Interferon-gamma (IFN-γ), an important cy-
tokine, can act as an early indicator of infectious diseases, such as tuberculosis. Tuberculosis
is one of the most catastrophic diseases and its transmission is very rapid [17,18]. Traditional
antibody-based tuberculosis detection techniques commonly include the enzyme-linked
immunosorbent assay (ELISA) and interferon-γ release assay (IGRAs) [19]. However, these
methods have certain disadvantages, such as complicated operations and high costs. In
contrast to antibodies, aptamers are still practically in a nascent stage without widespread
use [20]. To further screen individuals efficiently for point-of-care testing, a model parent
DNA aptamer (B1-4) against interferon-gamma was selected to optimize [21].

With the purpose of improving the performance of aptamers and promoting their
application, as shown in Scheme 1, an innovative post-SELEX screening method was
proposed. The scheme mainly involved the following steps: (1) the generation of aptamer
mutants from B1-4 using a lab-written program; (2) the analysis of the minimum free
energy of a secondary structure to select the aptamer candidates using the batch calculation
function of Mfold; and (3) the model simulation and prediction of the binding ability
of the aptamer candidates for IFN-γ using a molecular docking program. In this way,
all sequences were screened and generated in silico without bias, and the scheme was
advantageous for efficiently exploring the evolutionary aptamer with low ∆G and high
affinity. Furthermore, the affinity values of the aptamer mutant with the highest docking
score and B1-4 were tested by biolayer interferometry (BLI), which is an optical technique
to measure the surface–biomolecule interactions by analyzing the interference patterns [22].
Furthermore, a fluorescent assay based on the evolutionary aptamer for IFN-γ detection
with high sensitivity and selectivity was developed.
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2. Results and Discussion
2.1. Production of Evolutionary Aptamer against IFN-γ by In Silico Base Mutagenesis Post-SELEX

The in silico base mutagenesis post-SELEX process is an efficient method for the
selection of an evolutionary aptamer against IFN-γ. Using an in silico base mutagenesis
program and Mfold batch process, 10 mutants with low ∆G values were produced in each
round, as shown in Tables S2–S7. The secondary structure of B1-4 was predicted using the
Mfold and its ∆G was −1.03 kcal/mol (Figure 1a). The docking score of the B1-4/IFN-γ
complex was 1246.537 (Figure 1b). Furthermore, the key binding sites of B1-4 with IFN-γ
were analyzed by a PLIP, and the results showed that the bases of G31, A32, C33, A34, T35,
and C54 bind to the IFN-γ by hydrogen bonding (Table S8). In the first round, the top 10
mutants (∆G ranging from −3.18 to −4.76 kcal/mol) had lower ∆G than B1-4 and they
were docked with IFN-γ, in which 4 mutants (M1-2, M1-5, M1-8, M1-9) with high ZDOCK
scores indicated good docking results (Table S2). For the four sequences, each was mutated
to 250 sequences, which were used as the library for the next round of screening. In the
second round, the ∆G values of the top 10 mutants ranged from −5.92 to −7.11 kcal/mol, in
which four sequences (M2-6, M2-8, M2-9, and M2-10) with high ZDOCK scores were used
for the third round of screening (Table S3). After the programmed process, the ∆G values
of the top 10 mutants were in the range of −8.44 to −9.44 kcal/mol in the third generation,
−10.76 to −11.42 kcal/mol in the fourth generation, −12.46 to −14.13 kcal/mol in the fifth
generation, and −14.57 to −16.29 kcal/mol in the sixth generation, indicating that each
round of base mutagenesis could evolve sequences with lower ∆G than the previous round
(Tables S4–S7). In the fifth generation, the ∆G of the mutant M5-5 was −12.98 kcal/mol
(Figure 1c), much lower than that of B1-4, and the ZDOCK score of 1543.334 was the highest
score among all the mutants. The bases involved in the interactions of the M5-5/IFN-γ
are mainly distributed in C2, G3, A9, T10, C11, C12, G14, and A20 (Table S8). In the sixth
generation, the ZDOCK score of the top mutant was 1406.824, much lower than that of
M5-5, indicating that further mutation probably caused a worsening in the docking results.
In addition, one aptamer mutant with positive ∆G (CCGCCCAAATCCCTAAGAGAA-
GACTATAATGACATCAAACCAGACACACTACACACGCA, 0.04 kcal/mol) was used
as a negative control to be docked to IFN-γ. The ZDOCK score was 1124.301, much lower
than that of B1-4. The result further indicated that low ∆G was an important factor for
the aptamer binding IFN-γ. Thus, the mutant M5-5 with the highest ZDOCK score was
determined to be the best aptamer candidate, binding the IFN-γ in all the mutants.
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Three-dimensional images have been visualized by MOE.

Furthermore, although there exist many bioinformatics tools for predicting secondary
structure of aptamer sequences, further improvement in accuracy is still awaited. To
demonstrate the change in the aptamer conformation in practice, the conformations of
B1-4 and M5-5 before and after binding with IFN-γ in the PBS buffer were investigated by
circular dichroism spectroscopy. As shown in Figure S2, the CD spectrum of B1-4 and M5-5
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both have a negative peak around 245 nm and a positive peak around 275 nm, suggesting
that they both have B-type DNA conformation. Obviously, the positive peak of M5-5 is
higher than that of B1-4, and the negative peak is lower than that of B1-4, indicating that
the evolutionary aptamer has more complementary base pairings and a folded structure,
which is consistent with the predicted results. In addition, the peak intensity of the B1-
4 circular dichroism suggested that its secondary structure also tends to form a folded
structure, indicating that the aptamer with poor thermodynamic stability may not exist in
the predicted form in practice, further indicating the necessity of optimization. Upon IFN-γ
binding, the absorption intensity of the positive and the negative peaks has no significant
change for B1-4 and M5-5. The results reveal that IFN-γ cannot induce the changes in
the aptamers’ B-type conformation. Therefore, the structure of the evolutionary aptamer
evolved in a way that was more favorable for binding to the target.

2.2. Generation of Evolutionary Aptamer with High Affinity

In order to verify the validity of the in silico screening result, the affinities of the
evolutionary aptamer M5-5 and the parent aptamer B1-4 were characterized by BLI. As
shown in Figure 2a,b, the BLI signal responses increased as the IFN-γ concentration in-
creased from 125 to 2000 nM. The Kd values of M5-5 and B1-4 were 105.6 and 913.9 nM,
respectively, which revealed that the affinity of M5-5 was roughly 10-fold higher than that
of B1-4. In addition, as shown in Figure S3, the Kd values of the top mutants for each round
of selection (M1-8, M2-6, M3-6, and M4-10) were determined to be 439.5, 481.6, 267.1, and
276.6 nM, respectively. The results showed that M5-5 has the best affinity for IFN-γ, which
was consistent with the simulation results and indicated that the in silico base mutagenesis
post-SELEX we proposed could be used to remarkably improve the aptamer binding ability.
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2.3. Detection of IFN-γ Using Evolutionary Aptamer

In order to investigate the applicability of the evolutionary aptamer M5-5, a fluorescent
assay for the detection of IFN-γ was constructed. As shown in Figure 3a, the molecular
beacon (MB) was first designed to contain three parts, including a loop that hybridizes
with the aptamer, a stem that contains five base pairs of a complementary sequence, and a
fluorophore–quencher pair. Carboxyfluorescein (FAM) as a fluorophore was attached to
one terminus of MB, and Black Hole Quencher 1 (BHQ1) was located at the other terminus.
As shown in Figure 3b, in the absence of IFN-γ, the MB hybridized with the M5-5, resulting
in the separation of the FAM and BHQ1 pairs and enhanced fluorescence. After introducing
IFN-γ, due to the strong affinity of the aptamer with IFN-γ, the MB was released from the
duplex of the M5-5/MB to form the terminal hybridization structure (i.e., the fluorophore
and quencher were in close proximity). Thus, the fluorescence was efficiently quenched. To
verify the successful hybridization of the M5-5/MB, as shown in Figure S4, the fluorescence
emission spectra of the M5-5/MB duplex and MB were tested, respectively. The results
showed that the fluorescence value of the M5-5/MB duplex recovered significantly.
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Figure 3. (a) Molecular beacon (MB) designed to contain three parts. (b) Schematic illustration of the
aptamer-based fluorescent assay for detection of IFN-γ.

To optimize the length of the MB, 250 nM M5-5 was mixed with MBs of different
lengths (MB-10, MB-15, MB-20, and MB-25) at a molar ratio of 1:3. By measuring the
fluorescence intensity of the M5-5/MB duplex before and after adding 250 nM IFN-γ,
the fluorescence reduction rate was obtained. As shown in Figure 4a, the highest rate
was obtained at MB-20. The fluorescence intensity of the M5-5/MB-10 duplex was weak
owing to its short length. A longer loop in the MB sequence (MB-25) resulted in a lower
fluorescence reduction rate. MB-25 had more nucleotides in the loop to promote the
formation of the duplex with M5-5, thus limiting the M5-5 structure switching after the
addition of the IFN-γ. Thus, the MB-20 was chosen for the IFN-γ analysis. Then, in order
to ensure M5-5 fully hybridized with the MB, the ratio of M5-5 to MB was also investigated.
In this experiment, the M5-5 at a final concentration of 250 nM was mixed with MB-20
at 1:1, 1:2, 1:3, and 1:4 molar ratios. As shown in Figure 4b, the fluorescence intensity
increased with the increase in the molecular beacon concentration, indicating that more
aptamers were bound with MBs, and few unbound aptamers were in the solution. When
the concentration ratio was 1:3, the fluorescence intensity almost reached its maximum.

Under the optimal conditions, the responses of the proposed method based on the
evolutionary aptamer M5-5 were investigated by varying the IFN-γ concentrations. As
shown in Figure 4c,d, the value of (F0 − F)/F0 increased with an increasing concentration
of IFN-γ and the fluorescence reduction rate performed a good linear correlation with
the concentration of IFN-γ within a linear range of 1−250 nM. The calibration curve of
(F0 − F)/F0 against the IFN-γ concentration was y = 0.106 C + 5.758 (R2 = 0.998), in
which y was (F0 − F)/F0 and C was the concentration of IFN-γ. The limit of detection
(LOD) of the aptasensor was defined as the concentration that corresponds to a three-fold
standard deviation of the blank value of (F0 − F)/F0, calculated as 3.17 nM. This LOD is
comparable to the previous method for IFN-γ detection based on fluorescence resonance
energy transfer [23].
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Figure 4. Optimization of experimental parameters, including (a) the length of MB and (b) the
molar ratio between M5-5 and MB. (c) Fluorescence emission spectra of the detection solutions in
the addition of IFN-γ at various concentrations (from top to bottom): 0, 0.1, 1, 10, 50, 150, 250, 500,
1000 nM. (d) Calibration curve of the (F0−F)/F0 and the concentration of IFN-γ. Error bars represent
standard deviations of the three experiments.

2.4. High Selectivity of the Assay Based on Evolutionary Aptamer

In order to determine the selectivity of this assay based on the evolutionary aptamer
M5-5, the fluorescence intensity was measured in the presence of different interfering
targets (Myoglobin (Mb), human serum albumin (HSA), and immunoglobulin G (IgG))
with a concentration of 250 nM under the same experiment condition as IFN-γ. As shown
in Figure 5, only IFN-γ induced a significant fluorescence reduction, whereas less value
was observed with the addition of other interferences, indicating that the assay based on
the evolutionary aptamer exhibited high selectivity in the detection of IFN-γ. The three
interfering proteins have also been used as interfering substances in the previous methods
for the detection of IFN-γ and the results also confirmed that these methods had good
selectivity [24,25].
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3. Materials and Methods
3.1. Materials and Instruments

Human interferon-gamma (IFN-γ, greater than 95% purity) was purchased from Sino-
Bio Biotech Ltd. (Shanghai, China). Human serum albumin (HSA), immunoglobulin G (IgG),
and myoglobin (Mb) were purchased from Beijing Solarbio Science & Technology Co., Ltd.
(Beijing, China). Phosphate-buffered saline (PBS, pH 7.4, 10×) was purchased from Bei-
jing Kehua Jingwei scientific Co., Ltd. (Beijing, China). The synthesis and HPLC (high-
performance liquid chromatography) purification of all oligonucleotides in this study were
performed by Sangon Biotechnology Co., Ltd. (Shanghai, China). B1-4 (CCGCCCAAATCC-
CTAAGAGAAGACTGTAATGACATCAAACCAGACACACTACACACGCA) was screened
by Cao et al. [21] and other sequences were listed in Table S1.

The affinity of the aptamer was characterized by Octet RED96e System (Fortebio, CA,
USA) (accessed on 10 July 2022). The fluorescent signal was measured by Synergy H1
Microplate Reader (Biotek, Winooski, VT, USA). The structure of aptamer was analyzed by
J-815 spectropolarimeter (Jasco, TKY, Iapan).

3.2. Production of Aptamer Mutants by In Silico Mutagenesis

The B1-4, as a parent aptamer, was randomly mutated through an in silico base mutage-
nesis program designed by our team. The number of mutants in this study was about 1000
in each round, much higher than before [9]. The higher number of mutants means more
possibilities of obtaining the sequence with better performance. Duplicate mutants were re-
moved. Then, the secondary structures of aptamer mutants were predicted by the Mfold web
server (http://www.unafold.org/mfold/applications/dna-folding-form.php) (accessed on
10 July 2022), based on a free-energy minimization algorithm and thermodynamic-based
approach [26,27]. Using the shell script provided by Mfold, a batch process was written to
fold secondary structures and arrange the sequences in ascending order of ∆G, generating
a text file containing the sequences and secondary structures of dot–bracket information.
The matched brackets represent base pairs, and dots represent unpaired bases. The top ten
mutants were selected, and their three-dimensional (3D) structures were automatically mod-
eled by RNA Composer (http://rnacomposer.ibch.poznan.pl/) (accessed on 10 July 2022) in
batch mode [28,29]. Because the outcome was 3D RNA form, the modification was needed
to ensure the structure of mutants in DNA coordinate. Molecular Operating Environment
(MOE) DNA/RNA builder was used to convert the RNA to DNA, and energy minimiza-
tion was used for determining low energy conformation. Finally, the prepared 3D DNA
structures were docked with prepared IFN-γ (PDB: 1FG9) through the ZDOCK program
(http://zdock.umassmed.edu) (accessed on 10 July 2022) [30,31]. The top four mutants with
high docking scores were selected for the second cycle of base mutagenesis. The same steps
of random mutagenesis and molecular docking were repeated 6 cycles. Finally, the aptamer
mutant with the highest score was produced.

3.3. Model Simulation of Aptamer/IFN-γ

The prepared aptamer mutants and IFN-γ were docked using ZDOCK online server.
The ZDOCK docking program, based on the Fast Fourier Transform, was an automated tool
to search all possible binding modes between the aptamer mutants and IFN-γ, producing
top 10 predictions with a high score. The best docking result of each mutant was selected
to be compared with others. The interaction sites and interaction types of aptamer and
IFN-γ were analyzed by automated protein–ligand interaction profiler server (PLIP, https:
//plip-tool.biotec.tu-dresden.de/plip-web/plip/index) (accessed on 10 July 2022) [32].

3.4. Biolayer Interferometry Assay

The equilibrium binding affinities (Kd values) of B1-4 and evolutionary aptamer were
characterized by biolayer interferometry (BLI) through the following steps. First, the
BLI chips coated with streptavidin (SA) were pretreated in baseline solution (Phosphate
Buffered Saline, PBS, pH 7.4) for equilibration. Then, the BLI chips were immersed in

26



Molecules 2022, 27, 5725

solution containing biotin-modified aptamers with concentration of 500 nM to immobilize
aptamers. Then, the chips functionalized with aptamer were immersed in PBS buffer
for washing. Moreover, the IFN-γ in sample solution was captured by aptamers and the
thickness of the biolayer increased. Finally, the chips were immersed in PBS solution for
dissociation, and the thickness of the biolayer decreased. The reaction time of the above
five steps was 120, 600, 180, 120, and 120 s, respectively. All steps were performed at 25 ◦C
in a 96-well plate containing 200 µL solution in each well. The dissociation constant (Kd)
could be obtained by monitoring the biolayer thickness in real time.

3.5. Circular Dichroism Measurement

CD measurements were performed to investigate the conformations of B1-4 and M5-5
before and after binding with IFN-γ in the PBS buffer. The CD spectrum of aptamer (5 µM)
or with IFN-γ (5 µM) was measured three times at a scanning rate of 200 nm/min in the
range of 220–320 nm. The background signals of the PBS buffer were also measured and
subtracted from the CD spectrum.

3.6. Fluorescence Detection of IFN-γ Using Evolutionary Aptamer

The complementary sequence as molecular beacon (MB) was designed to partially
hybridize with evolutionary aptamer. Firstly, aptamer and MB were dissolved in PBS
solution, respectively. Then, to allow the hybridization, the mixture of aptamer and MB was
incubated at 95 ◦C for 5 min and cooled at 25 ◦C for 30 min. Then, different concentrations
of IFN-γ were added to the mixture, thoroughly mixed, and then the obtained solutions
were incubated at 25 ◦C for 30 min. Finally, 50 µL of the obtained solution was analyzed by
fluorescence, with excitation wavelength at 480 nm and emission wavelength in the range
of 510–600 nm. The fluorescence reduction rate was defined as y = (F0−F)/F0 × 100% (F0
and F are fluorescence intensity in the absence and presence of IFN-γ).

4. Conclusions

In this study, a novel in silico base mutagenesis post-SELEX strategy, based on mini-
mum free energy and a genetic algorithm, was proposed to make up for the shortcomings
of the traditional SELEX technology. The obtained evolutionary aptamer has a low ∆G,
−12.98 kcal/mol, and a high ZDOCK score, 1543.334, indicating that it was conducive to
binding with the IFN-γ. Moreover, it could also prove that the evolutionary aptamer had
a good binding ability characterized by BLI. Then, a fluorescent assay was developed to
detect IFN-γ by using an M5-5/MB duplex with an LOD as low as 3.17 nM. Our rational
design of the in silico base mutagenesis post-SELEX strategy showed that the evolutionary
approach was very promising for improving an aptamer, and the evolutionary aptamer
combined with different technology could be further used to promote the application of
early disease diagnosis and the prevention of disease transmission.
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Abstract: This study reports a novel aptamer selection method based on microscale electrophoretic
filtration. Aptamers are versatile materials that recognize specific targets and are attractive for their
applications in biosensors, diagnosis, and therapy. However, their practical applications remain scarce
due to issues with conventional selection methods, such as complicated operations, low-efficiency
separation, and expensive apparatus. To overcome these drawbacks, a selection method based on
microscale electrophoretic filtration using a capillary partially filled with hydrogel was developed.
The electrophoretic filtration of model target proteins (immunoglobulin E (IgE)) using hydrogel, the
electrokinetic injection of DNAs to interact with the trapped proteins, the elimination of DNAs with
weak interactions, and the selective acquisition of aptamer candidates with strong interactions were
successfully demonstrated, revealing the validity of the proposed concept. Two aptamer candidates
for IgE were obtained after three selection cycles, and their affinity for the target was confirmed to
be less than 1 nM based on their dissociation constant (KD) values. Therefore, the proposed method
allows for the selection of aptamers with simple operations, highly effective separation based on
electrophoresis and filtration, and a relatively cheap apparatus with disposable devices.

Keywords: aptamer selection; microscale electrophoretic filtration; systematic evolution of ligands
by exponential enrichment (SELEX)

1. Introduction

Aptamers are oligonucleotides that bind strongly to specific target molecules owing
to their three-dimensional conformations [1–3]. Compared with an antibody that must be
biosynthesized, the aptamer possesses many advantages, such as a low cost through artifi-
cial synthesis, a low cytotoxicity, and a high applicability to various target molecules, such
as large targets (protein [4], virus [5–7], and cell [8]), as well as small targets (peptides [9],
amino acids [10], and inorganic ions [11]). Thus, aptamers have attracted attention for
applications in biosensors [12–14], diagnoses [15–17], and therapies [18–20]. However, for
these applications, target-specific aptamers must be experimentally isolated from a large
library of oligonucleotides with random sequences.

Aptamer selection from a random library was generally employed in four experimen-
tal steps: (i) mixing a target with a library, (ii) separation of the target-oligonucleotide
complex from the free/unbound ones, (iii) dissociation of the isolated complexes, and
(iv) amplification of the obtained oligonucleotides as aptamer candidates. During the mix-
ing step, the target molecules were added to an oligonucleotide library solution. Oligonu-
cleotides with different sequences showed various affinities for the target molecules under
the experimental conditions. Thus, oligonucleotides can form complexes according to
the association/dissociation equilibrium. In the separation step, the formed complexes
were isolated from the unbound oligonucleotides. In the dissociation step, the addition
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of denaturants, such as acids, high-concentration salts, surfactants, and organic solvents,
weakened the interaction between the target and oligonucleotides, resulting in the dissocia-
tion of bound oligonucleotides. After collecting the dissociated oligonucleotides, they were
amplified by the polymerase chain reaction (PCR) in the amplification step. The amplified
oligonucleotides were used as next-generation libraries containing aptamer candidates.
By repeating 10–15 rounds of the selection cycle comprising the above four steps, target-
specific aptamers were enriched. This selection strategy, called systematic evolution of
ligands by exponential enrichment (SELEX), has become one of the golden standards for
aptamer selection [21,22]. The dissociation constants (KD) of aptamers obtained by SELEX
reach the micromolar to picomolar scale, comparable to that of antibodies [23].

In SELEX, a better separation process can reduce the number of SELEX rounds by
improving the quality of the amplified libraries, resulting not only in a decrease in the
consumption of reagents and time but also in the experimental errors caused by PCR bias,
non-specific adsorption, and manual handling [2]. However, insufficient separation leads
to contamination by unbound oligonucleotides and greatly degrades the quality of the
amplified libraries.

In conventional SELEX, target-immobilized beads are often used for the separa-
tion [1–3,24]. The target molecule must be immobilized on the bead surface before the beads
could be dispersed in the solution containing the oligonucleotide library. After mixing,
the oligonucleotides were bound to the immobilized target molecules, forming a complex
based on each association/dissociation equilibrium. The complexes on the beads were
isolated from the library solution using centrifugal or magnetic forces. Finally, the aptamer
candidates were detached from the beads using eluent. Although SELEX techniques using
beads have the advantages of simplifying the experimental procedures required to select
aptamer candidates, they also require many selection cycles because of the effects of low
separation efficiency and non-specific adsorption to the beads. To overcome these limita-
tions, Duan et al. developed a SELEX method using magnetic beads coupled with a DNA
library instead of target molecules to suppress the non-specific adsorption of unbound
DNAs [25]. The aptamers for histamine and tryptamine were successfully obtained using
the proposed method, which requires 17 rounds due to the limited diversity of the library.
Wang et al. reported an aptamer-screening device that integrated positive and negative
selection units [26]. The developed microfluidic device has two integrated units for packing
beads: the upstream or downstream unit is packed with microbeads immobilizing the
negative (non-target) proteins or the target protein, respectively. During the introduction
of a library solution into the device, only DNAs without binding to non-target proteins
at the upstream unit reach the positive-selection beads immobilizing target molecules,
which allows successive negative and positive selections in one device. The target-specific
aptamer candidates with strong binding could be concentrated at the positive selection
unit by introducing only the library solution into the device, and the myoglobin-specific
aptamer could be selected only for the seven-round selection.

As described above, SELEX using beads can be achieved through simple procedures,
which are still evolving; however, there are numerous limitations. The first is that the
binding reaction mainly depends on their diffusion, resulting in a method that requires a
long time for binding. Another issue is that they require the immobilization of the target
molecules on the bead surface, which leads to structural changes, affecting the binding
affinity. Furthermore, non-specific adsorption of oligonucleotides to the beads degrades
the quality of the amplified library, which can result in a simple but laborious and costly
procedure that consumes large quantities of valuable biological samples.

To overcome these limitations, capillary electrophoresis (CE) has recently been utilized
for separation in aptamer selection due its great potential to separate various molecules in
a liquid phase with a minimal consumption of reagents [2,27]. Mendonsa et al. first applied
CE to the separation step in the SELEX cycles [28,29]. The target molecules were mixed
with the DNA library solution and incubated to facilitate binding. Then, the mixture was
introduced into the capillary as a short plug, and the complexes were rapidly separated
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from the free DNAs by electrophoresis. Based on the high separation efficiency in CE,
the number of SELEX cycles could be drastically reduced from to 10–15 to 2–4 rounds.
Wakui et al. explored a high-affinity and specific aptamer using a separation method
combining CE with target-immobilized magnetic beads [30]. The proposed method has
the advantages of high recovery using magnetic beads and highly effective separation
based on electrophoresis, which demonstrate the selection of aptamers with a high affinity
within a few cycles. Saito et al. combined the CE separation of complexes with online
sample preconcentration based on transient isotachophoresis [31]. In this method, a large-
volume mixture solution containing a DNA library and target microbes are concentrated in
the capillary as a narrow zone based on isotachophoresis. Then, the complexes of DNA
and microbes are completely resolved from the free DNAs by CE. During electrophoretic
migration, the DNAs weakly bound to the target microbes were dissociated, whereas those
that were strongly bound remained as complexes. Thus, high-affinity aptamers could be
successfully isolated using the proposed method with only one cycle of selection.

This advance in CE-SELEX has markedly reduced the number of rounds of SELEX
cycles, although premixing of the target and DNA library in each cycle is required for the
equilibrium of association/dissociation. Premixing requires not only a long time owing
to the slow molecular diffusion, but also a large-volume consumption of both targets
and the DNA library because the optimization of the binding conditions requires many
mixtures with different solutions. Zhu et al. studied aptamer selection in the SELEX
process without pre-mixing [32]. In the proposed method, plugs of the library and target
solutions were individually introduced into the capillary. When a high separation voltage
was applied to the capillary, the injected target molecules and DNAs were mixed owing
to differences in their electrophoretic mobility. After on-column mixing, the complex and
unbound DNAs were rapidly separated by CE. The proposed on-column mixing can easily
change the various experimental conditions, which allows the determination of the effects
of the aptamer selection environment, such as pH, buffer components, and temperature.
In contrast, the number of aptamer candidates obtained decreased with a decrease in the
diversity of DNAs that attracted the target molecules in the capillary. Overall, although
CE-SELEX is an ideal tool to obtain the desired aptamers, serious problems that require
expensive CE equipment and highly skilled technicians remain. Unfortunately, despite
their great utility, the number of researchers and technicians able to utilize CE-SELEX
is limited, hindering the application of aptamers. Thus, to facilitate aptamer usage as a
molecular recognition tool worldwide, a methodology for easier, shorter, more efficient,
and less expensive selection is urgently required.

To address this, we propose a novel SELEX method based on microscale electrophoretic
filtration (MEF) using a capillary partially plugged with a hydrogel. Our group previously
reported on the filtration of enzymes to analyze their kinetics [33]. As previously reported,
enzymes incorporated in a hydrogel maintain their enzymatic activity [34,35]; thus, we
proposed that the filtrated enzymes also maintain their activity even when they are located
inside the hydrogel. The developed technology successfully trapped the target enzymes,
alkaline phosphatase (ALP, MW = ~140 kDa, pI = 4.4~5.8), through the sieving effect of
the plugged hydrogel. The activity of the trapped ALP at the interface of the hydrogel
could be measured by introducing the substrate molecules by the electrophoretic migration.
This revealed that the activity of the trapped ALP did not change significantly compared
to that of the ALP in the solution. These results indicated that the conformation of the
trapped enzyme was maintained in the proposed selection method, which is based on
electrophoretic filtration. Therefore, we applied this technology for aptamer selection
(Figure 1). The target molecule was electrokinetically introduced into the capillary partially
filled with hydrogel as a trapping step. Based on the molecular sieving effect, target
molecules were trapped near the upstream interface of the hydrogel (Figure 1a). After
trapping the target molecules, the DNA library was introduced via electrophoresis (the
binding step). The DNAs migrated toward the anode and then interacted with the trapped
target molecules. According to the association/dissociation equilibrium, DNAs with
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strong interactions form stable complexes, whereas those with weak or no interactions
cannot. Thus, DNAs without strong binding migrated through the hydrogel and were
rapidly removed from the capillary (Figure 1b). Only DNAs with binding affinities higher
than the threshold were enriched near the interface during the binding step. To obtain
surviving DNAs with moderate interactions, the trapped complexes were treated with
a washing solution (the washing step). The electrostatic and hydrophobic interactions
between the DNAs and target molecules were moderately suppressed by the addition of
a salt and surfactant to the washing solution introduced into the capillary. Consequently,
the moderately bound DNAs were also dissociated from the complex during the washing
step and removed from the boundary (Figure 1c). In the elution step, the eluent containing
a higher concentration of salt and surfactant was introduced into the capillary after the
washing step. The strongly bound DNAs were dissociated by the eluent before moving
toward the downstream reservoir.
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Figure 1. Schematic illustration of aptamer selection in the proposed method. (a) Trapping target
molecules by the molecular sieving effect of the plugged hydrogel. (b) Binding DNAs electrokineti-
cally introduced into the capillary after the trapping targets. The unbound DNA is eliminated to the
anodic reservoir solution. (c) Washing the complexes using a high-ionic strength buffer to dissociate
the weakly/moderately bound DNAs. Finally, the remaining DNAs forming stable complexes is
eluted by introducing the eluent containing higher concentrations of additives.

In the proposed method, the unbound, weakly interacting, and moderately bound
DNAs can be easily eliminated to the anodic reservoir solution during the binding and
washing steps, while the strongly bound DNAs remain as a complex near the upstream
interface of the hydrogel. In addition, the random DNA library was continuously supplied
during the binding step, enriching the amount of bound DNAs to the trapped targets.
Moreover, the performance of the obtained aptamers can be easily modulated by adjusting
the additive/composition of the washing/eluting solutions. This method will enable
aptamer selection with simple experimental procedures and inexpensive systems compared
to conventional methods. In this study, a combination of microscale electrophoretic filtration
and SELEX (MEF-SELEX) was demonstrated to confirm the proposed methodology.

2. Results
2.1. Confirmation of Electrophoretic Filtration of Target Molecules

In a previous study, the filtration of the target protein (alkaline phosphatase, ALP;
MW = approximately 140 kDa) was confirmed using a capillary partially plugged with
a hydrogel (15 wt% acrylamide (AAm)/bis-acrylamide solution (bis-AAm) [33]. The
molecular weight of the model target immunoglobulin G (IgG; MW = approximately
150 kDa), was larger than that of ALP. Thus, the trapping of IgG using the capillary was
tested under weakly basic conditions for the electrophoretic migration of IgG. After the
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fluorescently labeled IgG (F-IgG) was introduced into the hydrogel-plugged capillary by
applying the voltage, the fluorescence intensity near the upstream interface of the hydrogel
was significantly increased with increasing time for the electrokinetic injection (Figure S1).
This indicates that IgG was successfully filtered and trapped at the cathodic interface of
the hydrogel in the capillary using the proposed method. Because the molecular weight
of immunoglobulin E (IgE; MW = approximately 190 kDa) is larger than that of IgG, it is
assumed that this method also allows for the trapping of IgE, and an experiment related to
aptamer selection was conducted.

2.2. Confirmation of the Interaction of DNAs with IgG

After the plugged hydrogel had trapped the IgG, 5′-fluorescein isothiocyanate-labeled
DNAs (FITC-DNA) were electrokinetically introduced into the capillary by applying a
voltage during the binding step (Figure 2a). Consequently, the fluorescence of FITC-DNAs
was observed near the upstream interface of the hydrogel immediately after applying the
voltage (Figure 2b,c). The fluorescence intensity profile along the red horizontal dotted
line centered in the capillary was estimated using ImageJ software ver. 1.53r (Figure 2d).
The fluorescence intensity near the interface increased upon increasing the injection time
of FITC-DNA, whereas weak fluorescence in the hydrogel remained during the binding
step. This indicated that negatively charged FITC-DNAs migrated toward the anodic side
of the capillary, and FITC-DNAs bound to the trapped IgG remained near the upstream
interface of the hydrogel, whereas FITC-DNAs without binding passed through the inter-
face. The fluorescence intensity reached a plateau after 10 min of injection with FITC-DNAs
(Figure 2d), suggesting that almost the entirety of the IgG could bind with FITC-DNAs.
Thus, it was confirmed that DNAs bound to the trapped target were separable from the
unbound one using the proposed method.
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Figure 2. Confirmation of the binding DNAs with IgG. Schematic illustration (a) and fluorescence
images obtained near the upstream interface of the gel before (b) and after (c) the introduction of
FITC-DNAs (10 nM). The white vertical broken lines represent the cathodic interface of the plugged
hydrogel. (d) Relationship between time for binding step and fluorescence intensity near the interface
of the hydrogel.

2.3. Evaluation of Effects of Additives on DNA Binding

After the binding step, the anodic reservoir solution was exchanged with one contain-
ing the background solution, and a washing voltage was applied for 30 min. Consequently,
the fluorescence intensity near the upstream interface of the hydrogel continued to decrease
to a steady value (black circle in Figure 3a), indicating the dissociation of some FITC-DNAs
and the migration of the released FITC-DNAs toward the anodic side of the capillary. In
contrast, many FITC-DNAs still remained near the interface as complexes.
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Figure 3. Effects of the additives on the interaction between DNAs and trapped IgE during the
washing step. (a) The concentrations of added NaCl were 0 mM (black circle), 5 mM (black triangle),
25 mM (black rhombus), and 100 mM (black square). (b) The concentration of added SDS were 0 mM
(white circle), 0.5 mM (white triangle), 0.8 mM (white rhombus), and 1.0 mM (white square). The
value of normalized fluorescence intensity (N. F. I.) was defined as 1 when the fluorescence intensity
of FITC-DNAs located near the upstream interface of the hydrogel immediately after introducing
10 nM (a) or 20 nM DNAs (b) for 30 min, respectively.

To study the contribution of the additives to electrostatic and hydrophobic interac-
tions during complexation, a background solution containing various concentrations of
sodium chloride (NaCl) or sodium dodecyl sulfate (SDS) was used as the washing solution.
When NaCl or SDS was added to the washing solution, the decrease in the fluorescence
intensity accelerated as the concentration of the additives increased, compared to that
without additives (Figure 3a,b). These results indicate that the addition of salt or surfactant
suppressed the electrostatic or hydrophobic interactions between the DNAs and target
molecules, respectively, under the experimental conditions. Thus, it was clarified that
the strongly bound DNAs could survive by adding an appropriate amount of salt and
surfactant to the washing solution.

2.4. Confirmation of Binding DNAs with IgE

To confirm the effect of the trapped amount of target molecules on DNA binding,
IgE and FITC-labeled IgE aptamer [29] (FITC-IgE-Apt) were employed as model samples
in the proposed method. After trapping 0.0, 1.0, 1.5, and 2.0 µg/mL IgE for 30 min, the
cathodic side of the reservoir solution was exchanged with that containing the background
solution, and then 100 V was applied for 5 min to prevent IgE from reaching the hydrogel.
FITC-IgE-Apt was then introduced into the IgE-trapped capillaries for 30 min. Thus, a
strong fluorescence was also observed near the cathodic-side interface of the hydrogel plug
(Figure 4), as described above. After the binding step, the values of fluorescence intensity
increased as higher concentrations of IgE were introduced, as shown by the binding step
in Figure 4. During the washing step, weakly or moderately adsorbed FITC-IgE-Apt was
eliminated by additives. The higher concentration of IgE introduced into the capillary also
caused stronger fluorescence to remain after the washing step. This indicates that the higher
the introduced concentration of IgE, the greater the amount of trapped IgE and, accordingly,
the greater the number of binding sites. When FITC-IgE-Apt was introduced without
trapped IgE, on the other hand, the fluorescence increased slightly during the binding step,
which indicated that the weak stacking effect was due to the molecular sieving effect of the
hydrogel, which decelerated the FITC-IgE-Apt. The observed fluorescence decreased until
it was nearly the same as the background fluorescence intensity during the washing step

35



Molecules 2022, 27, 5818

because the FITC-IgE-Apt located near the interface migrated toward the anodic side of the
capillary without binding/adsorption. Therefore, it was concluded that the non-specific
adsorption of the DNAs to the hydrogel was negligible under the experimental conditions.
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Apt. Concentrations of the trapped IgE were 0 µg/mL (black circle), 1.0 µg/mL (black rhombus),
1.5 µg/mL (black triangle), and 2.0 µg/mL (black square).

When the eluent containing a higher concentration of NaCl than that in the washing
solution was introduced into the capillary (elution step in Figure 4), the fluorescence
intensities decreased near the background. The disappearance of fluorescence indicated
that the strongly bound FITC-IgE-Apt could be eluted from the trapped interface owing to
further suppression of the electrostatic interactions. These results confirm that the proposed
method allows aptamer candidates to be obtained only by simple electrophoresis, by tuning
the concentrations of the additives in the washing solution and eluent.

2.5. Selection of IgE Aptamer Candidates by the Proposed Method

Based on the above results and discussion, a 2.0 µg/mL IgE solution prepared with
the background solution was employed to increase the amount of bound DNAs. A library
solution containing 10 nM random DNAs and 50 mM NaCl was also prepared with the
background solution to suppress the binding of DNAs with weak interactions with IgE
during the binding step. A background solution containing 100 mM NaCl and 1 mM SDS
was prepared as the washing solution to eliminate the DNAs moderately bound to IgE
during the washing step. To elute the aptamer candidates effectively, a higher concentration
of NaCl (300 mM) was added to the background solution containing 1 mM SDS to suppress
both electrostatic and hydrophobic interactions.

To enrich DNAs with strong binding to IgE, the proposed selection process was
repeated for three cycles, as shown in Scheme 1. After each elution step, PCR was performed
to confirm the collection of eluted DNAs. Consequently, the band of the PCR product
was observed between the 60 and 80 bp ladders, indicating the successful amplification
of the aptamer candidates with a number of their sequence being 78 bp in each PCR
product (Figure 5a). This confirmed that the introduction of the eluent allowed for the
collection of DNAs that survived the washing step. In each cycle of the proposed method,
next-generation sequencing (NGS) using the MiSeq system was carried out after labeling
each product (1st, 2nd, and 3rd products in Scheme 1) by PCR for sequencing. The
obtained sequence data were analyzed using AptamCORE software to explore the aptamer
candidates against IgE. As a result, more than two thousand sequences were output by
NGS, and the number of major sequences was listed using AptamCORE. In this experiment,
the top two sequences, S1 and S2 (Table 1), were specifically enriched during the three-cycle
selection, and the ratio of the number of S1 and S2 sequences to that of the total sequence
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reached over 20% and 10%, respectively (Figure 5b). Repeating the selection also increased
the level of S1 and S2, as shown in Figure 5c. Unfortunately, the sequence S2 was not
found in the NGS data in the first round because only 5 µL of the eluent (total volume,
500 µL) was used for the NGS analysis in the first round of the experimental procedure.
The enrichment factor in each round is defined as follows:

(enrichment factor) = (number S1 or S2 in round n)/(number of S1 or S2 in round (n − 1)).
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Table 1. The most amplified sequences after three cycles.

Sequences (5′–3′)

S1 GACTACCCGGGTATCTAATCCGCGTATGGTCATGGATG-
TGCATACACCCCGCCTATCAGAACTGCTGCCGCCCGTAGG

S2 GACTACCCGGGTATCTAATCCGACCATTTTTCGTCT-
CCTTTGTACGAGCAGTGTGCTCGACCTGCCGCCCGTAGG

Bold text indicates the primer sequence.

The enrichment factor values for the S1 sequence were calculated to be 26- and 6.2-fold
in the 2nd and 3rd rounds, respectively. The enrichment value for S2 was calculated
to be 7.2-fold in the 3rd round (Figure 5c). As described above, only strongly bound
DNAs, owing to their sequence, are able to survive the proposed selection scheme. Thus,
DNAs with different sequences were assumed aptamer candidates and their affinity for
IgE was verified.
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2.6. Evaluation of the Sequences and Affinity of the Obtained Aptamer Candidates

The binding affinities of the two aptamer candidates, S1 and S2, were evaluated using
CE-LIF to verify the concept of aptamer selection based on MEF. As shown in Figure 6,
5′-FITC-labeled S1 or S2 (FITC-S1, FITC-S2) was detected as a single peak with strong
intensity at 100 s. When FITC-S1 or FITC-S2 was mixed with IgE, the signal of each aptamer
candidate disappeared, and new peaks were observed at a detection time of 570 s. These
results indicate that almost all free FITC-S1 and FITC-S2 were bound to IgE, resulting in
the variation of electrophoretic mobility by complex formation. Focusing on the shapes
of the newly appeared peaks of the complexes in Figure 6a,b, two clearly separated small
signals were observed in the cases of the mixture of FITC-S1 or FITC-S2 and IgE. These
results suggest that one or two molecules of S1 or S2 can bind to similar structures in
IgE, such as Fab fragments. In addition, the peak areas of these signals were smaller than
those of the free FITC-S1 or FITC-S2. The decrease in the total peak area may be due to
the interaction of labeled FITC with aromatic amino acids. However, the fundamental
reasons for the variations in both the peak shapes and areas were not elucidated in this
study, which made it difficult to evaluate the dissociation constants of S1 and S2 under
experimental conditions. Experiments using non-equilibrium capillary electrophoresis of
equilibrium mixtures (NECEEM) experiments were conducted to evaluate the binding
ability of S1 or S2 to IgE. Based on the results of these experiments, the KD values of S1
and S2 were estimated to be 0.83 and 1.55 nM, respectively (see Supporting Information).
This indicated that the selected aptamer candidates, S1 and S2, exhibited strong binding
abilities to IgE. Mixtures of FITC-S1 or FITC-S2 and IgG or BSA were also analyzed by
CE-LIF to evaluate the specificity of S1 and S2. No significant changes were observed in
the electropherograms compared to those obtained by injecting FITC-S1 or FITC-S2 alone
(Figure 6). These results indicate that S1 and S2 exhibited specificity to IgE; at least there
were no noticeable interactions with IgG or BSA. Consequently, the aptamer candidates
selected by the proposed method exhibited both a strong binding ability and specificity
to IgE.
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3. Materials and Methods
3.1. Chemical Reagents

IgE purified from human myeloma was purchased from Athens Research & Technol-
ogy, Inc. (Athens, GA, USA). NaOH was obtained from Kanto Chemical Co., Inc. (Tokyo,
Japan). A prepolymer solution containing 30% (w/w) acrylamide (AAm)/bis-acrylamide so-
lution (bis-AAm) (AAm:bis-AAm = 37.5:1) and IgG from human serum was purchased from
Sigma-Aldrich (St. Louis, MO, USA). The reagents included in the polymerase and dNTPs
(KAPA HiFi HS ReadyMix) were purchased from Nippon Genetics Co., Ltd. (Tokyo, Japan).
Hydrochloric acid, SDS and 2-amino-2-hydroxymethyl-1,3-propanediol were purchased
from FUJIFILM Wako Pure Chemical Corporation (Osaka, Japan). The reagents, 2-hydroxy-
2-methylpropiophenone (HOMPP) and 3-(trimethoxysilyl)propyl methacrylate, were pur-
chased from Tokyo Chemical Industry (Tokyo, Japan). Xpress Micro Dialyzer MD300 was
purchased from Scienove GmbH (Jena, Germany). VB-G25Slide-A-Lyzer dialysis cassettes
(2 K MWCO, 0.5 mL) were obtained from Thermo Fisher Scientific Inc. (Waltham, MA, USA).
Sodium chloride (NaCl) was obtained from Nacalai Tesque, Inc. (Kyoto, Japan). The HiLyte
FluorTM 555 Labeling Kit-NH2 was purchased from Cosmo Bio Co., Ltd. (Tokyo, Japan).
The PCR clean-up kit was purchased from Takara Bio, Inc. (Shiga, Japan). A DNA library of
random sequences and fluorescently labeled IgE aptamers reported by Shuan et al. (5′-FITC-
GACTACCCGGGTATCTAATCCTGAAACATAGCATATTTACTTATGTCGCCTTGCCGGT-
TCTGCTGCCGCCCGTAGG-3′, KD = 23 ± 12 nM) was synthesized by Tsukuba Oligo
Service Co., Inc. (Ibaraki, Japan). Forward and reverse primers for sequencing and forward
and reverse primers for selection were synthesized by BEX Co., Ltd. (Aichi, Japan) and are
listed in Table S1. Deionized water (18 × 107 S/cm) was prepared using a Milli-Q system
(direct-Q UV 3; Merck, KGaA, Darmstadt, Germany).

3.2. Apparatus

A fluorescence microscope (VB-S20; Keyence Corp., Osaka, Japan) equipped with a
light setup (120 W) (VB-L10; Keyence Corp., Osaka, Japan) and a battery (PA250-0.25B;
TEXIO Corp., Kanagawa, Japan) was used to observe the fluorescence of the labeled
IgE and DNAs in the capillary. A mask aligner (250 W) (UV-CL251S; San-Ei Electric,
Osaka, Japan) was used for photopolymerization of the hydrogel. The thermal cycler
(TurboCycler) was purchased from Blue-Ray Biotech Corp. (Xindian, Taiwan). A capillary
electrophoresis apparatus equipped with a laser-induced fluorescence detector (CE-LIF)
(PA800 plus; AB SCIEX LLC, Framingham, MA, USA) was used to evaluate the affinities of
the aptamer candidates.

3.3. Fabrication of Electrophoresis Device for Aptamer Selection

The preparation of the hydrogel-plugged capillary is described in a previous study [33].
Briefly, a glass capillary (Drummond Scientific Company, Broomall, PA, USA) was cut
into 2 cm pieces, and their inner surfaces were activated by sinking them in 0.1 M NaOH
solution for 30 min. After washing the capillaries with deionized water and drying them,
the inner surface of the capillary was modified by sinking in a solution mixed with 3-
(triethoxysilyl)propyl methacrylate and 100 mM HCl (4:1, v/v) for 3 h. After the modifi-
cation and washing of the remaining solutions, the modified capillary was dried using a
vacuum pump.

To prepare a capillary partially filled with a hydrogel, a 0.2 µL prepolymer solution
(50 mM Tris-HCl buffer (pH 9.0) containing 15 wt% AAm/bis-AAm and 1 vol% HOMPP)
was introduced into the modified capillary, and the solution was moved to the central part
of the capillary by pneumatic pressure using a micropipette. After forming the hydrogel
(length: ~2 mm) by UV light irradiation for 2 min, the hollow parts of the capillary were
filled with 10 mM Tris-HCl buffer (pH 9.0) as a background solution. In the experiments, a
capillary with an inner diameter of 500 or 350 µm was used for the measurements. A thicker
capillary was used to observe electrophoretic migration and the filtration of fluorescently
labeled proteins and DNA. A narrower one was used for the selection of aptamers to
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suppress Joule heating during the experiments. As disposable reservoirs, contact holes
were punched into the flat top and curved side surfaces of the sampling tubes (650 µL). The
fluidic adapter was made of a silicon elastomer (Fukoku Bussan Co., Ltd. Tokyo, Japan) and
was attached to the flat top of the disposable reservoirs to suppress solution leakage. The
capillary was connected to the reservoirs via connectors, and then each platinum electrode
was inserted into the connecting hole located on the curved side surface of the reservoirs.
To prevent misalignment during the experiments, the assembled devices were placed on a
jig fabricated using a 3D printer (Figure S2).

3.4. Confirmation of Electrophoretic Filtration of Target Molecules

To confirm the trapping of target molecules by microscale electrophoretic filtration,
IgG (MW, approximately 150 kDa) was used as a model protein instead of the rare and
expensive IgE (MW, approximately 190 kDa). IgG was fluorescently labeled using a HiLyte
FluorTM 555 labeling kit according to a previous work [33].

After labeling, a fluorescently labeled IgG (F-IgG) solution was prepared with a
10 mM background solution (pH 9.0). The cathodic/anodic reservoirs were filled with a
buffer solution with or without F-IgG. F-IgG was then electrokinetically introduced into
the hydrogel-plugged capillary by applying a voltage of 100 V for 30 min. The fluores-
cence near the upstream interface of the hydrogel plug was observed using a fluorescence
microscope equipped with excitation/emission filters (RFP for excitation, 540 ± 25 nm;
RFP for emission, >572 nm). The fluorescence intensity was calculated from the obtained
fluorescence images using the ImageJ software (NIH, Bethesda, MD, USA) (Figure S1a).

3.5. Confirming the Interaction of DNAs with IgG

To confirm the interaction of DNAs with the target molecules trapped near the hy-
drogel, IgG and 5′-fluorescein isothiocyanate-labeled random DNAs (FITC-DNAs) were
employed as model samples. After the electrokinetic injection of 100 nM IgG at a voltage
of 100 V for 30 min, the cathodic reservoir was replaced with that filled with background
solution, and a voltage of 100 V was added for 5 min to focus the IgG remaining in the
IgG-trapped capillary. During the electrokinetic injection of 10 nM FITC-DNA by applying
100 V for 30 min (binding step), fluorescence near the hydrogel interface was monitored
using a fluorescence microscope. After exchanging the anodic and cathodic reservoirs
containing the background solution, a washing voltage of 100 V was applied for 30 min (the
washing step). During the washing step, fluorescence from F-DNA was observed at the
upstream interface of the capillary. Fluorescence imaging during the binding and washing
steps was performed using a microscope equipped with filters (GFP-B: 470± 40 nm; GFP-B:
>535 ± 50 nm). The fluorescence intensities were also evaluated using ImageJ software.

3.6. Evaluation of Effects of Additives on DNA Binding

To assess the effects of the additives in the washing solutions on the interactions
between DNAs and IgG, washing solutions containing various concentrations of NaCl (0,
5, 25, 50, and 100 mM) or SDS (0, 0.5, 0.8, and 1 mM) were prepared to control the electro-
static and hydrophobic interactions on complexation, respectively. After the electrokinetic
injection of 10 or 20 nM FITC-DNAs into the IgG-trapped capillary, as described above,
both reservoirs were exchanged with those filled with the washing solution containing the
additives. The fluorescence imaging and estimation of the fluorescence intensity were the
same as described in the previous section.

3.7. Confirmation of Binding DNA with IgE

The target protein solutions containing IgE were prepared by diluting commercially
available IgE solution (1550 µg/mL) with 10 mM Tris-HCl buffer solution (pH 9.0). FITC-
labeled IgE aptamer solution (FITC-IgE-Apt, 10 nM) was prepared with 10 mM Tris-HCl
buffer solution (pH 9.0). Under the experimental conditions, it was confirmed that the IgE
aptamer could specifically bind to IgE by CE-LIF (Figure S3). Each solution with a different
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concentration of IgE (0.0, 1.0, 1.5, and 2.0 µg/mL) was electrokinetically introduced into
each capillary by applying voltages of 100 V for 30 min, resulting in the focusing of IgE
onto the upstream interface of each hydrogel. After washing with the background buffer
solution for 5 min, the cathodic reservoir was exchanged with that containing FITC-IgE-Apt
solution. FITC-IgE-Apt was then introduced into the capillary by applying a voltage of
100 V for 30 min. A washing solution (10 mM Tris HCl (pH 9.0) containing 20 mM NaCl)
was employed in the washing step. After the washing step, FITC-IgE-Apt was eluted using
an eluent (10 mM Tris HCl (pH 9.0) containing 50 mM NaCl). Among the above processes,
fluorescence by FITC-IgE-Apt was observed and evaluated, as described in the experiment
using F-DNAs.

3.8. Selection of IgE Aptamer Candidates by the Proposed Method

For the selection of aptamer candidates against IgE, 2.0 µg/mL IgE was prepared with
the background solution to increase the amount of bound DNAs. A solution containing
DNAs with successive 40 random sequences between the forward and reverse primer
regions was selected as the library solution. The reagent (10 nM) was prepared with a
10 mM background solution containing 50 mM NaCl without any fluorescent labeling. In
the washing step, anodic and cathodic reservoirs filled with 10 mM Tris-HCl buffer solution
(pH 9.0) containing 100 mM NaCl and 1 mM SDS were employed to eliminate unbound
or weakly bound DNAs by reducing both electrostatic and hydrophobic interactions,
respectively. In the elution step, the anodic and cathodic reservoirs filled with 10 mM
Tris-HCl buffer solution (pH 9.0) containing 300 mM NaCl and 1 mM SDS were employed
for the elution of the strongly bound DNAs to collect the potential aptamer candidates. The
other experimental conditions were identical to those described above.

3.9. Amplification of DNAs for IgE Aptamer Candidates and Sequence Analysis

As shown in Scheme 1, PCR amplification of the eluted DNAs and purification of the
amplified products were performed to enrich the aptamer candidates with strong binding.
Briefly, the PCR solution was prepared by mixing the eluent (2.5 µL), 2 × KAPA HiFi HS
ReadyMix (12.5 µL), 1 µM solution of reverse primer for selection (5 µL), and 1 µM solution
of forward primer for selection (5 µL). PCR tubes containing the mixed solutions were
placed on a thermal cycler. After the first heating step at 95 ◦C for 3 min, PCR amplification
was conducted by repeating the following steps: denaturation at 95 ◦C for 30 s, annealing at
60 ◦C for 30 s, and extension at 72 ◦C for 10 s. These steps were repeated for 25 cycles, and
unreacted sequences were extended completely at 72 ◦C for 5 min. After PCR amplification,
the solution containing the PCR products was purified using a PCR clean-up kit, resulting
in the first generation of purified PCR products (1st product). Then, the 1st products
solutions were amplified and purified again to increase the amount of the next-generation
library required for the proposed selection protocol, providing a second generation of
the library (2nd library) solution. As shown in Scheme 1, the 2nd products, 3rd libraries,
and 3rd products were also obtained by repeating the described cycle, including selection,
amplification, and purification. In each cycle, gel electrophoresis of the PCR products was
performed using planar agarose gels (3% (w/v)) to confirm the appropriate amplification.
Additionally, each generation of the products was amplified as per the described PCR
protocol by using the forward and reverse primers for sequencing instead of those for the
selection, resulting in the 1st, 2nd, and 3rd samples for NGS.

3.10. Evaluation of the Sequences and Affinity of the Obtained Aptamer Candidates

After preparation of the 1st, 2nd, and 3rd samples, NGS was performed using the
Miseq system (Illumina, San Diego, CA, USA) for common use within the Osaka Metropoli-
tan University. The NGS data were analyzed using AptamCORE software to list the
aptamer candidates.

To evaluate the binding affinity of the aptamer candidates targeting IgE, listed in
Table 1 (S1 and S2), CE-LIF analyses of the fluorescently labeled aptamer candidates were
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performed. A fused silica capillary (total length: 30.2 cm, effective separation length:
20.0 cm) was used for the analyses. The solutions of the FITC-labeled IgE aptamer can-
didates, FITC-S1 and FITC-S2, were prepared and mixed with solutions of IgE, IgG, or
BSA in 10 mM Tris-HCl buffer solution (pH 9.0). The final concentration of FITC-S1 and
FITC-S2 was 10 nM, whereas those of the proteins were 0 (not added) or 100 nM. Before the
analyses, 1 M NaOH solution was introduced at a pressure of 20 psi for 3 min to refresh
the inner surface of the capillary, and deionized water was then introduced to remove the
NaOH solution at a pressure of 20 psi for 3 min. The capillary was then filled with 10 mM
Tris-HCl buffer solution (pH 9.0) by applying a pressure of 20 psi for 1 min to precondition
the capillary. After preconditioning, each sample solution was injected into the capillary
at a pressure of 0.5 psi for 8 s. Both ends of the capillary were inserted into the anodic
and cathodic reservoirs containing the background solution, and a separation voltage of
15 kV was applied to the capillary via the reservoir solutions. The fluorescence of the
free candidates or complexes was observed at the detection point, revealing their affinity
for IgE.

4. Discussion

In the proposed method, only three cycles were required for selection, which was less
than that obtained by the conventional method using IgE-immobilized beads [36]. Although
the number of cycles was comparable to that using capillary electrophoresis [29], CE-based
selection requires a much more expensive apparatus and sophisticated knowledge and
expertise, whereas the proposed method can be conducted using inexpensive apparatus
and disposable devices with simple experimental procedures. Thus, the proposed method
is expected to become an ideal tool for the establishment of aptamers that target the desired
molecules for capture using a hydrogel.

5. Conclusions

In this study, a novel method for aptamer selection based on microscale electrophoretic
filtration was developed. The basic concept of the proposed method was confirmed by
using IgG and IgE as model targets. The target molecules were successfully trapped by
the sieving effect of the plugged hydrogel, which overcame the issues in SELEX using
target-immobilized beads. It was also confirmed that the interaction between DNAs and
the trapped targets could be controlled by the electrokinetic injection of the DNA library.
Online mixing due to fast electrophoresis allowed tuning of the experimental conditions
without labor-intensive premixing, which is generally required for conventional SELEX
methods owing to slow molecular diffusion. Additionally, the efficiency of the binding
was expected to improve because the non-binding DNAs were immediately removed from
the interface, trapping the target molecules by electrophoresis. Furthermore, the amount
of DNAs that interact with target molecules could be easily increased by extending the
injection time.

In the washing step, weakly and moderately bound DNAs could be easily eliminated
by tuning the washing solution containing additives. Thus, only the DNAs that can survive
during the washing step can be obtained in the elution step, which enhances the quality
of the aptamer selection based on the proposed method in each cycle for selection. After
three cycles for selecting the IgE aptamer, two types of DNAs with different sequences, S1
and S2, were selectively enriched as aptamer candidates. Both aptamers were found to be
specific for IgE and to strongly interact with it, with KD values around 1 nM. These findings
establish the validity of the proposed method. Compared to other reports, the proposed
method provides not only an effective selection of aptamers but also simple experimental
procedures using disposable and cheap devices. However, the inner diameter of the
capillary (350 µm) was larger than that of the conventional CE-SELEX (50 µm). Thus, the
electrophoretic migration of the molecules in the developed device was slower owing to the
lower applicable voltage, requiring a short time for binding, washing, and elution for 30 min.
In addition, the higher electric current caused Joule heating and electrolysis, such that large-
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volume reservoirs (500 µL) had to be used to reduce their effects. Although issues remain
and the proposed method is not yet ideal for aptamer selection, these can be overcome
easily by integrating the proposed method on a microfluidic chip. Aptamer selection using
a microfluidic device integrating MEF will simplify the experimental procedure, reduce
the consumption of reagents, and shorten the total time, which will also facilitate the
improvement of the specificity of the selected aptamer by further integration to connect the
negative selection device, as previously reported.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/molecules27185818/s1, Table S1: The sequences of the primers and
the library which used with measurements., Figure S1: Confirmation of the trapping IgG., Figure S2:
Photographs of the experimental setup., Figure S3: Analysis of the affinity of the IgE aptamer for
IgE in 10 mM Tris-HCl buffer solution (pH 9.0) using CE-LIF. Section SI1: Calculating LOD for S1 on
electropherogram results. Section SI2: Evaluation of the binding ability of the aptamer candidates
using nonequilibrium capillary electrophoresis of equilibrium mixtures (NECEEM) experiments [37].
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Abstract: Histamine produced via the secretion of histidine decarboxylase by the bacteria in fish
muscles is a toxic biogenic amine and of significant concern in food hygiene, since a high intake can
cause poisoning in humans. This study proposed a fluorometric and colorimetric dual-mode specific
method for the detection of histamine in fish, based on the fluorescence labeling of a histamine
specific aptamer via the quenching and optical properties of gold nanoparticles (AuNPs). Due to
the fluorescence resonance energy transfer phenomenon caused by the proximity of AuNPs and
NaYF4:Ce/Tb, resulting in the quenching of the fluorescence signal in the detection system, the
presence of histamine will compete with AuNPs to capture the aptamer and release it from the
AuNP surface, inducing fluorescence recovery. Meanwhile, the combined detection of the two modes
showed good linearity with histamine concentration, the linear detection range of the dual-mode
synthesis was 0.2–1.0 µmol/L, with a detection limit of 4.57 nmol/L. Thus, this method has good
selectivity and was successfully applied to the detection of histamine in fish foodstuffs with the re-
coveries of 83.39~102.027% and 82.19~105.94% for Trichiurus haumela and Thamnaconus septentrionalis,
respectively. In addition, this method was shown to be simple, rapid, and easy to conduct. Through
the mutual verification and combined use of the two modes, a highly sensitive, rapid, and accurate
dual-mode detection method for the analysis of histamine content in food was established, thereby
providing a reference for the monitoring of food freshness.

Keywords: histamine; time-resolved fluorescence; aptamer; colormetric; dual-mode detection

1. Introduction

As a heterocyclic biogenic amine produced by histidine under the action of decarboxy-
lase, histamine is commonly found in dark meat and fish products containing Morganella
morganii and Photobacterium phosphoreum [1–3]. Since it is highly toxic, histamine con-
tent is often used as an important index to evaluate the degree of food spoilage. Studies
have proven that histamine is a potential precursor of carcinogenic N-nitroso compounds,
and the excessive intake of food containing histamine can cause symptoms of poisoning
such as conjunctivitis, dizziness, nausea, chest tightness, and in cases of severe reaction,
even death [1,4]. Consequently, numerous countries have prescribed limits to the per-
missible content of histamine, depending on the specific characteristics of the food type.
The United States Food and Drug Administration (FDA), for example, stipulates that the
histamine content in fish should not exceed 50 mg/kg, while the European Food Safety Au-
thority (EFSA) prescribes a histamine content limit of 100–200 mg/kg in fresh fish products.
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China’s food safety supervision and management department has set the limit of histamine
including high histamine fish, which is not permitted to exceed 400 mg/kg, while in other
sea fish, it may not exceed 200 mg/kg [5]. With the development of the foreign trade of
aquatic products in China, along with the focus on improving the quality of life, food safety
has gained increased attention including an awareness that the development of a sensitive
and rapid technology to detect food histamine is crucial to ensure food safety.

Current histamine detection methods traditionally involve high performance liq-
uid chromatography [6,7], capillary electrophoresis technology [8,9], enzyme-linked im-
munosorbent assay technology [1], and electrochemical sensing technology [10,11], among
others. Although these methods do have the advantages of high sensitivity and accuracy,
they also have some disadvantages such as expensive chromatographic equipment, long
detection cycles, and relatively complex operation, which are not suitable for rapid de-
tection in the field; electrophoretic techniques and enzyme-linked immunosorbent assays
(ELISA) have limitations in detection volume and operational techniques and time. The
portability of rapidly evolving electrochemical instruments has been applied to rapid de-
tection in the field, but their limited temperature range and lifetime limit the popularity
of electrochemical sensing techniques. The more recently developed aptamer, a type of
biological molecular probe produced through a process of artificial ligand screening called
the systematic evolution of ligands by exponential enrichment (SELEX) from a single-
stranded oligonucleotide with a high affinity and specificity to target molecules, has been
shown to have excellent potential as an alternative to antibodies [12,13]. Aptamers are
currently widely used in the field of food safety detection. Sharma et al. [14] developed
an aptamer assay for aflatoxin B1 (AFB1) and ochratoxin A (OTA). The developed assay
platform showed high specificity and was practically applied in the detection of milk
samples. Huang et al. [15] selected and characterized an aptamer against Streptococcus
pyogenes and developed an aptamer-based fluorescent detection method for Streptococcus
pyogenes in cooked chickens. AuNPs have attracted extensive attention in the field of
chemical and biosensing because of their surface plasmon resonance, which can quickly
respond to and mediate colorimetric signals [5]. Lerga et al. [16,17] used SELEX (Systematic
Evolution of Ligands by Exponential Enrichment) technology to screen and obtain the
histamine aptamer H2 and constructed a colorimetric detection method based on AuNPs
in order to realize the detection of histamine in saliva, urine, blood, and food extracts.

Time-resolved fluorescence is a common detection method that uses lanthanide label-
ing to identify target molecules, monitors the deactivation process of excited molecules in
the form of light radiation, and uses time-resolved technology to resolve signals, thereby
realizing the microscopic dynamic analysis of molecules [18]. This technology avoids the
background interference caused by sample autofluorescence, has the advantages of high
sensitivity and easy operation, and plays an important role in food processing, food detec-
tion, and food composition analysis, among other fields [19–21]. In recent years, the visual
and rapid detection by AuNPs based on their aggregation effect has been increasingly
reported, and has been applied in fields ranging from food safety and life science analysis to
cancer diagnosis and treatment. In our previous work, the time-resolved fluorescent nano-
material NaYF4:Ce/Tb was synthesized using the one-step solvothermal method, followed
by the successful construction of a time-resolved fluorescence-sensitive nanoprobe via the
addition of aptamers to its surface [22]. However, fluorescence/colorimetric dual-mode
detection technology based on AuNPs has thus far not been reported and, hence, this
study aimed to establish a time-resolved fluorescence/colorimetric dual-mode detection
method for histamine based on the multiple optical effects of AuNPs. This approach not
only utilizes the high sensitivity of fluorescence analysis, but also the colorimetric detection
advantages of simple operation and rapid reaction. Moreover, compared with the single
detection mode, dual-mode detection has been shown to have higher sensitivity, a wider
range of detection, and a faster detection speed, thereby providing a new mode of technical
support for the rapid and accurate detection of histamine content in aquatic products.
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2. Results
2.1. Feasibility of Fluorometric and Colorimetric Dual-Mode Detection of Histamine

The fluorescence results and UV–Vis absorption spectra of the histamine were used
to verify the feasibility of the novel sensing strategy [23,24]. As shown in Figure 1a, the
Aptamer@NaYF4:Ce/Tb exhibited a high initial fluorescence value. In the blank sample
without histamine, the probe was adsorbed on the surface of the AuNPs. Due to the fluo-
rescence resonance energy transfer, the fluorescence of the Aptamer@NaYF4:Ce/Tb was
quenched, thereby greatly reducing the fluorescence signal of the reaction system. How-
ever, in the presence of histamine, the Aptamer@NaYF4:Ce/Tb bonded to the histamine,
undergoing conformational change, and then fell away from the surface of the AuNPs,
whereafter the fluorescence intensity was significantly increased.
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Figure 1. (a) Fluorescence signal of the histamine aptamer in different systems. (b) The UV–Visible
absorption spectrogram of detection principle feasibility (histamine concentration of 10 µmol/L).
(c) Colorimetric results of different histamine concentrations in the same volume of AuNP solution at the
same aptamer concentration (from left to right histamine concentrations in the order of 0.2–1.0 µmol/L).
(d) Colorimetric results of histamine at 2.0 µmol/L concentration in solutions with different aptamer
concentrations and AuNPs (from left to right aptamer concentration of 20–100 nmol/L).

In Figure 1b, the characteristic surface plasmon resonance (SPR) peak band of the
pure AuNP solution could be observed at approximately 540 nm. Compared with the
pure AuNP solution, the AuNP solution adsorbed with the aptamer showed basically
no change in the position of the peak band, absorbance and color (which remained red),
as shown in Figure 1c. However, after the addition of histamine, the color of the AuNP
solution changed from red to blue-gray, and a strong absorption peak appeared at 640 nm,
indicating the serious aggregation of the AuNPs (Figure 1b). Furthermore, the surface of
the AuNPs adsorbed with the aptamer exhibited a red shift at 540 nm, and the absorption
peak at 640 nm was slightly increased, implying that the aptamer could protect the AuNPs
from aggregation while, at the same time, the histamine could replace citrate ions on the
surface of the AuNPs through the imidazole ring, leading to partial aggregation [25,26].
In conclusion, these two effects are clear indications that the dual-mode detection method
based on the AuNP aptamer is feasible.

2.2. Optimization of Dual-Mode Sensing System
2.2.1. Optimization of Aptamer Concentration

In this experiment, different concentrations of inducer were added to 180 µL of AuNPs
and incubated for 30 min at 25 ◦C, and then 2.0 µmol/L of histamine was added to observe
the change in colorimetric signal. The results are shown in Figure 1d, and it can be seen
that the absorption value of the AuNP solution and the corresponding color change of the
solution were not obvious with the increase in the inducer concentration, indicating that the
aggregation effect of histamine on the AuNPs was relatively weak. When the concentration
of the inducer was greater than 40 nmol/L, histamine had no aggregation effect on AuNPs
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and the color was no longer gray, confirming the protective effect of the inducer on AuNPs,
and partial histamine was needed to induce the aggregation of AuNPs for colorimetric
detection. Meanwhile, the effect of different concentrations of Aptamer@NaYF4:Ce/Tb
on the fluorescence recovery of AuNPs was measured using a microplate reader. As can
be seen in Figure 2a, the fluorescence recovery value (∆F) gradually decreased as the
concentration of Ap-tamer@NaYF4:Ce/Tb increased with the same amount of AuNPs and
histamine involved in changing the fluorescence intensity of the substance. When the
inducer concentration was 40 nmol/L, ∆F reached a maximum value, and then decreased
and stabilized. Therefore, based on the combined results of these two methods, the inducer
concentration of 40 nmol/L was selected as the optimal dose concentration.
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2.2.2. Optimization of Reaction Time

The effects of different incubation times on the fluorescence recovery of the detection
system after the addition of histamine were investigated. The results are presented in
Figure 2b, in which it can be seen that with the addition of histamine, the fluorescence
recovery value gradually increased as the reaction time extended. When the period of
reaction reached 40 min, the fluorescence recovery value reached its maximum and sub-
sequently stabilized, indicating that a stable fluorescence signal could be obtained after
40 min incubation with histamine.

2.3. Establishment of Fluorometric/Colorimetric Dual-Mode Method for Detection of Histamine

Based on the preliminary optimization experiments, two detection methods, the
fluorescence method and colorimetric method, were used to detect histamine, and the rela-
tionship between fluorescence recovery and absorbance ratio and histamine concentration
were obtained, respectively. The detection results were synthesized according to Equation
(1) [27], as shown in Figure 3, with a linear range of 0.2–1.0 µmol/L, a correlation coefficient
of R = 0.9996, a linear regression equation of Y = 841376X−1592, and a detection limit of
4.57 nmol/L.

K =
∆F

A640/A540
(1)
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Figure 3. Fluorescence colorimetric dual-mode integrated value (K) and histamine concentration.
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2.4. Precision Analysis of the Measurement Results

Precision is a general term indicating the precision of the measurement methods and
results. Herein, the precision of the measurement method is denoted by the relative standard
deviation of the sample (the ratio of sample standard deviation S to the sample mean x)
with the symbol RSD (relative standard deviation of the sample) = S/x. According to the
experimental method described in Section 3.4.5, the results are shown in Tables 1 and 2.

Table 1. Precision analysis of the fluorometric (∆F) determination results.

Histamine
Concentration

(µmol)
Measurement Results (n = 3) (105) ¯

x (105) S (105) RSD/%

0 0 0 0 0 0 0
0.2 2.0 2.1 2.2 2.2 7.5 3.4
0.4 3.3 3.4 3.6 3.5 9.7 2.7
0.6 5.1 5.0 5.3 5.2 2.0 3.8
0.8 6.5 6.7 6.6 6.7 9.1 1.4
1.0 8.3 8.1 8.4 8.2 2.1 2.6

Table 2. Precision analysis of the absorbance value (A) determination results.

Histamine
Concentration

(µmol)
Measurement Results (n = 3) ¯

x S (10−3) RSD/%

0 0.50 0.49 0.50 0.49 9.1 1.8
0.2 0.58 0.56 0.59 0.58 16.4 2.8
0.4 0.64 0.65 0.66 0.65 0.4 0.1
0.6 0.73 0.73 0.75 0.74 16.8 2.2
0.8 0.81 0.85 0.87 0.86 14.1 1.6
1.0 0.87 0.87 0.89 0.88 7.8 0.8

The results showed that the precision range of the fluorometric recovery value was
1.4–3.8%, while the precision of the UV absorbance value was 0.1–2.8%, indicating that the
precision, stability, and repeatability of the method were good.

2.5. Analysis of Specificity

Muscle tissue usually contains a large amount of free histidine, which, under certain
conditions, is converted into histamine under the action of decarboxylase. In order to fur-
ther verify the specificity and selectivity of this method, dimethylamine, trimethylamine,
β-phenylethylamine, ethylenediamine, spermidine, tryptamine, and other histamine analogs
(all with concentrations of 10 µmol/L) were selected for the specificity test. As can be
seen from the experimental results presented in Figure 4, dimethylamine, trimethylamine,
β-phenylethylamine, ethylenediamine, spermidine, and tryptamine produced no notable
signal value, while the relative fluorescence intensities of histamine and histidine, dead amine
and spermine were 1.75%, 7.31%, and 56.22% of the histamine, respectively. These results not
only indicate that the method has good selectivity, but also that the presence and interference
of spermine in the detection system should be avoided.
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Figure 4. Specificity evaluation of the detection system based on the K signal value.

2.6. Comparison with Other Methods

Table 3 lists the detection effects of different histamine detection methods, wherein it
can be seen that the detection limit of the dual-mode method constructed by this method
was 4.57 nmol/L, with a linear range of 0.2–1.0 µmol/L. Furthermore, compared with both
the single fluorescence method and the colorimetric method, it showed a higher degree of
sensitivity. Thus, in comparison with other methods, the proposed method was found to
have a wider linear range and higher detection sensitivity.

Table 3. Comparison of different histamine detection methods.

Methods Linear Range Detection Limit Reference

Indirect competitive ELISA method 20~1350 µmol/L 4500 nmol/L [28]
Non-enzymatic unmodified

graphene electrode based method 40~900 µmol/L 5580 nmol/L [29]

Molecularly imprinted
polymer-based fluorescence assay 1.8~44.98 µmol/L 1800 nmol/L [30]

Plasmonic nanoparticle-based
surface plasmon resonance

electrochemiluminescence of
polyacid-bipyridyl ruthenium

1~1000 µmol/L 100 nmol/L [31]

Colorimetric 0.2~1.0 µmol/L 69.37 nmol/L This work
Fluorescence 0.2~1.0 µmol/L 9.21 nmol/L This work

Dual mode (K-value) 0.2~1.0 µmol/L 4.57 nmol/L This work

2.7. Sample Detection Analysis and Recovery Experiment

According to the national standard method (high performance liquid chromatogra-
phy, HPLC) and the histamine detection experiment described by Huang et al. [32], the
standard curve of correlation between the peak area and histamine concentration was
Y = 30.09031X + 20.09641, based on a series of standard samples (histamine standard with
gradient concentrations of 1–50 mg/L), while the detection limit of the national standard
method was 0.0370 mg/kg. Based on the same series of samples, the concentrations of
histamine in Trichiurus haumela and Thamnaconus septentrionalis determined by the national
standard method were 0.0696 mg/kg and 0.0466 mg/kg, respectively, while the concentra-
tions of histamine in the Trichiurus haumela and Thamnaconus septentrionalis determined by
the repeatability condition were 0.07395 mg/kg and 0.0485 mg/kg, respectively. The abso-
lute difference between the two independent measurements was not more than 10% of the
arithmetic mean value, indicating that the national standard method had good precision. The
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concentrations of histamine detected by aptamer identification time-resolved fluorescence
resonance energy transfer were 0.0720 mg/kg and 0.0508 mg/kg, respectively. For the same
sample, the absolute difference between the two independent determination results under
the condition of repeatability did not exceed 10% of the arithmetic mean value, and the two
methods had a good correlation.

In order to evaluate the practical application of this method, real samples of Trichiurus haumela
and Thamnaconus septentrionalis were collected for the experiment. The detection results are shown
in Table 4. At the concentration of 0–10 mol/L, the recovery rates of the Trichiurus haumela and
Thamnaconus septentrionalis samples were 83.41–101.94% and 82.24–105.92%, respectively. These
results indicate that the dual-mode detection system developed in this study has a good recovery
rate and can be used to detect histamine in Trichiurus haumela and Thamnaconus septentrionalis.

Table 4. Recovery rate of the fish samples.

Samples Amount Added (µmol) Detection Amount Recovery (%)

Trichiurus haumela

0 - 0
0.2 0.166 ± 0.003 83.41 ± 0.016
0.4 0.371 ± 0.021 92.87 ± 0.051
0.6 0.564 ± 0.044 94.02 ± 0.072
0.8 0.816 ± 0.070 101.94 ± 0.087
1.0 0.949 ± 0.069 94.98 ± 0.068

Thamnaconus septentrionalis

0 0.075 ± 0.0138 -
0.2 0.164 ± 0.010 82.24 ± 0.047
0.4 0.389 ± 0.005 97.41 ± 0.012
0.6 0.636 ± 0.010 105.92 ± 0.017
0.8 0.759 ± 0.30 94.97 ± 0.036
1.0 0.919 ± 0.04 91.88 ± 0.040

Although high performance liquid chromatography has high reproducibility, good
sensitivity, and column efficiency, it requires pretreatment such as the derivatization of
histamine, which is not conducive to rapid detection in situ. Based on aptamer identifi-
cation time-resolved fluorescence resonance energy transfer, this experiment determined
histamine simply and quickly. Moreover, this experiment verified that the performance in-
dices met the requirements, the comparison results with the reference method GB 5009.208–
2016 were satisfactory, and the established method was feasible and can be used for the
determination of the histamine residue in the actual samples.

3. Materials and Methods
3.1. Materials and Reagents

Avidin, ampicillin sodium salt, Y(NO3)3 •6H2O, Ce(NO3)3 •6H2O, Tb(NO3)3 •5H2O were
purchased from Sigma Aldrich (Shanghai, China) Trading Co., Ltd.; O-phosphorylethanolamine
(AEP) was purchased from Tishi (Shanghai, China) Chemical Industrial Development Co., Ltd.;
HAuCl4•4H2O (purity ≥ 99.9%) was purchased from Shanghai Aladdin Biochemical Tech-
nology Co., Ltd.; ethylene glycol solution containing appropriate amounts of NH4F, ethylene
glycol, pentanediol (25% in v/v), HCl, NaCl, trisodium citrate (Na3C6H5O7•2H2O), Sinopharm
Chemical Reagent Co. histamine (HTA), dimethylamine (DMA), trimethylamine (TMA),
β-phenylethylamine (β-PA), ethylenediamine (ELA), spermidine (SMD), and tryptamine (TPA)
were purchased from Shanghai Maclean Biochemical Technology Co., Ltd.; ultrapure water
prepared by a Milli Direct-Q water purification system (Millipore Corp., Bedford, MA, USA)
was used in all experiments (18.2 MΩ•cm); Trichiurus haumela and Thamnaconus septentrionalis
(local supermarket).

The biotin-modified histamine aptamer sequence (5′-AGCTCCAGAAGATAAATTACAG
GGAACGTGTTGGTGCGGTTCTTCCGATCTGCTGTTCTCTCTATCTGTGCCAT GCAAC
TAGGATACTATGACCCCGG-3′) was synthesized by Bioengineering Ltd. (Shanghai, China)
and purified by high performance liquid chromatography.
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3.2. Instruments and Equipment

The following instruments and equipment were used in the analysis: A laser particle
size meter (ZSN3600), Malvern Instruments Ltd., Malvern, UK; fluorescence spectrometer
(FLUOROMAX-4CP), HORIBA Corporation, Irvine, CA, USA; double beam ultraviolet
spectrophotometer (SDPTOPUV2800PC), Shanghai Sunyu Hengping Scientific Instruments
Co., Ltd. (Shanghai, China); small high-speed centrifuge (5424), Eppendorf AG, Hamburg,
Germany; vacuum drying oven (BZF-50), Shanghai Boxun Industrial Co., Ltd., Shanghai,
China; pure/ultrapure water all-in-one machine (Direct-Q), Millipore Corporation, Burling-
ton, MA, USA; and JEM-2100 high-resolution transmission electron microscope (Nippon
Electron Co., Ltd. Tokyo, Japan).

3.3. Detection Principle

The principle of histamine detection applied in this study is shown in Figure 5. First,
the histamine aptamer was immobilized on NaYF4:Ce/Tb nanofluorescent material through
biotin–avidin interaction. The subsequent addition of unmodified AuNPs to the system
triggered the fluorescence resonance energy transfer phenomenon, resulting in the quench-
ing of the fluorescence signal. When the target histamine was added, it competed with
the AuNPs to bind to the aptamer because of the high affinity of its aptamer to the target
histamine [33]. The AuNPs were, thus, separated from the aptamer and released into the
solution, enabling the recovery of the fluorescence signal. Finally, the dual-mode detection
of histamine was realized via the measurement of the degree of time-resolved fluorescence
recovery and linear analysis of the histamine concentration. The colorimetric method
replaces the citrate ion on the surface of synthetic AuNPs by a special imidazole ring on the
surface of the histamine. The combination of positively charged histamine and negatively
charged citrate ions reduces the net surface charge of AuNPs, which destabilizes AuNPs
and triggers aggregation, and the color of the solution changes from red to blue-gray, so the
presence of histamine can also be detected by visual observation. Moreover, AuNPs have a
characteristic absorption peak at 540 nm, and when aggregation occurs, the intensity of the
absorption peak at 540 nm decreases and a new absorption peak appears at 640 nm, which
is due to the red-shift of the surface plasmon resonance peak of the aggregates. Therefore,
the concentration of the target histamine was analyzed by measuring the absorbance at 540
and 640 nm and determining the degree of aggregation of AuNPs by its ratio (A640/A540).
Accurate quantification and simple, rapid determination of the histamine content was
conducted by dual-mode fluorescence and colorimetric methods.

Molecules 2022, 27, x FOR PEER REVIEW 9 of 13 
 

 

observation. Moreover, AuNPs have a characteristic absorption peak at 540 nm, and 
when aggregation occurs, the intensity of the absorption peak at 540 nm decreases and a 
new absorption peak appears at 640 nm, which is due to the red-shift of the surface 
plasmon resonance peak of the aggregates. Therefore, the concentration of the target 
histamine was analyzed by measuring the absorbance at 540 and 640 nm and determin-
ing the degree of aggregation of AuNPs by its ratio (A640/A540). Accurate quantification 
and simple, rapid determination of the histamine content was conducted by dual-mode 
fluorescence and colorimetric methods. 

 
Figure 5. Schematic diagram of histamine detection based on the aptamer/AuNPs fluorometric and 
colorimetric dual-mode detection. 

3.4. Experimental Methods 
3.4.1. Preparation of AuNPs 

Add l mL HAuCl4•4H2O solution (1 wt%) and 99 mL ultrapure water to a round 
bottom flask, heat to boiling under magnetic stirring, then add 2 mL 1% aqueous sodium 
citrate solution (weigh 0.5 g sodium citrate solid into 100 mL beaker and add 50 mL de-
ionized water, stir to dissolve); the reaction is kept boiling with continuous stirring for 10 
min, after which it is turned off. The heating power was turned off to stop the heating, 
and then the stirring was continued for 15 min, and the solution was cooled to room 
temperature to finally obtain a transparent wine red solution, which was placed in a 
brown reagent bottle and stored at 4 °C for use (the prepared AuNPs were burgundy in 
color and characterized with transmission electron microscopy) (Supplementary Materi-
al). 

3.4.2. Preparation of NaYF4:Ce/Tb Nanoparticles 
The nanomaterials of NaYF4:Ce/Tb were synthesized by referring to the method of 

Wang et al. [34]. In a round bottom flask, 1.0 mmol AEP and a certain stoichiometric ratio 
of NaCl, Y(NO3)3•6H2O, Ce(NO3)3•6H2O, and Tb(NO3)3•5H2O were added and dissolved 
with ethylene glycol solution containing an appropriate amount of NH4F and aged for 30 
min, transferred to an autoclave at 180 °C for 4 h, and removed and cooled naturally to 
room temperature. After washing and drying in a vacuum drying oven at 60 °C for 10 h, 
the solid particles were stored at room temperature and protected from light (scanning 
time-resolved fluorescence of the synthesized NaYF4:Ce/Tb nanofluorescent materials 
and characterization by transmission electron microscopy). 

3.4.3. Preparation of NaYF4:Ce/Tb Nanoparticles Modified with Avidin 

Figure 5. Schematic diagram of histamine detection based on the aptamer/AuNPs fluorometric and
colorimetric dual-mode detection.

52



Molecules 2022, 27, 8711

3.4. Experimental Methods
3.4.1. Preparation of AuNPs

Add l mL HAuCl4•4H2O solution (1 wt%) and 99 mL ultrapure water to a round
bottom flask, heat to boiling under magnetic stirring, then add 2 mL 1% aqueous sodium
citrate solution (weigh 0.5 g sodium citrate solid into 100 mL beaker and add 50 mL
deionized water, stir to dissolve); the reaction is kept boiling with continuous stirring
for 10 min, after which it is turned off. The heating power was turned off to stop the
heating, and then the stirring was continued for 15 min, and the solution was cooled to
room temperature to finally obtain a transparent wine red solution, which was placed in a
brown reagent bottle and stored at 4 ◦C for use (the prepared AuNPs were burgundy in
color and characterized with transmission electron microscopy) (Supplementary Material).

3.4.2. Preparation of NaYF4:Ce/Tb Nanoparticles

The nanomaterials of NaYF4:Ce/Tb were synthesized by referring to the method of
Wang et al. [34]. In a round bottom flask, 1.0 mmol AEP and a certain stoichiometric ratio of
NaCl, Y(NO3)3•6H2O, Ce(NO3)3•6H2O, and Tb(NO3)3•5H2O were added and dissolved
with ethylene glycol solution containing an appropriate amount of NH4F and aged for
30 min, transferred to an autoclave at 180 ◦C for 4 h, and removed and cooled naturally to
room temperature. After washing and drying in a vacuum drying oven at 60 ◦C for 10 h,
the solid particles were stored at room temperature and protected from light (scanning
time-resolved fluorescence of the synthesized NaYF4:Ce/Tb nanofluorescent materials and
characterization by transmission electron microscopy).

3.4.3. Preparation of NaYF4:Ce/Tb Nanoparticles Modified with Avidin

The classical glutaraldehyde method was used to couple the avidin with the amino
groups on the surface of NaYF4:Ce/Tb. A total of 5 mg of NaYF4:Ce/Tb nanoparticles were
weighed and dispersed in 1 mL of phosphate buffered saline (PBS), sonicated for 10 min, the
solution was reacted with 5 mL of glutaraldehyde aqueous solution, and shaken slowly at
room temperature for 2 h. The remaining glutaraldehyde reaction solution was discarded
and washed three times with phosphate buffer, and a certain amount of avidin was added
overnight at 37 ◦C. The reaction was followed by centrifugation and washing with PBS three
times. Finally, the samples were resuspended in 5 mL PBS and stored at 4 ◦C for later use.

3.4.4. Assembly of Aptamer@NaYF4:Ce/Tb Nanoparticles

The quantified aptamers were added into the avidin-based nanoparticle suspension
and incubated at 37 ◦C for 3 h with slow shaking. After the reaction, it was centrifuged and
washed three times with PBS, resuspended in PBS, and stored at 4 ◦C.

3.4.5. Construction of a Fluorescent Colorimetric Dual-Mode Based Method for the
Detection of Histamine

In the detection system, different concentrations of histamine solutions were detected
with a certain concentration of fluorescent probe. The target histamine was incubated with
the fluorescent detection probe at 25 ◦C with shaking for 0.5 h. The fluorescence intensity
of the solution was measured after the reaction. The measurement conditions were set as
follows: excitation wavelength 273 nm, delay time 0.1 ms, detection time 1 ms.

The synthesized AuNPs (180 µL) were mixed with the histamine aptamer (30 µL,
40 nmol/L) so that the aptamer was uniformly adsorbed on the surface of the AuNPs.
Different concentrations of histamine solutions were added, mixed well, and incubated
at room temperature (25 ◦C) for 30 min before UV–Vis spectroscopy scanning to evaluate
the degree of AuNP aggregation by the ratio of the absorbance value at 640 nm to that at
540 nm. Meanwhile, the fluorescence intensity of the supernatant was measured using
an equal volume of PBS buffer instead of histamine as a blank control with an excitation
wavelength of 273 nm and emission wavelength of 545 nm, and the fluorescence difference
(∆F) between the experimental and blank groups was calculated. Finally, the measurement
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values of the two methods were combined to produce the final data K, which is the ratio
of the fluorescence recovery value to the signal change in absorbance at wavelengths of
640 nm and 540 nm [27].

3.4.6. Spiked Recoveries of Actual Samples with Detection Applications

Referring to the method of Lerga et al. [16], the flesh of Trichiurus haumela and
Thamnaconus septentrionalis was picked, and the fish was minced for subsequent experi-
ments. A total of 0.5 g of fish mince was weighed, 25 mL ultrapure water was added, and
the supernatant was collected after 1~2 min of vortex oscillation, and then centrifuged
at 10,000 r/min for 5 min. Histamine standard solutions of different concentrations were
added to the fish extract supernatant, and three standard addition and recovery experi-
ments were performed for each solution according to the method in Section 3.4.4, and the
recoveries were calculated.

4. Conclusions

A simple and rapid dual-mode method for the detection of histamine was proposed
by using a histamine aptamer modified with fluorophore (aptamer@NaYF4:Ce/Tb), which
was conducted in fluorometric and colorimetric dual-mode method through taking the
AuNPs as carriers and the time-resolved fluorescence nanoparticle modified aptamer as
the recognition element. The results showed that the changes in fluorescence intensity
and absorbance ratio were linearly related to the histamine concentration, showed good
selectivity for histamine, and was successfully applied to histamine in fish meat. In addition,
the method does not require the action of enzymes, the instrumentation and operating
procedures used are relatively simple and largely independent of the environment, and
the unique biocompatibility and optical properties of AuNPs can be utilized for their
powerful signal generation and transduction capabilities, which contribute to the rapid
and efficient reactions. By mutual validation comparison, this dual-mode achieved a
satisfactory analytical performance for complex food matrix samples, avoiding the single
detection. The dual mode has great potential for development and application in the field
of food decontamination by avoiding possible interference in a single detection mode.
The implementation of multiple detection methods with joint application and mutual
validation of the diversified detection mode is important to achieve real-time, simultaneous
monitoring of hazardous substances in complex samples in the field. Currently, this dual-
mode detection method can only detect a single histamine, and has limitations in detecting
multiple biogenic amines with the widely varying types and levels in food.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules27248711/s1. Figure S1. The prepared AuNPs object;
Figure S2. (a) Ultraviolet peak spectrum of AuNPs; (b) Electron microscopic picture of AuNPs; Figure
S3. (a) Time-resolved fluorescence spectra; (b) Time-resolved fluorescence nanoparticle electron
microscope; Figure S4. (a) Relationship between fluorescence recovery value (∆F) and histamine con-
centration; (b) Absorbance ratio (A640/A540) and histamine concentration; Supplementary Material
for HPLC method operation for Sample Analysis and Detection.
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Abstract: Staphylococcal enterotoxin B (SEB) is a protein produced by Staphylococcus aureus, which
is toxic to humans. It is well known for its ability to stimulate the exacerbated activation of proin-
flammatory CD4+ T cells (Th1 profile), and in vitro studies have been conducted to understand its
mechanism of action and its potential use as an immune therapy. However, the efficiency of the
SEB1741 aptamer in blocking SEB has not been experimentally demonstrated. Methods: Enrichment
CD4+ T cells were stimulated with SEB, and as a blocker, we used the SEB1741 aptamer, which was
previously synthesised by an “in silico” analysis, showing high affinity and specificity to SEB. The
efficiency of the SEB1741 aptamer in blocking CD4+ T cell activation was compared with that of an
anti-SEB monoclonal antibody. Flow cytometry and Bio-Plex were used to evaluate the T-cell function.
Results: In vitro, SEB induced the activation of CD4+ T cells and favoured a Th1 profile; however, the
SEB1741 aptamer was highly efficient in decreasing the frequency of CD4+ T cells positive to ki-67
and CD69 cells, this means that proliferation and activation of CD4+ T cells was decreased. Moreover,
the production of interleukin 2 (IL-2) and interferon-gamma (IFN-γ) was affected, suggesting that the
Th1 profile is not present when the SEB1441 aptamer is used. Thus, the SEB1741 function was similar
to that of anti-SEB. Conclusions: The SEB1741 aptamer is a valuable tool for blocking CD4+ T cell
activation and the subsequent release of proinflammatory cytokines by SEB stimulation.

Keywords: SEB; anti-SEB; SEB1741 aptamer; CD4+ T cells; inflammation

1. Introduction

Staphylococcus aureus (S. aureus) is a Gram-positive bacterium, and approximately 30%
of the adult population is colonised by this bacterium. However, it plays a larger role than
just being a commensal organism. S. aureus induces various human infections, including
skin infections, upper respiratory tract infections, foodborne illnesses, and more severe
illnesses, such as toxic shock syndrome [1–3]. Approximately 80% of S. aureus strains
clinically isolated are enterotoxin producers [4], and staphylococcal enterotoxin B (SEB)
is the main toxin produced by this bacterium. SEB is a superantigen (SAg) that activates
T-cells in a non-specific manner, causing an exaggerated and potentially harmful immune
response [3–7].

SAgs bind to the major histocompatibility complex class II (MHC-II) to stimulate the T-
cell receptor (TCR) in many T cells, resulting in toxic shock syndrome due to the exacerbated
release of proinflammatory cytokines [7–10]. In addition, a low concentration of SAgs in
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the bloodstream is enough to elevate toxic levels of proinflammatory cytokines, such as
interleukin-2 (IL-2), interferon-gamma (IFN-γ), and tumour necrosis factor (TNF) [8,10–12].

The rapid onset of fever, organ failure, and, in some cases, death is a characteristic of
toxic shock syndrome. Patient survival depends on the level of preexisting neutralising anti-
bodies that prevent the binding of SAg/MHC-II, preventing the release of proinflammatory
cytokines [10,13].

Treatment of toxic shock syndrome consists of antibiotics such as penicillin, cephalos-
porin, vancomycin, or methicillin, intravenous fluids, and immunoglobulin to neutralise
the toxin; however, some of these drugs increase blood pressure, and cleaning and removal
of infected tissue and antibiotic resistance may occur [14]. Thus, it is necessary to develop
new treatments that focus on blocking T cell activation to avoid hyperinflammation in
these patients.

The development of aptamers represents a therapeutic alternative with significant
advantages; they are small RNA or DNA sequences, which by forming three-dimensional
structures, can act as antibodies capable of binding to a given antigen with high recognition
and affinity [15,16]. Thus, the design of a functional aptamer to inhibit the superantigenic
activity of SEB could be an optimal alternative treatment. One study showed that in vitro,
this aptamer significantly inhibited the production of proinflammatory cytokines, and
in vivo, the survival rate was increased [15].

Recently, we reported the synthesis of an aptamer against SEB (hereafter called
SEB1741), which by an “in silico” analysis, showed a prediction of high affinity and
specificity in the binding site of SEB. The interactions are as follows: Cytosine 25-Lysine 57,
Guanine 14-Glutamine 210, Adenine 30-Lysine 109 and 111, and Cytosine 23-Aspartic acid
108 [7]. The aptamer obtention was based on a prediction of binding affinity using three
research algorithms (rDock, patchDock, and HDOCK). The binding affinity value between
SEB and SEB1741 is only at a theoretical level, and algorithms provided the values “in
silico.” Moreover, when the conventional AUTODOCK program calculates the dissociation
constant (Kd) directly using small molecules with rotatable bonds, both molecules (SEB
and SEB1741) have a considerable size, making them unpredictable to obtain the Kd.

Thus, this study aimed to evaluate the efficiency of the SEB1741 aptamer in blocking
CD4+ T cell activation and the consequent proinflammatory cytokines released by SEB
stimulation. Our data confirm experimentally that SEB1741 is efficient in blocking the
interaction of SEB/CD4+ T cells, which helps regulate the production of IFN-γ but not that
of TNF.

2. Results
2.1. The Aptamer SEB1741 Interacts with the Active Site of SEB

Previously, to select the best aptamer that could block the binding site of MHC-II
molecules, we selected and characterised some aptamers “in silico” and identified SEB1741
as a potential blocking aptamer [7]. Figure 1a shows how SEB1741 interacts with the
active site of SEB. Figure 1b shows the electrostatic surface of the SEB. According to the
colour scale, red represents the hydrophobic character, and blue represents the hydrophilic
character. The beta-alpha helix of SEB interacts by hydrogen bonds of SEB1741 with
Cytosine 25-Lysine 57, Guanine 14-Glutamine 210, Adenine 30-Lysine 109 and 111, and
Cytosine 23-Aspartic acid 108. In general, most strategies for blocking the immune response
due to SEB SAg have focused on blocking the binding site that partially occupies the MHC-
II binding site; however, in this case, the effort was to directly block the SEB binding
site, suggesting that the SEB1741 aptamer could be an optimal option to avoid SEB/cell
interactions.
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Figure 1. Molecular interactions between the tertiary structure of staphylococcal enterotoxin B (SEB),
SEB1741, and monoclonal antibody (mAb) anti-SEB: (a) The beta-alpha helix SEB (brown) interacting
with the hydrogen bonds of SEB1741 (purple) with Cytosine 25-Lysine 57, Guanine 14-Glutamine
210, Adenine 30-Lysine 109 and 111, and Cytosine 23-Aspartic acid 108; (b) SEB1741 (purple) and the
mAb anti-SEB (light blue) interacting in the active site of the SEB hydrophobic region.

2.2. The SEB1741 Aptamer Inhibits the CD4+ T-Cell Proliferation Induced by SEB

An increase in the rate of CD4+ cell proliferation may indicate an active immune response
against diverse infections. Ki-67 is routinely evaluated as a proliferation marker [17,18].
Figure 2 shows that SEB induced a similar frequency of CD4+Ki-67+ T cells as the positive
control (PMA/IO), confirming that SEB was efficient in activating CD4+ T cells. However,
this frequency decreased when anti-SEB was used at 5 µg/mL (p < 0.01). Similarly, using
the SEB1741 at concentrations of 2, 5, and 10 µg/mL, the frequency of CD4+Ki-67+ T cells
was also decreased (p < 0.05).

Molecules 2023, 28, x FOR PEER REVIEW 4 of 13 
 

 

Figure 1. Molecular interactions between the tertiary structure of staphylococcal enterotoxin B 
(SEB), SEB1741, and monoclonal antibody (mAb) anti-SEB: (a) The beta-alpha helix SEB (brown) 
interacting with the hydrogen bonds of SEB1741 (purple) with Cytosine 25-Lysine 57, Guanine 14-
Glutamine 210, Adenine 30-Lysine 109 and 111, and Cytosine 23-Aspartic acid 108; (b) SEB1741 
(purple) and the mAb anti-SEB (light blue) interacting in the active site of the SEB hydrophobic 
region. 

2.2. The SEB1741 Aptamer Inhibits the CD4+ T-Cell Proliferation Induced by SEB 
An increase in the rate of CD4+ cell proliferation may indicate an active immune re-

sponse against diverse infections. Ki-67 is routinely evaluated as a proliferation marker 
[17,18]. Figure 2 shows that SEB induced a similar frequency of CD4+Ki-67+ T cells as the 
positive control (PMA/IO), confirming that SEB was efficient in activating CD4+ T cells. 
However, this frequency decreased when anti-SEB was used at 5 µg/mL (p < 0.01). Simi-
larly, using the SEB1741 at concentrations of 2, 5, and 10 µg/mL, the frequency of CD4+Ki-
67+ T cells was also decreased (p < 0.05). 

It is essential to note that high concentrations of both anti-SEB (10 µg/mL) and the 
SEB1741 aptamer (10 µg/mL) were unable to block the proliferation of CD4+ T cells in 
response to SEB stimulus, suggesting that an excess of SEB blockers does not avoid the 
SAg function of SEB. 

 
Figure 2. Staphylococcal enterotoxin B (SEB) increases the frequency of CD4+Ki-67+ T cells, but the 
SEB1741 aptamer inhibits this proliferation. The frequency of Ki-67 in human CD4+ T cells was as-
sessed 48 h after stimulation with SEB, anti-SEB, or SEB1741 aptamer. PMA/IO was used as a posi-
tive control of activation, and it was normalised as 100% (dashed red line). Cell surface and intra-
cellular staining were performed for the assessment using flow cytometry. n = six independent ex-
periments, dots represent individual data, and bars represent mean value ± SEM. Differences be-
tween groups were analysed using the ANOVA and Dunnett�s tests as post hoc analyses. * p < 0.05, 
** p < 0.01. 

2.3. The SEB1741 Aptamer Decreases the CD4+ T-Cell Activation Induced by SEB 
The expression of CD69 and CD25 on T cell surfaces is considered a classical marker 

of early and late activation, respectively [19]. Our data showed that SEB increased the 
frequency of CD4+CD69+ T cells after 48 h of culture, but not to the same level as PMA/IO 
(Figure 3a). Using the SEB1741 aptamer at 5 and 10 µg/mL was efficient in decreasing the 
frequency of the CD4+CD69+ T cells (p < 0.01 and p < 0.05, respectively). The anti-SEB also 
reduced the frequency of CD4+CD69+ T cells at 5 and 10 µg/mL (p < 0.05) (Figure 3a). 

Regarding the frequency of CD4+CD25+ T cells or late activation cells, our data 
showed that SEB increased the frequency of this subpopulation, similar that the frequency 

Figure 2. Staphylococcal enterotoxin B (SEB) increases the frequency of CD4+Ki-67+ T cells, but
the SEB1741 aptamer inhibits this proliferation. The frequency of Ki-67 in human CD4+ T cells was
assessed 48 h after stimulation with SEB, anti-SEB, or SEB1741 aptamer. PMA/IO was used as a
positive control of activation, and it was normalised as 100% (dashed red line). Cell surface and
intracellular staining were performed for the assessment using flow cytometry. n = six independent
experiments, dots represent individual data, and bars represent mean value ± SEM. Differences
between groups were analysed using the ANOVA and Dunnett’s tests as post hoc analyses. * p < 0.05,
** p < 0.01.

It is essential to note that high concentrations of both anti-SEB (10 µg/mL) and the
SEB1741 aptamer (10 µg/mL) were unable to block the proliferation of CD4+ T cells in
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response to SEB stimulus, suggesting that an excess of SEB blockers does not avoid the SAg
function of SEB.

2.3. The SEB1741 Aptamer Decreases the CD4+ T-Cell Activation Induced by SEB

The expression of CD69 and CD25 on T cell surfaces is considered a classical marker
of early and late activation, respectively [19]. Our data showed that SEB increased the
frequency of CD4+CD69+ T cells after 48 h of culture, but not to the same level as PMA/IO
(Figure 3a). Using the SEB1741 aptamer at 5 and 10 µg/mL was efficient in decreasing the
frequency of the CD4+CD69+ T cells (p < 0.01 and p < 0.05, respectively). The anti-SEB also
reduced the frequency of CD4+CD69+ T cells at 5 and 10 µg/mL (p < 0.05) (Figure 3a).
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Figure 3. The frequency of CD4+CD69+ T cells, but not that of CD4+CD25+ T cells, is decreased by the
SEB1741 aptamer. CD4+ T cells were recovered after 48 h of culture stimulated with staphylococcal
enterotoxin B (SEB), anti-SEB, or SEB1741 aptamer, and PMA/IO was used as the activation control.
Cell surface staining was performed and assessed using flow cytometry. The frequency of CD4+CD69+
(a) and CD4+CD25+ (b) was evaluated. n = six independent experiments, dots represent individual
data, and bars represent mean value ± SEM. Differences between groups were analysed using the
ANOVA and Dunnett’s tests as post hoc analyses. * p < 0.05, ** p < 0.01.

Regarding the frequency of CD4+CD25+ T cells or late activation cells, our data
showed that SEB increased the frequency of this subpopulation, similar that the frequency
induced with PMA/IO after 48 h of culture; however, neither anti-SEB nor SEB1741 de-
creased the frequency of CD4+CD25+ T cells (Figure 3b) significantly.

Together, these results suggest that the SEB1741 aptamer efficiently prevented the
interaction of SEB/CD4+ T cells because of a decrease in activated CD4+ T cells.

2.4. Low Concentration of the SEB1741 Aptamer Decreases the Release of the Proinflammatory
Cytokines IL-2 and IFN-γ but Not That of TNF

To confirm the efficiency of the SEB1741 aptamer in preventing the activation of CD4+
T cells, we evaluated the profile of pro- and anti-inflammatory cytokines in the supernatant
of cultured CD4+ T cells. IL-2 is a cytokine that is produced as a response to a correct
activation of T cells. In fact, CD25, the marker of cellular activation, is the receptor to IL-2,
whereas IFN-γ and TNF are two of the most common proinflammatory cytokines [20,21].

Our in vitro system showed that SEB induced higher levels of IL-2, IFN-γ, and TNF
than the unstimulated cells. However, these levels were lower than those of the positive
control (PMA/IO), suggesting that after 48 h of culture, SEB efficiently activated and
induced the release of proinflammatory cytokines by CD4+ T cells (Figure 4).
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Figure 4. The SEB1741 aptamer efficiently decreases interleukin (IL)-2 and interferon-gamma (IFN)-γ
production, but not tumour necrosis factor (TNF), in CD4+ T cells. IL-2 (a), IFN-γ (b), and TNF
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experiments, dots represent individual data, and bars represent mean value ± SEM. Differences
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Thus, the SEB1741 aptamer at 2, 10, and 20 µg/mL decreased the release of IL-2
(p < 0.05), like 5 µg/mL of anti-SEB (Figure 4a). Furthermore, regarding IFN-γ levels,
they were reduced using 2 and 20 µg/mL of SEB1741 (p < 0.01 and p < 0.05, respectively),
whereas anti-SEB decreased IFN-γ levels at 5 µg/mL (p < 0.05) (Figure 4b). Finally, TNF
was increased under SEB stimulus but was not downregulated with either anti-SEB or
SEB1741 (Figure 4c).

Together, these results suggest that SEB efficiently induces the release of proinflamma-
tory cytokines and that the SEB1741 aptamer efficiently decreases their release.

2.5. SEB Induces the Release of GM-CSF and IL-10 but Not That of Another
Anti-Inflammatory Cytokine

The release of an anti-inflammatory profile was also evaluated in the supernatant of
CD4+ T cells cultured under SEB stimulation.

Our data shows that PMA/IO is an optimal stimulus for inducing the release of a
broad spectrum of cytokines. SEB induced higher levels of GM-CSF and IL-10 than in
unstimulated cells, but neither anti-SEB nor SEB1741 inhibited this production (Figure 5a,b,
respectively). Moreover, SEB did not induce the secretion of IL-4, IL-5, IL-12p75, or IL-13
(Figure 5c–f, respectively). Consequently, anti-SEB or SEB1741 did not show any effect.
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Figure 5. The addition of anti-staphylococcal enterotoxin B (SEB) and SEB1741 aptamers does not
modify the production of GM-CSF (Granulocyte-macrophage colony-stimulating factor) interleukin
(IL)-10, IL-4, IL-5, IL-12p75, and IL-13 in CD4+ T cells. The levels of GM-CSF (a), IL-10 (b), IL-4
(c), IL-5 (d), IL-12p75 (e), and IL-13 (f) were measured in supernatants collected from CD4+ T cells
stimulated by SEB, anti-SEB and SEB1741 aptamer by multiple cytokine assay. n = six independent
experiments, dots represent individual data, and bars represent mean value ± SEM.
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3. Materials and Methods
3.1. Ethical Approval

All procedures performed in this study adhered to the principles stipulated in the
Declaration of Helsinki. This study was approved by the Ethics Committee of the Military
Central Hospital, Mexico City (protocol code: C.Inv.068). The healthy donors provided
written informed consent for the use of their blood samples.

3.2. Peripheral Blood Mononuclear Cells (PBMCs)

Blood samples from six healthy donors (HD) were collected into EDTA tubes (BD
Vacutainer, Franklin Lakes, NJ, USA). PBMCs were isolated within 1 h of blood collection
and immediately used to isolate CD4+ T cells and develop cell cultures. PBMCs were
isolated using standard Ficoll density gradient centrifugation (Lymphoprep Axis-Shield,
Oslo, Norway), and cell viability was determined using trypan blue dye.

3.3. Isolation and Purification of CD4+ T Cells

CD4+ T cells were isolated by negative selection using the Human CD4+ T Cell
Isolation Kit (Miltenyi Biotec, Germany) according to the manufacturer’s instructions. As
a result, the enrichment of the CD4+ T cell fraction was >96%, as determined by flow
cytometry.

3.4. CD4+ T Cell Stimulation Assay with SEB

Isolated CD4+ T cells were plated in triplicate (2 × 105 cells/200 µL), and SEB was
added (1.7 µg/mL, Oxoid, Basingstoke, England) as the stimulus. The optimal concentra-
tion of SEB was established according to a previous standardisation, where CD4+ T cells
were cultured for 48 h at 37 ◦C in 5% CO2 with SEB at 1.7 µg/mL and 8.5 µg/mL and the
supernatant was recovered. TNF was quantified as an indirect marker of activation of CD4+
T cells.

Thus, the cell culture included one condition with SEB plus the monoclonal antibody
(mAb) anti-SEB at 5 and 10 µg/mL (MyBioSource, San Diego, CA, USA) and another
condition with the SEB1741 aptamer at concentrations 2, 5, 10, and 20 µg/mL (0.28 µM,
1.42 µM, 2.85 µM, and 5.7 µM, respectively). DNA aptamer (40 nt) was synthesised with a
5′-thiol group and HPLC (High-performance liquid chromatography) was purified by T4
Oligo® (Guanajuato, México) at a concentration of 100 µM. In addition, a negative control
(no stimulation) and positive control stimulated with phorbol myristate acetate (PMA)
50 nM–ionomycin (IO) 2 ng/µL (Sigma Aldrich, St. Louis, MO, USA) were included.

The cell culture was maintained for 48 h at 37 ◦C in 5% CO2. After incubation, the
plate was centrifuged, and the supernatant was recovered and stored at −70 ◦C until it was
used to measure the cytokine levels. However, the cells were prepared for flow cytometry.

3.5. Flow Cytometry

We used mAbs to evaluate the expression levels of CD4, CD25, CD69, and Ki-67 in cul-
tured CD4+ T cells. To assess the expression of molecules on cell membranes, the cells were
stained for 30 min at 4 ◦C in the dark. The cells were then fixed with 2% p-formaldehyde
in phosphate-buffered saline (PBS, 0 mM sodium phosphate, 0.15 M sodium chloride,
pH 7.2). The cells were washed to evaluate intracellular Ki-67 staining. Next, the cell
pellet was suspended in a fixation/permeabilisation solution (eBioscience, Thermo Fisher,
Waltham, MA, USA) at 4 ◦C, washed with permeabilisation buffer (eBioscience, Thermo
Fisher, Waltham, MA, USA), and stained with Ki-67 for 30 min at 4 ◦C. Then, it was washed
and analysed using flow cytometry. In addition, cells used for the Fluorescence Minus One
(FMO) condition were stained and acquired in parallel to identify the background levels of
staining.

Data were collected using a FACS Aria II (BD Biosciences, San Jose, CA, USA) and anal-
ysed using FlowJo v10.2 (FlowJo LLC, Inc., Ashland, OR, USA). For each case, 50,000 events
are recorded. More details on the antibodies used are listed in Table A1.
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3.6. Multiple Cytokine Assay in Supernatant Samples

A Bio-Plex Pro Human Cytokine Th1/Th2 Panel 9-Plex (Bio-Rad Laboratories, Rich-
mond, CA, USA) was used. The level of Hu GM-CSF (Granulocyte-macrophage colony-
stimulating factor), Hu IFN-γ, Hu IL-2, Hu IL-4, Hu IL-5, Hu IL-10, Hu IL-12(p70), Hu
IL-13, and Hu TNF-a was measured in the supernatant of stimulated CD4+ T cell cultures,
following the manufacturer’s instructions. Data were acquired using a Bio-Plex 200 System
and analysed using Bio120 Plex Manager 6.1 software.

3.7. Statistical Analysis

Data are presented as mean± standard error of the mean (SEM). Multiple comparisons
were performed with the one-way ANOVA test with Dunnett’s multiple comparisons post
hoc analysis. p-values < 0.05 were considered statistically significant (GraphPad Software
V9, La Jolla, CA, USA).

4. Discussion

S. aureus is a highly ubiquitous pathogen with various virulence factors that have
helped develop immune evasion strategies. Within the family of staphylococcal entero-
toxins (SEs), in addition to SEB, toxic shock syndrome toxin 1 (TSST-1) is included, and it
has been reported to be highly associated with SEB cases [22]. Staphylococcal toxic shock
syndrome (TSS) has a mortality rate of 50–60%, depending on the severity of the clinical
case [23].

The first epidemic of staphylococcal toxic shock syndrome was reported in 1980;
subsequently, in the 1990s, the incidence of TSS associated with menstruation and the
proportion of non-menstrual cases increased. Non-menstrual TSS has been reported mostly
in association with any primary staphylococcal infection following surgery, mainly in
cases where there has been disruption of mechanical barriers or placement of a medical
device [24]. Many of these reasons prompted several studies to develop toxoid vaccines or
peptides that mimic regions in the structure of superantigens and antibodies produced to
block their activity [25].

SEB is an SAg produced by S. aureus that can interact with the active site of the major
histocompatibility complex class II (MHC-II) to activate CD4+ T cells through the T-cell
receptor (TCR) [3,26]. There is then massive activation of these T cells, which are a subset
of cells that help coordinate the immune response and lead to the excessive release of
proinflammatory cytokines [27]. This means that SAg binds outside the complementarity-
determining regions (CDRs) of the TCR, causing the cross-linking of MHC-II/TCR. The
magnitude of the hyperactivation status induced by an SAg could be dimensional, con-
sidering that in a normal adaptive immune response, only around 0.0001% of T cells are
activated, whereas SAg activates up to 30% of the T-cell pool [28].

One of the consequences of massive T-cell activation is an increase in leukocyte recruit-
ment, which could favour the survival of S. aureus within neutrophils and macrophages
due to hyperactivation, eventually leading to T-cell anergy and cell death [29].

Currently, there are no approved vaccines or specific drugs for treating SEB-induced
illnesses. Moreover, the use of mAbs has been suggested to block the action of SEB [30–33].
However, the production of anti-SEB mAbs has disadvantages such as high manufacturing
costs, variable specificity, and difficulty in production or storage. Recently, the possibility
of using a single-chain biparatopic bispecific antibody to target SEB and allosterically
prevent TCR binding has been explored. However, this has been performed only as a
computational analysis [33]. Antibodies against LXY8, Ig121, c19F1, and 20B1 have been
used in experimental models [34–36]. Currently, they are not used in humans, indicating
the need to focus on the development of therapeutic alternatives.

Thus, the search has not been limited to blocking the interaction between SEB and TCR.
The use of anti-inflammatory drugs, such as sulfasalazine [37], or immunosuppressive
drugs, such as rapamycin [38], could be useful in decreasing the excessive inflammatory
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status. Although they are alternatives to treat the symptoms, they do not prevent massive
hyperactivation of T cells.

The development of aptamers has also been proposed to improve treatment schemes [15]
and could be an optimal tool because aptamers have high specificity and sensitivity, similar
to antibodies. Over the last 25 years, 18 nucleic acid-based therapeutics have been approved
for the treatment of various diseases. Compared to mAbs, aptamers have advantages
such as stability for long-term storage, simplicity of synthesis and function, and low
immunogenicity [39,40].

In this context, previously, we reported the selection “in silico” of the SEB1741 aptamer
using a strategy similar to “in vitro” SELEX, including the negative and positive rounds to
select the best aptamer with the higher values of interaction with SEB and no other toxins [7].
This approach allowed us to find the SEB1741, and based on the “in silico” analysis, we
proposed that it could inhibit the CD4+ T cell activation to regulate the inflammatory status
induced by SEB. Here, we showed that the SEB1741 aptamer decreased the percentage of
Ki-67 cells and IL-2, suggesting that these molecules inhibit T-cell activation.

Under diverse pathologies, regulating the excessive activation of CD4+ T cells is
necessary to maintain homeostasis; therefore, targets have been studied to limit CD4+
T cell activation [41,42]. This study showed that CD4+ T cells treated with the SEB1741
aptamer showed decreased SEB-induced activation and the release of proinflammatory
cytokines, specifically IL-2 and IFN-γ, but not TNF. This suggests that SEB1741 is efficient
in blocking the IFN-γ-dependent inflammatory pathway. IFN-γ production is one of
the most important characteristics of diseases with massive inflammation. Moreover, it
has recently been reported that SAg induces excessive IFN-γ levels, which allows the
replication of bacteria, such as S. aureus, within macrophages, promoting bacterial survival
by manipulating the immune response [8].

TNF is a proinflammatory cytokine that activates cell death pathways, mainly via the
TNF receptor 1. However, TNF was not decreased by either SEB1741 or anti-SEB, suggesting
that this pathway was not inhibited, even when using the antibody. The regulation of
TNF production induced by SEB stimuli probably requires the use of molecules, such as
drugs, whose functions are performed inside the cell. Bisdemethoxycurcumin has been
reported as a potential natural antibacterial agent to decrease the TNF induced by SEB or
staphylococcal enterotoxin A (SEA) [43]. Similarly, black ginger has been proposed as a
promising natural compound for reducing TNF production, even in methicillin-resistant S.
aureus [44].

Evidence suggests that SEB blockers do not prevent TNF production; apparently, this
pathway is regulated differently from IFN-γ production, at least by SEB stimulus. Thus,
the search for therapies that block TNF production must be addressed simultaneously.
Although cytotoxic cells were not evaluated in this study, it is a new open question because
we do not know whether SEB1741 also inhibits the binding of SEB to CD8+ T cells or if it
blocks only the interaction between SEB/CD4+ T cells.

Moreover, it is worth noting that an excess of aptamers can lose their ability to inhibit
proliferation, similar to what is observed with an excess of anti-SEBs. Research has shown
that an excess of antibodies or antigens can interfere with signalling for T cell activation
and result in a lack of IL-2 production and phosphorylation of signalling molecules [45].
Thus, determining the optimal concentration of aptamers is critical to effectively assay the
function of a blocking antibody.

Our study has some limitations. For instance, we did not experimentally evaluate
other aptamers in parallel to confirm the high specificity of SEB1741. Nonetheless, as
previously reported, the aptamer library we used to identify the best aptamers for SEB,
cholera toxin, and botulinum toxin displayed high specificity to their respective toxins
“in silico” and did not exhibit cross-reactivity [7]. Additionally, further studies should be
conducted “in vivo” to evaluate inflammation and survival before suggesting the use of
SEB1741 as an alternative treatment for toxic shock syndrome.
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Despite the limitations in our study, these data strongly suggest that SEB1741 has
the potential to be an optimal tool for preventing TSS through an excessive inflammatory
response mediated by IFN-γ produced by CD4+ T cells. Like antibodies, aptamers bind
their targets by folding them into a specific three-dimensional conformation dictated by
the nucleic acid sequence. In addition to aptamers having a higher affinity, they display a
lower Kd and thus bind better to the target molecule [46].

These features represent a combination of the best features of small molecules and
antibodies, providing great potential for numerous therapeutic applications, including the
inhibition of proinflammatory proteins. Additionally, from the perspective of the pharma-
ceutical industry, aptamer production could represent a lower cost than antibody production.

5. Conclusions

These results suggest that the SEB1741 aptamer has therapeutic potential as an al-
ternative to antibodies and other protein inhibitors currently used to treat SAg-mediated
diseases. Interestingly, this aptamer specifically blocks the exacerbated production of IFN-γ
but not that of other proinflammatory cytokines, such as TNF. Moreover, further studies
are needed to evaluate its efficacy and long-term safety in vivo.
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Appendix A

Table A1. Information on the antibodies used in this study.

Antibody Company Clone Cat. Number

Brilliant Violet 421™ anti-human Ki-67 BioLegend Ki67 B269687
PE/Cyanine7 anti-human CD4 BioLegend OKT4 B159354

PE-A anti-human CD25 BD Pharmingen BC96 3235775
Brilliant Violet 510™ anti-human CD69 BioLegend FN50 B322621
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Abstract: β-lactoglobulin (β-Lg) is a protein found in milk that can cause severe allergic reactions,
including rash, vomiting, and diarrhea. Thus, it is crucial to develop a sensitive β-Lg detection
method to protect people who are susceptible to allergies. Here, we introduce a novel and highly
sensitive fluorescent aptamer biosensor for detecting β-Lg. First, a fluorescein-based dye (FAM)-
labeled β-lactoglobulin aptamer (β-Lg aptamer) is adsorbed on the surface of tungsten disulfide
(WS2) nanosheets via van der Waals forces, resulting in fluorescence quenching. When β-Lg is
present, the β-Lg aptamer selectively binds to β-Lg, causing a conformational change in the β-Lg
aptamer and releasing it from the surface of WS2 nanosheets, which restores the fluorescence signal.
Simultaneously, DNase I in the system cleaves the aptamer bound to the target, producing a short
oligonucleotide fragment and releasing β-Lg. The released β-Lg then binds to another β-Lg aptamer
adsorbed on WS2, initiating the next round of cleavage, resulting in significant amplification of the
fluorescence signal. This method has a linear detection range of 1–100 ng mL−1, and the limit of
detection is 0.344 ng mL−1. Furthermore, this approach has been successfully used for detecting
β-Lg in milk samples with satisfactory results, providing new opportunities for food analysis and
quality control.

Keywords: β-lactoglobulin; aptamer; WS2 nanosheets; DNase I

1. Introduction

Food allergy is an adverse reaction that occurs when the immune system responds
to a specific food after repeated exposure, which can result in various skin and gastro-
intestinal problems and, in severe cases, can be life-threatening. Thus, food allergy has
become a significant global food safety issue [1,2]. The Food and Agriculture Organization
of the United Nations has identified cows’ milk as one of the eight food allergens [3].
Cows’ milk protein allergy (CMPA) is a common food allergy among infants and children,
which can cause allergic rhinitis, asthma, eczema, diarrhea, gastrointestinal bleeding, and
other symptoms [4]. CMPA is mainly caused by αs1-casein, α-lactalbumin (α-La), and β-
lactoglobulin (β-Lg) as common allergens [5]. β-Lg, which exists mainly as a noncovalently
linked dimer and contains 162 amino acid residues with a molecular weight of 18 kDa,
is particularly significant. It accounts for 50% of whey protein and 12% of total protein
in cows’ milk, with an average concentration of 2–4 g/L [6]. Epidemiological studies
suggest that 2–3% of infants and children experience allergic reactions to proteins in
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cows’ milk, with around 82% of cow milk allergy patients being allergic to cow’s milk β-
Lg [7]. Furthermore, β-lactoglobulin is widely employed in food processing due to its high
nutritional value, hypotensive, antioxidant, anti-microbial activity, and immunomodulatory
effects, increasing the risk of exposure for patients with cow’s milk allergy [8].

Numerous analytical methods have been developed to detect β-Lg, which can be clas-
sified into three main categories based on the following detection principles: polymerase
chain reaction assays based on allergenic DNA, chromatographic separation method based
on allergenic proteins, and immunoassay based on allergenic proteins. However, bovine
milk typically lacks allergen-related DNA, so chromatographic and immunological meth-
ods are primarily used [9–11]. Due to the accuracy requirements of the instrument, these
approaches often require rigorous pretreatment procedures, long analysis times, and special
laboratory skills [12]. In contrast, immunoassays based on antibody-antigen recognition
have significantly enhanced the analysis of trace substances, with traditional methods
mainly using enzyme-linked immunosorbent assays [13]. As technology advances, nano-
materials such as magnetic nanobeads, colloidal gold, quantum dots, graphene, and carbon
nanotubes can be used to increase detection rates and sensitivity [14]. Although this
approach has high specificity and sensitivity, it is expensive, and maintaining antibody
stability can be challenging. Furthermore, the quality differences in antibody batches and
cross-contamination can readily result in false positive results when accurate quantification
is required [15]. Recently, emerging technologies, including surface-enhanced Raman
spectroscopy [16], electrochemical immunosensors [17], visualized microarrays [18], and
transient isochronous electrophoresis [19], have been developed. However, the sample
preparation process of these approaches can be cumbersome, and external environmen-
tal factors can easily influence the assay's results. Therefore, it is crucial to develop a
rapid, accurate, and effective analytical approach for monitoring β-Lg levels in milk and
dairy products to contribute to the standardization of food package labeling and protect
public health.

Nucleic acid aptamers (Apt) are DNA or RNA oligonucleotides obtained via the sys-
tematic evolution of the exponentially enriched ligand approach [20]. They offer several
advantages, such as low cost, good stability, specificity, and affinity compared with tradi-
tional antibodies. Furthermore, the primary advantage of using an aptamer is that there are
no target limits. Although antibody-based assays are well established, they have limitations
in recognizing a wide range of targets, including hazardous small compounds and nonim-
munogenic targets. They are also slow in detecting minute variations in large molecular
targets, such as proteins. Therefore, aptamers can be employed as outstanding biological
recognition elements to develop various aptamer-based bio-sensors for detecting small
molecules, proteins, and even cells [21–23]. Recently, several aptamer-based biosensors
have been developed using different techniques such as fluorescence [24], chemilumines-
cence [25], electrochemistry [26], surface plasmon resonance [27], and colorimetry [28].
Among these techniques, fluorescent biosensors have gained significant attention due to
their simplicity, rapidity, cost-effectiveness, and high sensitivity. Layered tungsten disulfide
(WS2) nanosheets are transition metal dichalcogenides with an S-W-S intercalation struc-
ture. They have a high specific surface area, excellent photothermal conversion efficiency,
good biocompatibility, and superior electrical properties. Furthermore, WS2 nanosheets
have significantly higher fluorescence quenching efficiency compared with graphene oxide
and can accurately identify single-stranded DNA (ssDNA) and double-stranded DNA
(dsDNA), which is crucial for the sensitivity of quench- and recovery-based fluorescent
aptamer biosensors [29]. Due to these advantages, WS2 has been successfully employed for
detecting various substances. For instance, a new type of fluorescent aptamer biosensor
based on up-conversion nanoparticles and WS2 nanosheets has been developed for detect-
ing Escherichia coli [30]. Similarly, based on the high fluorescence quenching efficiency
of WS2 nanosheets, effective fluorescent biosensors have been developed for detecting
zearalenone [31] and kanamycin [32]. Therefore, WS2 nanosheets are an ideal material for
constructing fluorescent aptamer biosensors to detect β-Lg.

70



Molecules 2023, 28, 3502

In real food samples, the content of the target molecule is usually low, so a signal am-
plification strategy is necessary to enhance the sensitivity of the biosensor. Researchers have
successfully applied various signal amplification methods in biosensors, including those
employing catalytic and self-propagating cascade reactions. Rolling cycle amplification,
catalytic hairpin assembly, strand displacement reaction, and hybridization chain reaction
are also widely used by researchers [33–35]. Deoxyribonuclease I (DNase I) is frequently
used as a nucleic acid endonuclease that can cleave ssDNA for aptamer biosensors [36].
DNase I can also cleave the aptamer/target complex in the detection system and release
the target into the solution for recycling, thus providing a fluorescence amplification effect.
For instance, a DNase I-assisted fluorescence signal amplification strategy was developed
to reduce the quantitative limit of the reaction in Patulin [37] and prostate-specific antigen
detection [38]. In this study, we developed a WS2 nanosheet-aptamer fluorescent biosensor
based on fluorescein-based dye (FAM)-labeled β-lactoglobulin aptamer (β-Lg aptamer) by
combining the enzymatic cycle amplification reaction of DNase I and the selective binding
ability as well as the fluorescence quenching effect of WS2 nanosheets. In this sensing sys-
tem, in the absence of the β-Lg, the β-Lg aptamer is adsorbed onto the WS2 nanosheet due
to the van der Waals forces between the DNA nucleobase and the basal plane of the WS2
nanosheet [39,40], which results in a fluorescence resonance energy transfer phenomenon,
leading to fluorescence quenching. However, in the presence of β-Lg, the β-Lg aptamer
preferentially binds to β-Lg, resulting in a change in the aptamer’s conformation and weak-
ening the interaction between the β-Lg aptamer and WS2 nanosheets. This releases the
aptamer from the surface of WS2 nanosheets and restores fluorescence. At this time, DNase
I present in the sensing system digests the fluorescent probe bound to the target, releasing
β-Lg and generating a short oligonucleotide fragment. The cleaved FAM-labeled oligonu-
cleotide fragment does not adsorb into the WS2 nanosheet due to its weak affinity with the
WS2 nanosheet and thus retains a strong fluorescent signal. Meanwhile, β-Lg continued
to bind to another fluorescent probe adsorbed on WS2 nanosheets and initiates the next
round of cleavage after releasing the target β-Lg, resulting in significant amplification in
the fluorescence signal. The change in fluorescence signal intensity detects the β-Lg content
(Figure 1). This approach is highly specific and sensitive and has been demonstrated to be
useful for practical sample detection.
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Figure 1. Working principle of the fluorescent aptamer biosensor for β-Lg detection.

2. Results
2.1. Feasibility Study of the Fluorescent Biosensor

To verify the feasibility of the enzymatic cycle amplification strategy, we conducted
gel electrophoresis analyses using β-Lg and a β-Lg aptamer as models. After incubating
the β-Lg aptamer with DNase I, it was completely cleaved (Figure 2a, lane 2). DNase I
could also cleave the β-Lg aptamer in the presence of β-Lg (Figure 2a, lane 3). However,
the β-Lg aptamer adsorbed on WS2 nanosheets showed no evident enzymatic hydrolysis,
indicating its resistance to enzymatic digestion (Figure 2a, lane 4). To further determine
the feasibility of the fluorescent biosensor for β-Lg detection, Figure 2b illustrates the
fluorescence emission spectra of the β-Lg aptamer under different conditions. When WS2

71



Molecules 2023, 28, 3502

nanosheets were introduced into the system, the aptamer was easily adsorbed on the WS2
surface due to the van der Waals force between the strong β-Lg aptamer base and WS2
nanosheets. Furthermore, WS2 nanosheets have broad absorption ranging from 200 to 800
nm (Figure S1 in Supplementary Materials), and the β-Lg aptamer’s fluorescence emission
spectra overlapped well, resulting in FRET and a substantial decrease in fluorescence
intensity. The high specificity between the β-Lg and β-Lg aptamer in the presence of β-Lg
caused the aptamer to be released from the WS2's surface and formed a β-Lg-aptamer
complex, resulting in fluorescence recovery (blue line). To further enhance sensitivity, we
employed an enzymatic cycle amplification approach. The β-Lg-aptamer complex was
formed when the system contained the targeted β-Lg. Meanwhile, DNase I could cleave
the β-Lg aptamer, releasing β-Lg and liberating the FAM fluorophore. Then, the released
β-Lg could bind to another β-Lg aptamer, initiating the next round of cleavage and leading
to significant fluorescence recovery compared to the system without DNase I. Due to this
advantage, upon adding DNase I, fluorescence increased by approximately 3-fold, serving
the purpose of signal amplification (pink line). These results confirm the feasibility of the
proposed fluorescence amplification method.
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Figure 2. (a) Gel electrophoresis of the β-Lg aptamer. Lane 1: β-Lg aptamer; lane 2: β-Lg ap-
tamer + DNase I; lane 3: β-Lg aptamer + β-Lg + DNase I; lane 4: β-Lg aptamer + WS2 + DNase I.
(b) Fluorescence spectra of β-Lg aptamer in different cases: (black line) β-Lg aptamer + WS2; (blue
line) β-Lg aptamer + WS2 + β-Lg; (pink line) β-Lg aptamer + WS2 + β-Lg + DNase I.

2.2. Optimization of the Testing Conditions

Several important parameters were optimized to obtain the best fluorescence signal.
These included the concentration of WS2 nanosheets, the quenching time of the method,
the fluorescence recovery time of the system, and the concentration of DNase I. First, the
concentration of WS2 nanosheets was optimized to enhance the sensing performance. The
fluorescence intensity of the β-Lg aptamer decreased substantially with the increasing con-
centration of WS2 nanosheets, while the concentration of β-Lg aptamer remained constant
(Figure 3a). The fluorescence quenching efficiency reached 96% when the concentration of
WS2 nanosheets increased to 750 µg·mL−1, demonstrating that WS2 nanosheets can be an
effective quencher. A further increase in the concentration of WS2 nanosheets did not result
in any significant changes in fluorescence intensity. Therefore, WS2 nanosheets at a concen-
tration of 750 µg·mL−1 were chosen for subsequent experiments to achieve the required
sensitivity and selectivity of the assay. Subsequently, we analyzed the quenching time of
the method as well as the fluorescence recovery time of the reaction system. Figure 3b illus-
trates the experimental results. The fluorescence intensity decreased rapidly and reached
equilibrium in about 10 min when conducting WS2 with the β-Lg aptamer (Figure 3c).
Therefore, we considered 10 min as the optimal quenching time. With the addition of β-Lg
and DNase I, the fluorescence intensity gradually increased over time, rapidly increasing
within 40 min and then slowly increasing from 40 to 80 min. Accordingly, we selected
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40 min as the optimal incubation time for β-Lg and DNase I. Finally, we optimized the
concentration of DNase I by adding varying concentrations of DNase I (0, 0.01, 0.02, 0.03,
0.04, and 0.05 U·µL−1) to the reaction system while keeping the other conditions consistent.
The fluorescence intensity increased with increasing enzyme concentration and reached
saturation at 0.04 U·µL−1 (Figure 3d). Therefore, we used this concentration of DNase I in
subsequent assays.
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Figure 3. (a) Fluorescence spectra of β-Lg aptamer after adding different concentrations (from a to l:
0, 50, 100, 150, 200, 300, 400, 500, 600, 700, 750, and 800 µg·mL−1) of WS2 nanosheets. (b) Fluorescence
intensity of β-Lg aptamer in response to various times. (c) Effect of recovery time on the fluorescence
response of the β-Lg (10 µg·mL−1) detection system. (d) Effect of enzyme concentration on the
fluorescence response of the β-Lg (10 µg·mL−1) detection system.

2.3. Sensitivity of the Aptamer Biosensor

We measured different concentrations of β-Lg under the optimal experimental condi-
tions described above to analyze the sensitivity of the proposed fluorescent biosensor. We
added a series of concentrations (0, 0.001, 0.01, 0.025, 0.05, 0.1, 1, 10, 20, 50, 75, 100, 150, and
200 µg·mL−1) of β-Lg to the proposed detection system. The emission peaks were recorded
at 518 nm. As shown in Figure 4a, the fluorescence intensity at 518 nm increased with an
increase in β-Lg concentration from 0 to 200 µg·mL−1, indicating the high dependence of
the biosensor on the target concentration in detecting β-Lg. A good linear relationship was
observed between the fluorescence intensity and the concentration of β-Lg within the range
of 1–100 ng mL−1 (Figure 4b). The calibration function is F = 581.5C + 24.6 (R2 = 0.9969),
where C represents the concentration of β-Lg, and F represents the fluorescence intensity.
Furthermore, we calculated the limit of detection of the method as 0.344 ng mL−1 using
equation 3S0/K, where S0 is the standard deviation of the blank test (n = 10), and K is
the slope of the calibration curve. We also established the analytical performance for de-
tecting β-Lg without DNase I (Figure 5). The fluorescence intensity at 518 nm increased
with an increase in β-Lg concentrations from 0.1 to 150 µg·mL−1. The detection limit was
determined to be 35 ng mL−1. The sensitivity of the proposed fluorescent biosensor was
more than two orders of magnitude higher than that of unamplified fluorescent biosensor
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assays. A series of five repetitive measurements with the same concentrations were used
to investigate the precision of the proposed method. The relative standard deviations for
1 ng mL−1 and 10 ng mL−1 of β-Lg were 2.44% and 4.43%, respectively, indicating good
reproducibility of the assay. Currently, there are few studies detailing the use of DNA
aptamers for β-Lg-detection-exploiting enzymes, and a comparison with other β-Lg assays
is provided in Table 1. The approach demonstrated similar or better analytical performance
compared with other β-Lg assays. The high sensitivity of the aptamer biosensor based on
WS2 nanosheets and DNase I indicated its potential for detecting β-Lg in food samples.
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Table 1. Comparison of different β-Lg assays. 

Methods 
Linear Range 

(μg·mL−1) 
LOD (μg·mL−1) References 

QCM immunochip 0.5–1000 0.04 [8] 

LC-MS/MS 0.48–31.25 0.2 [11] 

UPLC 20–560 7 [12] 

Sandwich ELISA 0.03125–8 1.96 × 10−3 [14] 
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Figure 4. (a) Fluorescence emission spectra of β-Lg aptamer at different concentrations of β-Lg (from
a to n: 0, 0.001, 0.01, 0.025, 0.05, 0.1, 1, 10, 20, 50, 75, 100, 150, and 200 µg·mL−1). (b) The standard
curve of β-Lg. Insert: linear fitting of fluorescence intensity versus target β-Lg concentration at
518 nm.
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Figure 5. (a) Fluorescence emission spectra of β-Lg aptamer at various concentrations of β-Lg (from
a to i: 0, 0.1, 0.5, 1, 10, 20, 50, 100, and 150 µg·mL−1). (b) The standard curve of β-Lg. Insert: linear
fitting of fluorescence intensity versus target β-Lg concentration at 518 nm.

Table 1. Comparison of different β-Lg assays.

Methods Linear Range (µg·mL−1) LOD (µg·mL−1) References

QCM immunochip 0.5–1000 0.04 [8]
LC-MS/MS 0.48–31.25 0.2 [11]

UPLC 20–560 7 [12]
Sandwich ELISA 0.03125–8 1.96 × 10−3 [14]

Fluorescence sensor 100–800 43 [15]
Surface Plasmon Resonance 0.49–1000 0.164 [41]
Electrochemical aptasensor 1 × 10−4–0.01 9 × 10−5 [42]

Fluorescence aptamer biosensor 1 × 10−3–0.1 3.44 × 10−4 This work
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2.4. Specificity and Stability of the Aptamer Biosensor

Another important factor that affects the performance of an analytical assay is its speci-
ficity toward the targeted analyte. We evaluated the specificity of the method using two
different approaches. First, we selected some other proteins, namely ovalbumin, γ-globulin,
casein, and BSA (10 µg·mL−1), as interfering proteins. The presence of these proteins did
not significantly restore the fluorescence intensity of the β-Lg aptamer compared with β-Lg,
as demonstrated in Figure 6. For the second approach, we used a negative control DNA
sequence to adsorb onto the WS2 nanosheet and evaluated the fluorescence change in the
presence of different β-Lg concentrations (0.1, 1, 10, and 100 µg·mL−1). Little fluorescence
changes were observed in the presence of the negative control DNA sequence, independent
of the concentration of β-Lg (Figure S2). These findings demonstrate that the designed
fluorescent biosensor has high selectivity for β-Lg. To verify the stability of the proposed
aptamer biosensor, we stored the β-Lg aptamer/WS2 complex at 4 ◦C and measured its
response to 10 µg·mL−1 of β-Lg every two days. The β-Lg aptamer could still recover
its fluorescence signal in the β-Lg aptamer/WS2 complex and retained 90.8% of its initial
fluorescence signal after two weeks (Figure S3). This result demonstrates that the quenching
efficiency of WS2 nanosheets for the β-Lg aptamer was stable.
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2.5. Actual Sample Testing

Finally, to further examine the potential application of fluorescent biosensors in food
samples, we used milk and infant formula samples for the assay. As indicated in Table 2, the
testing results of β-Lg in milk samples obtained using the proposed fluorescent biosensors
and HPLC were similar. The t-test values for the correlation were less than 2.78 (the t-test
value was 2.78 at a 95% confidence level). Since no β-Lg was detected in the infant formula
samples, the recovery rates of β-Lg were determined using a standard addition approach.
We added known concentrations (1, 10, and 100 ng·mL−1) of the β-Lg standard solution
to the detection system. The recovery rates of β-Lg ranged from 94.3% to 99.5% for the
infant formula samples, as shown in Table 3. These application's findings demonstrate
that the established fluorescent biosensor has excellent accuracy and a high potential for
quantifying β-Lg in real complex matrices.

Table 2. Determination of β-Lg in milk samples (n = 3) using different methods.

Milk Samples
Detected Concentration (mg·mL−1)

t-Test
This Work HPLC

1 3.48 ± 0.16 3.39 ± 0.04 0.92
2 3.53 ± 0.17 3.62 ± 0.08 0.82
3 3.90 ± 0.09 4.07 ± 0.07 2.60

ttable = 2.78, p = 0.95, and v = 4.
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Table 3. Determination of β-Lg in infant formula.

Samples β-Lg Spiked
(ng·mL−1)

β-Lg Found
(ng·mL−1) Recovery (%) RSD (%)

Infant formula

- Not detected - -
1 0.978 97.8 3.8

10 9.95 99.5 3.3
100 94.31 94.3 5.4

3. Materials and Methods
3.1. Materials and Reagents

DNase I was purchased from New England Biolabs (Beijing, China), Ltd., and WS2
nanosheets were obtained from Nanjing XFNANO Materials Tech Co., Ltd. (Nanjing,
China). The β-Lg aptamer (5′-FAM-CGACGATCGGACCGCAGTACCCACAGCCCCAAC-
ATCATGCCCATCCGTGTGTG-3′) [43] and the negative control DNA sequence (5′-FAM-
CTAAGTCTGAAACATTACAGCTTGCTACACGAGAAGAGCCGCACGAGAACCCT)
were synthesized by Shanghai Sangon Biotechnology Co., Ltd. (Shanghai, China). β-Lg,
ovalbumin, and casein were purchased from Sigma Aldrich Chemical Co., Ltd. (St. Louis,
MO, USA). The milk samples and infant formula samples were purchased from super-
markets in Xiamen, China. Other reagents were of analytical grade and were used with-
out further purification. All solutions were prepared and diluted using ultrapure water
(18.2 MΩ cm) produced by the Millipore Milli-Q system.

3.2. Apparatus

The fluorescence measurements were recorded using an LS 55 fluorescence spec-
trometer (PerkinElmer Ltd., Waltham, MA, USA). Ultraviolet–visible–near-infrared light
(UV-Vis-NIR) absorption spectrums were recorded using a Lambda 265 UV-vis spectropho-
tometer (PerkinElmer Ltd., USA). The pH measurements were conducted using a digital
PE 28 pH meter (Mettler Toledo, Greifensee, Switzerland).

3.3. Optimization of the Experimental Conditions

First, we optimized the concentration of WS2 nanosheets. We added various con-
centrations of WS2 nanosheets (0–800 µg·mL−1) to a fixed concentration of β-Lg aptamer
(200 nM) and incubated it for 10 min at room temperature to determine the optimal quench-
ing concentration. Next, we optimized the fluorescence quenching time (0, 1, 2, 3, 4, 5, 10,
15, 20, 25, and 30 min) and recovery time (0, 10, 20, 30, 40, 50, 60, 70, and 80 min) under
the above optimal conditions based on the fluorescence emission intensity. Furthermore,
to determine the optimized concentration of DNase I, we added different concentrations
of DNase I (0, 0.01, 0.02, 0.03, 0.04, and 0.05 U·µL−1) to the β-Lg aptamer/WS2 detection
system and incubated it for 40 min at 37 ◦C. The excitation wavelength was 490 nm, and
the fluorescent spectra were measured between 500 and 650 nm. The fluorescence emis-
sion intensity was recorded at 518 nm. The fluorescence quenching efficiency (QE) was
computed using Equation (1):

QE =
F0 − F

F0
(1)

where F0 represents the fluorescence intensity at 518 nm in the absence of WS2 nanosheets,
and Fq represents the fluorescence intensity at 518 nm in the presence of WS2 nanosheets.

3.4. Detection of β-Lg

In a typical fluorescence experiment, a mixture of 150 µL of the β-Lg aptamer (200 nM)
and 150 µL of WS2 nanosheets (750 µg·mL−1) was gently shaken for 10 min at room
temperature. Then, β-Lg at various concentrations (0, 0.001, 0.01, 0.025, 0.05, 0.1, 1, 10, 20,
50, 75, 100, 150, and 200 µg·mL−1) in 141 µL of reaction buffer (50 mM Tris-HCl, 150 mM
NaCl, 2 mM MgCl2, and pH 7.5) and DNase I (2000 U·mL−1) in 9 µL were added to the
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above solution at 37 ◦C for 40 min to initiate signal amplification. The fluorescent spectra
were measured using the above procedure.

3.5. Selectivity Experiment

For the assay of interfering proteins, the β-Lg aptamer/WS2 detection system was
mixed with 10 µg·mL−1 of β-Lg, ovalbumin, γ-globulin, casein, and BSA. The fluorescent
spectra were measured according to the above procedure.

3.6. Stability and Reproducibility Experiment

To assess the stability of the biosensor, the β-Lg aptamer/WS2 complex was stored
at 4 ◦C for two weeks. Every two days, 300 µL of the complex solution was added to
141 µL of β-Lg solution (10 µg·mL−1) and 9 µL of DNase I (2000 U·mL−1). The resulting
mixture solution was incubated at 37 ◦C for 40 min, and then the fluorescence spectra were
measured. To demonstrate the reproducibility of the method, the fluorescence intensity
of the biosensor was measured for the same concentration of β-Lg (10 µg·mL−1) under
optimal conditions on five consecutive occasions.

3.7. Detection of β-Lg in Actual Samples

The actual samples included milk and infant formula samples. These samples were
pretreated according to previous reports [44]. For milk samples, the following steps were
followed: The samples were heated at 40 ◦C for 30 min and then centrifuged at 8000 rpm
for 20 min. After that, the samples were cooled for 15 min. The supernatant was collected,
and the pH was adjusted to 4.6. The supernatant was further centrifuged at 8000 rpm for
20 min to precipitate casein and filtered through a 0.2 µm polycarbonate membrane. Then,
the filtered solution was adjusted to pH 7.5 with 1 M NaOH. Finally, the pretreated milk
samples were diluted to produce concentrations within the linear detection range. For
infant formula samples, milk powder (8 g) was dissolved in 40 mL ultrapure water, and
the remaining steps were the same as for the milk samples. β-Lg solutions with different
concentrations (1, 10, and 100 ng·mL−1) were diluted with the above solution, and detecting
β-Lg in the actual samples was conducted according to the steps of the β-Lg assay.

4. Conclusions

In this study, we presented a highly sensitive β-Lg fluorescent aptamer biosensor
based on WS2 nanosheets and DNase I-assisted cyclic signal amplification approach. The
sensitive detection performance of this biosensor can be easily achieved by combining the
β-Lg aptamer/WS2 complex, DNase I, and target β-Lg. This approach takes advantage
of the strong quenching ability of WS2 and the unique function of DNase I to release
FAM-labeled short oligonucleotide fragments via a cyclic cleavage process, resulting in
a significant amplification of the fluorescence signal. The sensing system demonstrates
excellent selectivity for β-Lg, with a limit of detection of 0.344 ng·mL−1, which is around
two orders of magnitude higher than that of unamplified fluorescent biosensor assays. In
summary, the proposed biosensor offers a simple and convenient alternative to standard
approaches for food monitoring and demonstrates an ultrasensitive detection of β-Lg.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/molecules28083502/s1. Figure S1. UV–Vis absorption spectra
and TEM image of WS2 nanosheets; Figure S2. The selectivity of the method using negative control
DNA sequence; Figure S3. The stability of β-Lg aptamer/WS2 complex for β-Lg detection.

Author Contributions: Conceptualization, C.H. and Q.C.; methodology, C.H.; software, Y.W.; valida-
tion, Y.W., S.C. and W.C.; formal analysis, C.H. and Y.W.; investigation, S.C. and J.W.; data curation,
K.L.; writing—original draft preparation, Y.W. and K.Z.; writing—review and editing, C.H. and Q.C.;
funding acquisition, C.H. and K.Z. All authors have read and agreed to the published version of
the manuscript.

77



Molecules 2023, 28, 3502

Funding: This work was funded by the Natural Science Foundation of Xiamen, China (3502Z20227061),
the Natural Science Foundation of Fujian Province of China (2022J01803, 2020J05201), and the Longyan
University Scientific Research Fund for the Doctoral Young Scholars (LB2020007).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

Sample Availability: Samples of the compounds are available from the companies listed.

References
1. Renz, H.; Allen, K.J.; Sicherer, S.H.; Sampson, H.A.; Lack, G.; Beyer, K.; Oettgen, H.C. Food Allergy. Nat. Rev. Dis. Prim. 2018,

4, 17098. [CrossRef] [PubMed]
2. Sicherer, S.H.; Sampson, H.A. Food Allergy. J. Allergy Clin. Immunol. 2010, 125, S116–S125. [CrossRef] [PubMed]
3. McClain, S.; Bowman, C.; Fernández-Rivas, M.; Ladics, G.S.; Ree, R.V. Allergic Sensitization: Food-and Protein-Related Factors.

Clin. Transl. Allergy 2014, 4, 11. [CrossRef]
4. Pecora, V.; Mennini, M.; Calandrelli, V.; Patriarca, G.; Valluzzi, R.; Fierro, V. How to Actively Treat Food Allergy. Curr. Opin.

Allergy Clin. Immunol. 2018, 18, 248–257. [CrossRef]
5. Park, Y.W.; Haenlein, G.F. Milk and Dairy Products in Human Nutrition: Production, Composition and Health; John Wiley & Sons:

Hoboken, NJ, USA, 2013.
6. Yin, J.Y.; Huo, J.S.; Xin, X.; Jing, S.; Huang, J. Study on the Simultaneously Quantitative Detection for β-Lactoglobulin and

Lactoferrin of Cow Milk by Using Protein Chip Technique. Biomed. Environ. Sci. 2017, 30, 875–886. [PubMed]
7. Aoki, T.; Iskandar, S.; Yoshida, T.; Takahashi, K.; Hattori, M. Reduced Immunogenicity of β-Lactoglobulin by Conjugating with

Chitosan. Biosci. Biotechnol. Biochem. 2006, 70, 2349–2356. [CrossRef]
8. Pan, M.; Hong, L.; Yang, J.; Xie, X.; Liu, K.; Wang, S. Fabrication and Evaluation of a Portable and Reproducible Quartz Crystal

Microbalance Immunochip for Label-Free Detection of β-Lactoglobulin Allergen in Milk Products. Food Sci. Hum. Wellness 2022,
11, 1315–1321. [CrossRef]

9. Kürzl, C.; Wohlschläger, H.; Schiffer, S.; Kulozik, U. Concentration, Purification and Quantification of Milk Protein Residues
Following Cleaning Processes Using a Combination of SPE and RP-HPLC. MethodsX 2022, 9, 101695. [CrossRef]

10. Li, L.; Wang, J.; Li, M.; Yang, Y.; Wang, Z.; Miao, J.; Zhao, Z.; Yang, J. Detection of the Adulteration of Camel Milk Powder with
Cow Milk by Ultra-High Performance Liquid Chromatography (UPLC). Int. Dairy J. 2021, 121, 105117. [CrossRef]

11. Ji, J.; Zhu, P.; Pi, F.; Sun, C.; Sun, J.; Jia, M.; Ying, C.; Zhang, Y.; Sun, X. Development of a Liquid Chromatography-Tandem Mass
Spectrometry Method for Simultaneous Detection of the Main Milk Allergens. Food Control 2017, 74, 79–88. [CrossRef]

12. Boitz, L.I.; Fiechter, G.; Seifried, R.K.; Mayer, H.K. A Novel Ultra-High Performance Liquid Chromatography Method for the
Rapid Determination of β-Lactoglobulin as Heat Load Indicator in Commercial Milk Samples. J. Chromatogr. A 2015, 1386, 98–102.
[CrossRef]

13. Khan, M.U.; Lin, H.; Hang, T.; Zhao, J.; Dasanayaka, B.P.; Zhang, J.; Ahmed, I.; Zhang, Z.; Jiang, Y.; Qazi, I.M. Development of a
Sandwich Enzyme-Linked Immunosorbent Kit for Reliable Detection of Milk Allergens in Processed Food. Anal. Biochem. 2022,
648, 114667. [CrossRef]

14. He, S.; Li, X.; Gao, J.; Tong, P.; Chen, H. Development of Sandwich ELISA for Testing Bovine β-Lactoglobulin Allergenic Residues
by Specific Polyclonal Antibody against Human IgE Binding Epitopes. Food Chem. 2017, 227, 33–40. [CrossRef] [PubMed]

15. Hong, L.; Pan, M.; Yang, X.; Xie, X.; Liu, K.; Yang, J.; Wang, S.; Wang, S. A UCMPs@ MIL-100 Based Thermo-Sensitive Molecularly
Imprinted Fluorescence Sensor for Effective Detection of β-Lactoglobulin Allergen in Milk Products. J. Nanobiotechnol. 2022,
20, 51. [CrossRef]

16. Duan, N.; Yao, T.; Li, C.; Wang, Z.; Wu, S. Surface-Enhanced Raman Spectroscopy Relying on Bimetallic Au–Ag Nanourchins for
the Detection of the Food Allergen β-Lactoglobulin. Talanta 2022, 245, 123445. [CrossRef] [PubMed]

17. Hong, S.P.; Mohd Naim, N.F.; Keasberry, N.A.; Ahmed, M.U. Electrochemical Detection of B-Lactoglobulin Allergen Using
Titanium Dioxide/Carbon Nanochips/Gold Nanocomposite-based Biosensor. Electroanalysis 2022, 34, 684–691. [CrossRef]

18. Li, Z.; Wen, F.; Li, Z.; Zheng, N.; Jiang, J.; Xu, D. Simultaneous Detection of α-Lactoalbumin, β-Lactoglobulin and Lactoferrin in
Milk by Visualized Microarray. BMC Biotechnol. 2017, 17, 72. [CrossRef]

19. Horká, M.; Šalplachta, J.; Karásek, P.; Roth, M. Sensitive Identification of Milk Protein Allergens Using On-Line Combination of
Transient Isotachophoresis/Micellar Electrokinetic Chromatography and Capillary Isoelectric Focusing in Fused Silica Capillary
with Roughened Part. Food Chem. 2022, 377, 131986. [CrossRef] [PubMed]

20. Song, S.; Wang, L.; Li, J.; Fan, C.; Zhao, J. Aptamer-Based Biosensors. TrAC Trends Anal. Chem. 2008, 27, 108–117. [CrossRef]
21. Kim, Y.S.; Raston, N.H.A.; Gu, M.B. Aptamer-Based Nanobiosensors. Biosens. Bioelectron. 2016, 76, 2–19.
22. Liu, C.; Lu, C.; Tang, Z.; Chen, X.; Wang, G.; Sun, F. Aptamer-Functionalized Magnetic Nanoparticles for Simultaneous

Fluorometric Determination of Oxytetracycline and Kanamycin. Microchim. Acta 2015, 182, 2567–2575. [CrossRef]

78



Molecules 2023, 28, 3502

23. Jo, H.; Gu, H.; Jeon, W.; Youn, H.; Her, J.; Kim, S.-K.; Lee, J.; Shin, J.H.; Ban, C. Electrochemical Aptasensor of Cardiac Troponin I
for the Early Diagnosis of Acute Myocardial Infarction. Anal. Chem. 2015, 87, 9869–9875. [CrossRef] [PubMed]

24. Shen, Y.; Wu, T.; Zhang, Y.; Ling, N.; Zheng, L.; Zhang, S.-L.; Sun, Y.; Wang, X.; Ye, Y. Engineering of a Dual-Recognition
Ratiometric Fluorescent Nanosensor with a Remarkably Large Stokes Shift for Accurate Tracking of Pathogenic Bacteria at the
Single-Cell Level. Anal. Chem. 2020, 92, 13396–13404. [CrossRef] [PubMed]

25. Zhang, H.; Wang, Z.; Wang, F.; Zhang, Y.; Wang, H.; Liu, Y. In Situ Formation of Gold Nanoparticles Decorated Ti3C2 MXenes
Nanoprobe for Highly Sensitive Electrogenerated Chemiluminescence Detection of Exosomes and Their Surface Proteins. Anal.
Chem. 2020, 92, 5546–5553. [CrossRef] [PubMed]

26. Dong, X.; Yan, X.; Li, M.; Liu, H.; Li, J.; Wang, L.; Wang, K.; Lu, X.; Wang, S.; He, B. Ultrasensitive Detection of Chloramphenicol
Using Electrochemical Aptamer Sensor: A Mini Review. Electrochem. Commun. 2020, 120, 106835. [CrossRef]

27. Sun, L.; Wu, L.; Zhao, Q. Aptamer Based Surface Plasmon Resonance Sensor for Aflatoxin B1. Microchim. Acta 2017, 184,
2605–2610. [CrossRef]

28. Qi, Y.; Chen, Y.; Xiu, F.-R.; Hou, J. An Aptamer-Based Colorimetric Sensing of Acetamiprid in Environmental Samples: Conve-
nience, Sensitivity and Practicability. Sens. Actuators B Chem. 2020, 304, 127359. [CrossRef]

29. Zuo, X.; Zhang, H.; Zhu, Q.; Wang, W.; Feng, J.; Chen, X. A Dual-Color Fluorescent Biosensing Platform Based on WS2 Nanosheet
for Detection of Hg2+ and Ag+. Biosens. Bioelectron. 2016, 85, 464–470. [CrossRef]

30. Wang, P.; Wang, A.; Hassan, M.M.; Ouyang, Q.; Li, H.; Chen, Q. A Highly Sensitive Upconversion Nanoparticles-WS2 Nanosheet
Sensing Platform for Escherichia Coli Detection. Sens. Actuators B Chem. 2020, 320, 128434. [CrossRef]

31. Bi, X.; Li, L.; Luo, L.; Liu, X.; Li, J.; You, T. A Ratiometric Fluorescence Aptasensor Based on Photoinduced Electron Transfer from
CdTe QDs to WS2 NTs for the Sensitive Detection of Zearalenone in Cereal Crops. Food Chem. 2022, 385, 132657. [CrossRef]

32. Tang, Y.; Hu, Y.; Zhou, P.; Wang, C.; Tao, H.; Wu, Y. Colorimetric Detection of Kanamycin Residue in Foods Based on the
Aptamer-Enhanced Peroxidase-Mimicking Activity of Layered WS2 Nanosheets. J. Agric. Food Chem. 2021, 69, 2884–2893.
[CrossRef]

33. Hong, C.; Zhang, X.; Ye, S.; Yang, H.; Huang, Z.; Yang, D.; Cai, R.; Tan, W. Aptamer-Pendant DNA Tetrahedron Nanostructure
Probe for Ultrasensitive Detection of Tetracycline by Coupling Target-Triggered Rolling Circle Amplification. ACS Appl. Mater.
Interfaces 2021, 13, 19695–19700. [CrossRef]

34. Zou, L.; Zhang, M.; Li, M.; Xiao, Z.; Ling, L. Hybridization Chain Reaction and DNAzyme-based Dual Signal Amplification
Strategy for Sensitive Fluorescent Sensing of Aflatoxin B1 by using the Pivot of Triplex DNA. Food Res. Int. 2022, 158, 111538.
[CrossRef]

35. Zhou, H.; Duan, S.; Huang, J.; He, F. An Ultrasensitive Electrochemical Biosensor for Pseudomonas Aeruginosaassay based on a
Rolling Circle Amplification-Assisted Multipedal DNA Walker. Chem. Commun. 2020, 56, 6273–6276. [CrossRef]

36. Lu, C.; Li, J.; Lin, M.; Wang, Y.; Yang, H.; Chen, X.; Chen, G. Amplified Aptamer-based Assay through Catalytic Recycling of the
Analyte. Angew. Chem. Int. Ed. 2010, 122, 8632–8635. [CrossRef]

37. Ma, L.; Guo, T.; Pan, S.; Zhang, Y. A Fluorometric Aptasensor for Patulin based on the Use of Magnetized Graphene Oxide and
DNase I-Assisted Target Recycling Amplification. Microchim. Acta 2018, 185, 487. [CrossRef] [PubMed]

38. Fang, B.; Wang, C.; Li, C.; Wang, H.; Zhao, Y. Amplified using DNase I and Aptamer/Graphene Oxide for Sensing Prostate
Specific Antigen in Human Serum. Sens. Actuators B Chem. 2017, 244, 928–933. [CrossRef]

39. Yuan, Y.; Li, R.; Liu, Z. Establishing water-soluble layered WS2 nanosheet as a platform for biosensing. Anal. Chem. 2014, 86,
3610–3615. [CrossRef] [PubMed]

40. Mo, L.; Li, J.; Liu, Q.; Qiu, L.; Tan, W. Nucleic acid-functionalized transition metal nanosheets for biosensing applications. Biosens.
Bioelectron. 2017, 89, 201–211. [CrossRef] [PubMed]

41. Ashley, J.; Aurelio, R.D.; Piekarska, M.; Temblay, J.; Pleasants, M.; Trinh, L.; Rodgers, T.L.; Tothill, I.E. Development of a
β-Lactoglobulin Sensor Based on SPR for Milk Allergens Detection. Biosensors 2018, 8, 32. [CrossRef]

42. Amor-Gutiérrez, O.; Selvolini, G.; Fernández-Abedul, M.T.; de la Escosura-Muñiz, A.; Marrazza, G. Folding-Based Electrochemical
Aptasensor for the Determination of β-Lactoglobulin on Poly-L-Lysine Modified Graphite Electrodes. Sensors 2020, 20, 2349.
[CrossRef] [PubMed]

43. Eissa, S.; Zourob, M. In Vitro Selection of DNA Aptamers Targeting β-Lactoglobulin and Their Integration in Graphene-Based
Biosensor for the Detection of Milk Allergen. Biosens. Bioelectron. 2017, 91, 169–174. [CrossRef] [PubMed]

44. Hong, C.; Wang, J.; Wang, Y.; Huang, Z.; Yang, H.; Yang, D.; Cai, R.; Tan, W. Fluorescence Detection of Milk Allergen β-
Lactoglobulin Based on Aptamers and WS2 Nanosheets. J. Mater. Chem. B 2022, 10, 6752–6757. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

79



Citation: Rahman, M.S.; Han, M.J.;

Kim, S.W.; Kang, S.M.; Kim, B.R.;

Kim, H.; Lee, C.J.; Noh, J.E.; Kim, H.;

Lee, J.-O.; et al. Structure-Guided

Development of Bivalent Aptamers

Blocking SARS-CoV-2 Infection.

Molecules 2023, 28, 4645. https://

doi.org/10.3390/molecules28124645

Academic Editors: Long Wu, Wei Wu

and Sai Wang

Received: 22 May 2023

Revised: 4 June 2023

Accepted: 5 June 2023

Published: 8 June 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

molecules

Article

Structure-Guided Development of Bivalent Aptamers Blocking
SARS-CoV-2 Infection
Md Shafiqur Rahman 1 , Min Jung Han 1, Sang Won Kim 1 , Seong Mu Kang 1, Bo Ri Kim 1, Heesun Kim 2,
Chang Jun Lee 1, Jung Eun Noh 1, Hanseong Kim 1 , Jie-Oh Lee 1,* and Sung Key Jang 1,2,*

1 Department of Life Sciences, POSTECH Biotech Center, Pohang University of Science and Technology,
77 Cheongam-ro, Nam-gu, Pohang-si 37673, Republic of Korea; shafiqmb@postech.ac.kr (M.S.R.);
hmj@postech.ac.kr (M.J.H.); ksw5758@postech.ac.kr (S.W.K.)

2 Division of Integrative Bioscience & Biotechnology, POSTECH Biotech Center, Pohang University of Science
and Technology, Nam-gu, Pohang-si 37673, Republic of Korea

* Correspondence: jieoh@postech.ac.kr (J.-O.L.); sungkey@postech.ac.kr (S.K.J.)

Abstract: Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has caused devastation
to human society through its high virulence, infectivity, and genomic mutations, which reduced
the efficacy of vaccines. Here, we report the development of aptamers that effectively interfere
with SARS-CoV-2 infection by targeting its spike protein, which plays a pivotal role in host cell
entry of the virus through interaction with the viral receptor angiotensin-converting enzyme 2
(ACE2). To develop highly effective aptamers and to understand their mechanism in inhibiting viral
infection, we determined the three-dimensional (3D) structures of aptamer/receptor-binding domain
(RBD) complexes using cryogenic electron microscopy (cryo-EM). Moreover, we developed bivalent
aptamers targeting two distinct regions of the RBD in the spike protein that directly interact with
ACE2. One aptamer interferes with the binding of ACE2 by blocking the ACE2-binding site in RBD,
and the other aptamer allosterically inhibits ACE2 by binding to a distinct face of RBD. Using the 3D
structures of aptamer–RBD complexes, we minimized and optimized these aptamers. By combining
the optimized aptamers, we developed a bivalent aptamer that showed a stronger inhibitory effect
on virus infection than the component aptamers. This study confirms that the structure-based
aptamer-design approach has a high potential in developing antiviral drugs against SARS-CoV-2 and
other viruses.

Keywords: SARS-CoV-2; aptamer–RBD complex; cryo-EM structure; Nap-dU; neutralization;
viro-SELEX

1. Introduction

In December 2019, the novel coronavirus, severe acute respiratory syndrome coron-
avirus 2 (SARS-CoV-2), was identified for the first time in Wuhan, China [1,2], and afterward
caused a global pandemic. SARS-CoV-2 caused the coronavirus disease 2019 (COVID-19).
Over 765 million people were infected by SARS-CoV-2, and more than 6.9 million deaths
attributed to COVID-19 were confirmed up to 10 May 2023 [3]. SARS-CoV-2’s spike protein
is essential for the virus to enter the host cell through interaction with the viral receptor pro-
tein, angiotensin-converting enzyme 2 (ACE2) [4–6]. The spike protein consists of S1 and S2
subunits, and the S1 subunit contains an N-terminal domain (NTD) and a receptor-binding
domain (RBD) [4,7]. The receptor-binding motif (RBM) of RBD is responsible for interaction
with the helix in the N-terminal peptidase domain of ACE2 [5]. Owing to its essential
role in virus infection, the trimeric spike protein of SARS-CoV-2 has become the major
target for vaccine development, neutralizing antibodies (nAbs), drugs, and SARS-CoV-2
diagnosis [5,8].

Several vaccines have been developed to prevent infection of SARS-CoV-2, and they
play a key role in preventing COVID-19 and/or reducing the severity of COVID-19 [9–12].
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Moreover, a few drugs that have been found to be effective against COVID-19 originated
from antiviral drug candidates for other viruses. For instance, Paxlovid, a protease inhibitor,
and Molnupiravir, an RNA-dependent RNA polymerase inhibitor, are given to COVID-19
patients, even though their efficacy is limited [13,14]. Alternatively, nAbs targeting the
spike have been used to treat patients with COVID-19 [15]. However, potential adverse
effects of antibodies, such as antibody-dependent enhancement (ADE), represent a concern
for antibody-based therapy [16,17]. The major concern for COVID-19 is the evolution of
SARS-CoV-2. Numerous variants of SARS-CoV-2 have been discovered that escape from
the immune response stimulated by vaccines and antiviral drugs [12,18–20]. Therefore,
it is essential to conduct additional research for the development of better vaccines and
antiviral medications to combat SARS-CoV-2 variants.

Aptamers are short, single-stranded oligonucleotides (DNA or RNA) that exhibit
high affinity and specificity for a range of target molecules. Systematic evolution of
ligands by exponential enrichment (SELEX) is a method used to generate aptamers [21].
Compared to antibodies, aptamers have a number of benefits. For example, aptamers can
be produced chemically, are produced at low cost, exhibit low batch variability, can be
readily modified, are smaller, and provoke a very low immune response [22]. Additionally,
the use of modified nucleotide bases in lieu of conventional nucleotide bases has been
shown to increase affinity and stability [23–26]. Therefore, it is anticipated that in the
near future, aptamers will be used often in diagnostic and therapeutic applications. In the
context of SARS-CoV-2, several studies have reported the development of aptamers against
RBD of SARS-CoV-2 for diagnostic and therapeutic purposes [27–31]. Notably, one study
developed an inhibitory aptamer independent of RBD [32]. Insights for the minimization
and optimization of the aptamer might be gained from the structural information of an
aptamer–protein complex, which would provide an understanding of the mechanism
behind the interaction between the aptamer and its target protein [33]. However, to date,
there is no structural analysis of an aptamer–SARS-CoV-2 spike complex showing the
inhibition of SARS-CoV-2 infection, except for one aptamer binding to NTD of SARS-CoV-2
used for virus detection [34].

Here, we report the generation of aptamers that bind strongly to the spike protein of
SARS-CoV-2 using viro-SELEX combined with conventional SELEX technology [35,36]. We
determined the structure of aptamers bound to the RBD of SARS-CoV-2 using cryogenic
electron microscopes (cryo-EM). Through the analysis of the aptamer/RBD complex struc-
ture, we revealed the molecular bases of the binding of aptamers to the target molecule.
The inhibitory effects of aptamers on SARS-CoV-2 infection were investigated using pseu-
doviruses with envelope proteins containing the spike proteins of SARS-CoV-2 [31,37],
mimicking the entry process of SARS-CoV-2. Two aptamers, namely AM032-0 and AM047-
0, inhibited the infection of pseudoviruses. Furthermore, we optimized the aptamers to
have minimum sizes and stable configurations based on the three-dimensional structure
of the aptamer/RBD complex. Finally, we generated bivalent aptamers that comprised
two optimized aptamers, AM032-4 and AM047-6, connected together by flexible linkers. A
bivalent aptamer composed of the optimized aptamers showed a very strong inhibitory
effect on the pseudovirus infection.

2. Results
2.1. Selection and Characterization of Aptamers Binding to Spike Proteins of SARS-CoV-2

To develop aptamers that interact strongly and specifically with the spike proteins of
SARS-CoV-2, we performed viro-SELEX and conventional protein-SELEX [35,36] alternately
using a modified nucleotide, i.e., 5-[N-(1-naphthylmethyl) carboxamide]-2′-deoxy uridine
(Nap-dU), instead of the natural nucleotide deoxythymidine [23]. We used Nap-dU instead
of deoxythymidine to increase the probability of acquiring aptamers with high affinities
to the target molecule [23–26]. In the SELEX process, we used a purified trimeric spike
protein of wild-type (Wuhan strain) SARS-CoV-2 (Supplementary Figure S1a) for protein-
SELEX and a modified baculovirus (surrogate virus) containing wild-type spike proteins
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(Supplementary Figure S1d) on the viral envelope for viro-SELEX [35,36] to enrich aptamers
binding to the natural form of spikes present on SARS-CoV-2; this was in accordance with
the scheme presented in Supplementary Figure S2a. Moreover, purified trimeric spike
proteins of other variants (D614G, alpha, beta, and delta) of SARS-CoV-2 were used to
investigate the binding of aptamers to the variants (Supplementary Figure S1a). The
trimeric nature of spike proteins was further confirmed by size exclusion chromatography
(SEC) and cryo-EM (Supplementary Figure S1e,h).

After carrying out SELEX, the protein-binding affinities of DNA pools from the 9th–
12th rounds of SELEX were examined using filter binding assay [35]. For example, the DNA
pool from 10th round showed strong binding affinities to various parts of the wild-type
spike (WT-S) protein without showing binding affinity to spike proteins of other human
betacoronaviruses HCoV HKU1 and HCoV OC43, which cause common cold (Supplemen-
tary Figure S2b). Among the DNA pools evaluated, we selected the DNA pool from the
11th round of SELEX, which showed the strongest binding affinity to the S1 subunit and
WT-S proteins (KD of ~0.45 nM and ~0.25 nM, respectively; Supplementary Figure S2c),
for cloning plus sequencing by Sanger method and for direct sequencing by the next-
generation sequencing (NGS) method. It is noteworthy to mention that many aptamers
with various affinities to the spike protein were identified (Supplementary Figure S2f).
Among the aptamers, we selected the two aptamers AM032 and AM047, which strongly
bound to the RBD of the wild-type SARS-CoV-2 spike, for further analyses (Figure 1a,b).
In addition, as shown in Figure 1c, aptamers AM032 and AM047 did not compete for
binding to the RBD, indicating their different binding sites in the spike protein. Next,
we synthesized derivatives of AM032 and AM047 with serial truncations from both 5′

and 3′ ends and measured their binding affinities to spike proteins. We selected an
80-mer derivative of AM032 and a 52-mer derivative of AM047 (designated as AM032-0
and AM0470, respectively), which had minimum sizes without losing binding affinities,
for further studies. Both aptamers, i.e., AM032-0 and AM047-0, showed strong binding
affinities to the spike proteins of SARS-CoV-2 variants in the KD ranges of 3 nM–10.5 nM
and 0.04 nM–0.4 nM, respectively (Figure 1d,e; Supplementary Figure S2d,e; and Table S1).

2.2. Aptamers AM032-0 and AM047-0 Block SARS-CoV-2 Infection through Inhibition of the
Interaction between RBD and ACE2

Since aptamers AM032-0 and AM047-0 bind to the RBD of spike protein, they have the
potential to inhibit SARS-CoV-2 infection by interfering with the interaction between spike
protein and ACE2 proteins. We investigated their effects on the infectivity of pseudoviruses,
which mimic the entry step of SARS-CoV-2 into a host cell as mediated by the spike proteins
of SARS-CoV-2 on the surface of the pseudoviruses. Pseudoviruses containing the spike
proteins of either D614G or delta variant and HEK293T cells expressing human ACE2
were used as the pseudoviruses and host cells, respectively. Firefly luciferase activity from
the reporter gene integrated into the RNA of a pseudovirus was monitored to determine
its infectivity. Pseudoviruses were cultured for 48 h in the presence of serially diluted
aptamers, and the effects of aptamers on the infectivity of pseudoviruses were monitored
by measuring firefly luciferase activities in the cell extracts. Both aptamers AM032-0 and
AM047-0 inhibited infection of the pseudoviruses containing the spike proteins of D614G
or delta variant in dose-dependent manners (Figure 1f,g). The half-maximal inhibitory
concentrations (IC50s) of AM032-0 and AM047-0 against the pseudovirus with D614G spike
were 188 nM and 134 nM, respectively (Figure 1f). Additionally, the IC50s of AM032-0
and AM047-0 against the pseudovirus with the delta spike were 197 nM and 141 nM,
respectively (Figure 1g). The results indicate that both aptamers AM032-0 and AM047-
0 interfered with the infection of SARS-CoV-2 variants and that the aptamer AM047-0,
which had higher affinity to the spike protein than aptamer AM032-0, also had a higher
inhibitory effect on SARS-CoV-2 infection. To understand the underlying mechanism of the
interference of SARS-CoV-2 infection by the aptamers AM032-0 and AM047-0, we examined
whether they inhibited the interaction between the spike and ACE2 proteins. Therefore,
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we performed enzyme-linked immunosorbent assays (ELISAs) measuring the interaction
between ACE2 and the RBD of wild-type spike in the presence or absence of aptamers
(Figure 1h). Both aptamers AM032-0 and AM047-0 strongly inhibited the interaction
between ACE2 and the wild-type RBD. The half-maximal effective concentrations (EC50s)
of aptamers AM032-0 and AM047-0 were 41.0 nM and 17.4 nM, respectively (Figure 1h).
Again, the binding affinities of aptamers were well correlated with the interfering actions
of aptamers in the interaction between ACE2 and RBD. Taken together, these findings
conclude that aptamers AM032-0 and AM047-0 inhibit SARS-CoV-2 infection by interfering
with the interaction between the spike and ACE2 proteins.
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Figure 1. Development and characterization of aptamers. (a,b) Filter binding assays showing
the binding of aptamers AM032 and AM047 to the various parts of a SARS-CoV-2 spike protein.
(c) Protein-binding competition assay against S1S2 protein. [P32]-labeled (hot) aptamers and unla-
beled (cold) aptamers were used as probes and competitors, respectively. (d,e) Binding affinities
of AM032-0 (d) and AM047-0 (e) to the spike proteins of SARS-CoV-2 variants. The binding affini-
ties were determined by filter binding assays (see Section 4). (f,g) Inhibitory effects of aptamers
on the infection of SARS-CoV-2 pseudoviruses containing spike proteins of D614G (f) and delta
(g) variants. (h) Inhibitory effects of aptamers on the interaction between ACE2 and RBD. Enzyme-
linked immunosorbent assays (ELISAs) were performed to monitor the inhibitory effects. NC,
negative control. The values presented for KD, IC50, and EC50 were measured in nM.

2.3. Determination of the Three-Dimensional Structure of RBD–Aptamer Complex by Cryo-EM

To understand the detailed molecular mechanism of the aptamer binding to the spike
protein and the inhibition of SARS-CoV-2 infection, we determined the three-dimensional
structure of the RBD–aptamer complex using cryo-EM. We used a previously published Fab
domain of an antibody, namely REGN10987 [38], against the RBD of the spike to increase
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the overall size of the RBD–aptamer complex and make it suitable for cryo-EM analysis
(Supplementary Figure S3a). Both aptamers AM032-0 and AM047-0 were applied to the
RBD–antibody complex to acquire a complex containing the aptamers: RBD–Fab–AM032-
0–AM047-0. From 21,340 movie frames and from post-processing the cryo-EM movies
in cryoSPARC [39], we obtained the cryo-EM map of the protein–aptamer complex at an
overall resolution of 3.32 Å (Supplementary Figure S3b–f and Table S2). The initial atomic
model for the protein part was constructed by fitting the previously published structures
of RBD (PDB code 7KGJ) [40] and Fab (PDB code 6XDG) [38] to the map. The aptamer
structures were built de novo using Coot [41] (see Materials and Methods for detail). The
cryo-EM map corresponding to the constant region of Fab and the 5′ and 3′ end areas of
the aptamer AM032-0 were not clearly visible, presumably due to high structural flexibility,
and were therefore omitted from the refined structure (Figure 2a,b and Supplementary
Figure S3g). The RBD structure of the complex is superimposable with a root mean square
(r.m.s.) deviation of 1.41 Å and 1.48 Å (193 Cα pairs) with PDB IDs 6M0J [5] and 7KGJ [40],
respectively, demonstrating that no significant conformational changes in the RBD molecule
were induced by the aptamer binding. The complex structure illustrates that the aptamers
AM032-0 and AM047-0 bind to two different sites in RBD (Figure 2a,b). AM032-0 stands
astride the ACE2-binding surface of RBD, spanning residues from G476 to Y505 and distant
residues R403 and F456. AM047-0 binds to an area composed of residues from Y365 to N388
that is distal from the ACE2-binding site (Figure 2c). The bound aptamers adopt regular
double-helical structures at the areas close to their 5′ and 3′ ends but form complicated
loop structures near the RBD–aptamer interface areas (Figure 2a).
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Figure 2. Cryo-EM structure of the RBD–Fab–AM032-0–AM047-0 complex. (a) Structure of the
RBD–Fab–AM032-0–AM047-0 complex. Front view (left) and back view (right). (b) Cryo-EM density
map of the protein–aptamer complex. (c) Structure of the RBD–aptamer complex superimposed
with that of the RBD–ACE2 complex (PDB ID: 6M0J). Nap-dU residues of the aptamers are shown
in purple.

Aptamer AM032-0 is composed of 80 nucleotides with 11 modified Nap-dU nu-
cleotides (Figure 3a). The three-dimensional structure of AM032-0 has one stem and three
turns, i.e., T1, T2, and T3 (Figure 3b; see Supplementary Note for structural details). This
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unusual three-turn structure is stabilized by a hydrophobic core composed of seven Nap-
dU residues at positions 33, 34, 39, 44, 48, 51, and 53 (Figure 3b,c). Mutagenesis of some of
these nucleotides individually with deoxythymidine abolishes the binding of the aptamer
to RBD (Figure 3e). Among the three turns, the T1 plays the main role in RBD binding.
Bases 32, 34, 35, 36, and 43 make intimate polar interactions with side chains of N487, Q493,
R403, and Y505 (Figure 3c and Supplementary Table S3). The aromatic amino acids F456,
F486, and Y489 of RBD make hydrophobic interactions with C32, Nap-dU33, Nap-dU34,
C43, Nap-dU44, G45, and Nap-dU53 (Figure 3c and Supplementary Table S3). Mutations
of these aromatic residues disrupt aptamer binding (Figure 3d).
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Figure 3. Structure of AM032-0 bound to the RBD of SARS-CoV-2. (a) Sequence of the aptamer
AM032-0. The bases required for RBD binding and aptamer folding are written in red and blue,
respectively. (b) The overall structure of aptamer AM032-0. For clarity, some nucleotides are not
shown. Ndu represents Nap-dU. (c) Close-up view of the binding interface between AM032-0 and
RBD. AM032-0 and RBD are colored in red and light blue, respectively. Nap-dU nucleotides (NdU)
and amino acids critical for binding are shown in purple and cyan, respectively. (d) Effects of
mutations in RBD on binding to aptamers. Mutations in RBDs of wild type (lanes 2–4) and delta
variant (lanes 6–8) were introduced, and the effects of the mutations on binding to aptamer AM032-0
were monitored by filter binding assay. (e) Effects of nucleotide substitution of aptamer AM032-0 on
binding to wild-type RBD. N, Nap-dU = 5-[N-(1-naphthylmethyl) carboxamide]-2′-deoxyuridine; A,
2′-deoxyadenosine; T, 2′-deoxythymidine; G, 2′-deoxyguanosine; C, 2′-deoxycytidine.

The aptamer AM047-0 comprises 52 nucleotides with 11 Nap-modified nucleotides
(Figure 4a). The refined structure of AM047-0 in complex with RBD has two stems, S1
and S2; two turns, T1 and T2; and two loops, L1 and L2 (Figure 4b; see Supplementary
Note for structural details). The L1 and L2 loops of AM047-0 are responsible for bind-
ing to RBD protein. The aptamer-binding site consists of beta-strand β2, alpha helix
α4, and a loop preceding the β2 strand of RBD (Figure 4c). Both hydrophobic and po-
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lar interactions mediated by several residues are involved in the interaction with RBD
(Figure 4c and Supplementary Table S3). The Nap-dU residues at positions 30 and 35 of the
L2 loop and positions 17 and 20 of the L1 loop form a hydrophobic surface in the aptamer
that is critical in the interaction with the hydrophobic surface formed by Y365, L368, Y369,
F374, F377, P384, and L387 residues of the spike protein (Figure 4c and Supplementary
Table S3). This core hydrophobic interaction is supported by hydrophilic interactions in
the periphery. The G19 residue of the L1 loop makes a hydrogen bond with S366 residue
of RBD. The G31 and G33 residues of the L2 loop make a polar interaction with T376 and
K378 residues of the spike (Figure 4c and Supplementary Table S3). Consistent with these
observations, the replacement of Nap-dU35 with dT abolished the binding of aptamer
AM047-0 with RBD (Figure 4e), suggesting its central role in binding and stabilizing the
interface structure of AM047-0. This hypothesis was also supported by the binding assay
showing that the reverting of the amino acid mutations in omicron BA.4/5 (P373 and F375),
which binds weakly to AM047-0, to the wild-type (S373 and S375) restores the binding to
AM047-0 (Figure 4d and Supplementary Table S4).
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(c) Close-up view of the binding interface between AM047-0 (red) and RBD (light blue). Nap-dUs
are shown in purple. (d) Effects of mutations in RBD on binding to aptamers. Mutations in RBDs
of wild type (lane 2) and BA.4/5 variant (lanes 4–5; BA.4/5 denoted as BA.4) were introduced,
and the effects of the mutations on binding to aptamer AM047-0 were monitored by filter binding
assay. (e) Effects of nucleotide substitution of aptamer AM047-0 aptamer on binding to wild-type
RBD. N, Nap-dU = 5-[N-(1-naphthylmethyl) carboxamide]-2′-deoxyuridine; A, 2′-deoxyadenosine; T,
2′-deoxythymidine; G, 2′-deoxyguanosine; C, 2′-deoxycytidine; Lib, aptamer library.

2.4. Aptamers AM032-0 and AM047-0 Block the Association of ACE2 to RBD through
Distinct Mechanisms

As shown in Figure 1f–h, both AM032-0 and AM047-0 aptamers compete with ACE2
for binding to the spike protein and inhibit the infection of SARS-CoV-2 pseudovirus.
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The inhibition of the ACE2–RBD interaction by AM032-0 is easily comprehensible since
ACE2 and AM032-0 occupy an overlapped region on RBD, as shown in Figure 2c. Addi-
tionally, several amino acid residues in RBD (F456, F486, Y489, and Q493) participate in
the interactions with both ACE2 [5] and AM032-0 (Figures 2c and 3c). Therefore, ACE2
and AM032-0 cannot bind to the spike protein at the same time since the binding of one
molecule (either ACE2 or AM032-0) would not allow the binding of the other molecule to
the spike (Figure 1h). However, aptamer AM047-0 binds to RBD at a distinct region from
the ACE2-binding site, and AM047-0 and ACE2 may not directly bump into each other
even if both of the molecules are associated with RBD, as shown in Figure 2c. A possible
explanation for the inhibitory effect of AM047-0 is described in Section 3.

2.5. Optimization of Aptamers AM032-0 and AM047-0

Optimization of aptamers (an increase of binding affinity, minimization of size, min-
imization of modified nucleotide Nap-dU, reduction of susceptibility to nucleases, and
stabilization of structure) is required for use in diagnostic or therapeutic purposes. Through
the structural analysis of the aptamers AM032-0 and AM047-0, we recognized that the 5′

and 3′ ends of the aptamers form partially double-stranded configurations that stabilize
the overall structures of the aptamers (Figure 2a). On the other hand, the central parts of
the aptamers AM032-0 and AM047-0 form complex structures participating in the protein
bindings (Figures 3b,c and 4b,c). We designed several aptamers to confirm the structures
and to optimize aptamers (Supplementary Figure S4a,b). In the optimization process, we
maintained the central regions of the aptamers in order to not disturb the structures re-
quired for protein binding. On the other hand, we removed the peripheral regions as much
as possible to minimize the aptamer size and changed the sequences to develop strong
stem structures with many G-C base pairings (Supplementary Figure S4a,b) to stabilize the
aptamer structures [31,42].

Various oligonucleotides related to AM032-0 and AM047-0 were synthesized, and their
binding affinities to wild-type RBD were monitored by filter binding assays (Supplementary
Figure S4c,d). Aptamers AM032-4 and AM047-6 (Supplementary Figures S4a,b and S5h,i)
were the finally optimized aptamers that had strong binding affinities to the spike proteins
of SARS-CoV-2 variants (Figure 5a,b; Supplementary Figure S4e,f; and Supplementary
Table S1). To evaluate the antiviral activities of the optimized aptamers, we analyzed
the effects of AM032-4 and AM047-6 on the RBD–ACE2 interaction and their inhibitory
effects on the infection of the SARS-CoV-2 delta pseudovirus (Figure 5c,d). AM032-4 and
AM047-6 inhibited RBD–ACE2 interaction with EC50 values of 8.3 nM and 5.8 nM, respec-
tively. Notably, AM032-4 and AM047-6 demonstrated approximately five and three times
stronger inhibitory effects compared with the original aptamers, AM032-0 and AM047-0
(Figures 1h and 5d). However, the inhibitory effects of AM032-4 and AM047-6 on pseu-
dovirus infection were similar to those of AM032-0 and AM047-0 (Figures 1g and 5c).

2.6. Structure of RBD–Fab–AM032-4–AM047-6 Complex

We determined the structures of the optimized aptamers complexed with RBD asso-
ciated with Fab since the optimized aptamers were likely to show higher resolution due
to their compact structures around the termini with strengthened double-stranded stems.
Indeed, we obtained the cryo-EM map of the protein–aptamer complex at a resolution
of 3.43 Å, with an improved resolution in the binding interfaces and less flexibility at
the termini of aptamers (Figure 5e–g; Supplementary Figure S5a–g; and Table S2). As
expected, these aptamers have similar structures at the binding interfaces compared to
AM032-0 and AM047-0 (Figure 5h,i). Major differences were observed at the 5′ and 3′ ends,
where truncations and changes in bases were newly introduced in the optimized aptamers
(Figure 5g).
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Figure 5. Characterization of aptamers AM032-4 and AM047-6 and cryo-EM structure of RBD–
Fab–AM032-4–AM047-6 complex. (a,b) Binding affinities to the spike proteins of SARS-CoV-2
variants. (c) Inhibitory effects of aptamers on the infection of SARS-CoV-2 pseudovirus con-
taining the spike protein of the delta variant. (d) Inhibitory effects of aptamers on the in-
teraction between ACE2 and RBD. ELISAs were performed to monitor the inhibitory effects.
(e) Cryo-EM density map of the protein–aptamer complex (front view) is superimposed with
the refined model. (f) Structure of the RBD–Fab–AM032-4–AM047-6 complex. (g) The struc-
ture of the RBD–Fab–AM032-4–AM047-6 complex superimposed with that of the RBD–Fab–
AM032-0–AM047-0 complex (gray). Nap-dUs of AM032-4 and AM047-6 are shown in purple.
(h,i) Structures of the binding interfaces of AM032-4 (h) and AM047-6 (i) are superimposed with that
of the RBD-Fab-AM032-0-AM047-0 complex (gray). NC, negative control. The values presented for
KD, IC50, and EC50 were measured in nM.

2.7. Generation of a Bivalent Aptamer That Strongly Inhibits SARS-CoV-2 Pseudovirus Infection

It is possible to increase the activities of aptamers by connecting two or more ap-
tamers together through a linker(s), which would increase the avidity of aptamers to a
target molecule [43,44]. We designed and synthesized two bivalent aptamers, i.e., AM-B1
and AM-B2, using the optimized aptamers AM032-4 and AM047-6. Aptamers AM032-4
and AM047-6 were connected by a long flexible linker [7× or 8× hexaethylene glycol
(HEG = Spacer 18)] to obtain bivalent aptamers AM-B1 and AM-B2 based on the three-
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dimensional structure of the AM032-4–RBD–AM047-6 complex (Figure 6a–c). The 5′ end
of AM032-4 was connected with the 3′ end of AM047-6 using a linker of 7× HEG to ob-
tain AM-B1, and the 5′ end of AM047 was connected with the 3′ end of AM032-4 using
a linker of 8× HEG to obtain AM-B2 (Figure 6a). AM-B1 and AM-B2 strongly inter-
acted with the spike proteins of several SARS-CoV-2 variants with similar KD values to
each other (Figure 6d,e and Supplementary Figure S6a,b). Interestingly, AM-B1 showed
stronger inhibitory effects on ACE2 binding (EC50 = 15.6 nM) and on pseudovirus infection
(IC50 = 47.0 nM) than AM-B2 (EC50 = 125.9 nM, IC50 = 159 nM) (Figure 6f,g). It should
be noted that the inhibitory effect of AM-B1 (IC50 = 47.0 nM) is higher than those of indi-
vidual aptamers AM032-4 and AM047-6 (IC50 = 230 nM and 139 nM, respectively). The
results indicate that a properly arranged bivalent aptamer (e.g., AM-B1) can have stronger
inhibitory activity than individual aptamers, but a poorly arranged aptamer (e.g., AM-B2)
shows similar inhibitory activity to the stronger monomeric aptamer (e.g., AM047-6).
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Figure 6. A bivalent aptamer shows strongly augmented antiviral activity. (a) Sequences of
bivalent aptamers. Aptamers AM032-4 and AM047-6, shown in purple and blue boxes, re-
spectively, are connected together by flexible linkers composed of 7× or 8× spacer 18s (HEGs).
(b) Distances between the 5′ and 3′ ends of the aptamers AM032-4 and AM047-6 are depicted in
the complex structure. Distance information helped in designing bivalent aptamers. (c) Chemical
structure of phosphoramidite 18 linker that generates spacer18 linker by the polymerization reaction.
(d,e) Determination of binding affinities to the spike proteins of SARS-CoV-2 variants. (f) Inhibitory
effects of aptamers on the infection of SARS-CoV-2 pseudovirus of the delta variant. (g) Inhibitory
effects of aptamers on the interaction between ACE2 and RBD. ELISAs were performed to monitor
the inhibitory effects. The values presented for KD, IC50, and EC50 were measured in nM.
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3. Discussion

Herein, we could develop several aptamers having modified nucleotides (Nap-dUs)
with high affinities for the spike protein of SARS-CoV-2. Our study focused on the aptamers
AM032 and AM047 and their derivatives that bind to the RBD of spike protein. Interestingly,
these aptamers showed high affinities (KD = 0.04 nM~10.5 nM) not only to the wild-type
spike protein but also to the spike proteins of alpha, beta, and delta variants. This indicates
that developing aptamers with a broad spectrum of target molecules is possible by using
an appropriate selection process.

To investigate the feasibility of developing aptamers with anti-SARS-CoV-2 activities
via a structure-based aptamer-designing approach, we determined the three-dimensional
structure of the aptamer/RBD complex using cryo-EM technology. We used RBD in-
stead of a trimeric spike protein due to the flexible nature of RBD relative to the rest
of the spike protein [4], which reduces the resolution of the RBD region of the spike in
the structural analysis. The three-dimensional structure of the aptamer/RBD complex
(resolution up to ~3.43 Å in Supplementary Figure S5f) provided us with the informa-
tion required for understanding the mechanism of aptamer structure formation and of
protein–aptamer interaction. Outstanding features of the aptamer/RBD complex are as
follows: (1) The naphthyl group of Nap-dU plays a key role in maintaining the loop struc-
tures of both aptamers AM032-0 and AM047-0 that enable specific interactions with RBD
(Figures 3 and 4 and Supplementary Table S3). The unusual three-turn structure in aptamer
AM032-0 is stabilized by a hydrophobic core composed of seven naphthyl residues, and
the L1 and L2 loops in aptamer AM047-0 are maintained by a hydrophobic core composed
of four naphthyl residues stretched out from L1 and L2 loops, which provide two naphthyl
residues each. (2) The hydrophobic and specific polar interactions between the aptamers
and the spike protein are the major forces for the strong and specific associations among
the molecules. (3) Base pairing and/or base stacking that resides outside of the loop re-
gions, which participate in aptamer–protein interaction, stabilize the overall structure of
the aptamers. These features indicate that the usage of a modified nucleotide (Nap-dU,
in this case) can dramatically increase the diversity of shapes of the aptamers by forming
hydrophobic cores composed of naphthyl groups. The conformational diversity and the
direct participation of the naphthyl group in binding to a target protein seem to increase
the possibility of finding aptamers with high affinities, which was experimentally proven
previously without knowing the structures [23–26].

The molecular bases of the antiviral effects of aptamers were revealed by the three-
dimensional structure of the aptamer–RBD complex. A large part of the interface of RBD
that participates in the interaction with aptamer AM032-0 (F456 and G476~Y505 on RBD)
overlaps with that participating in the interaction with ACE2 (G446~Y505 on RBD) [5].
The competition between AM032-0 and ACE2 for the same binding sites on the RBD is
the inhibitory mechanism of AM032-0 for the ACE2 binding to the RBD. On the other
hand, the inhibitory effect of AM047-0 on the RBD-ACE2 interaction was not attributable
to the occupation of the same binding site in RBD by AM047-0 since the aptamer AM047-0
localized to a completely distinct region from the ACE2-binding area (Figure 2c). It is likely
that the binding of AM047-0 indirectly inhibits ACE2 binding through the conformational
change of RBD.

Our structure-based and optimized aptamers AM032-4 and AM047-6 showed stronger
or similar affinities to spike variants compared with the original aptamers (Figures 1 and 5).
Moreover, the existence of more stable stem structures due to the incorporation of G-C
base pairs at the termini of the optimized aptamers AM032-4 and AM047-6 compared with
the original aptamers AM032-0 and AM047-0 was indicated by the higher resolution of
the cryo-EM map around the aptamers’ termini of the protein–aptamer complex (Supple-
mentary Figures S3g and S5g). A strong, double-stranded stem structure at the termini
of oligonucleotides protects an aptamer from degradation by exonucleases, which are the
major nucleases that destroy DNAs or RNAs in the plasma [31,42]. These aptamers can be
even further stabilized by replacing the nucleotides forming the stems with locked nucleic
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acids (LNA) or 2′-O-methyl nucleotides, which are more resistant to nuclease-mediated
degradation and form more stable stem structures with a higher melting temperature [45–47].

Based on the three-dimensional structure of the RBD–Fab–AM032-4–AM047-6 com-
plex, we designed and synthesized bivalent aptamers containing both AM032-4 and AM047-
6 connected by linkers with different lengths. One of the bivalent aptamers (AM-B1)
showed an approximately 3-fold higher inhibitory effect than AM047-6 on the infection
of pseudovirus SARS-CoV-2 delta. The other bivalent aptamer (AM-B2) showed the same
inhibitory effect as AM047-6 on the infection of the delta pseudovirus. These results
demonstrate the feasibility of developing highly effective bivalent aptamers based on the
structures of aptamers binding to two different regions of a target protein.

While we were carrying out this study, SARS-CoV-2 evolved rapidly to evade host
immunity acquired by vaccine treatment and/or by the viral infection of early SARS-CoV-2
variants [12,18–20]. In addition, the variants with higher infectivity through their stronger
binding affinity to the viral receptor ACE2 outnumbered the earlier variants by their faster-
spreading capability [48]. As a consequence, the omicron variants of SARS-CoV-2 have
become the most prevalent variants to date [49]. The mutations in SARS-CoV-2 variants
are accumulated mostly in the spike protein since it plays a pivotal role in the interaction
with ACE2 and is targeted by neutralizing antibodies generated by acquired immunity [50].
The aptamers AM032-0 and AM047-0 and their derivatives have high affinities to the
spike proteins of various variants up to the delta variant (Figures 1 and 5), even though
these variants contain many mutations in the spike gene that nullify the binding of many
neutralizing antibodies [51]. This indicates that these aptamers have a broad spectrum of
binding to various spike proteins compared with many monoclonal antibodies. However,
unfortunately, these aptamers have reduced binding affinities to the spike of omicron
variants that have 15 or more mutations within the RBD region that nullify the binding of
many neutralizing antibodies [52] (Supplementary Figure S6e and Supplementary Table S1;
AM032-4 and AM047-4 have KD values of 26.7 and 19.9 nM, respectively).

Several mutations exist in the aptamer-binding interfaces in the RBD of omicron
variants. For instance, eight (S477N, T478K, E484A, Q493R, G496S, Q498R, N501Y, and
Y505H) [53] and seven (S477N, T478K, E484A, F486V, Q498R, N501Y, and Y505H) [54] mu-
tations exist in the AM032-binding interfaces of omicron B.1.1.529 and BA.4/5, respectively
(Supplementary Figure S6c and Table S4). A slight movement (1.5 to 2.4 Å) of aromatic
amino acids in the loop of omicron variants composing the AM032-binding interface and
several mutations in amino acids that participate in aptamer–RBD interaction seem to
attribute to the reduced affinity of the omicron spike to AM032 (Supplementary Figure S6c).
Moreover, we confirmed the importance of E484, F486, and Q493 residues in aptamer bind-
ing by testing the effect of mutations in RBD (Figure 3d). Three (S371L, S373P, and S375F)
and four (S371L, S373P, S375F, and T376A) mutations exist in the AM047-binding interfaces
of omicron B.1.1.529 and BA.4/5, respectively (Supplementary Table S2). The presence
of these mutations causes conformational differences in the AM047-binding interface of
omicron, as shown in Supplementary Figure S6d, thereby explaining the reduced binding
of omicron to AM047. Moreover, we confirmed the importance of residues 373 and 375
of the spike in the interaction with AM047 by reverting these mutations to the wild type
(P373S and F375S) and testing the affinity of the reverted RBD for AM047. The reversion
mutations of omicron BA.4/5 restored the binding affinity to AM047-0 almost completely
(Figure 4d).

4. Materials and Methods
4.1. Cloning, Expression, and Purification of Proteins

In order to synthesize the spike proteins of SARS-CoV-2, we used a baculovirus gene
expression system [35,36]. The DNA fragment encoding the ectodomain of the spike protein
(designated as WT-S, residues 1–1208) of SARS-CoV-2 containing two proline substitutions
at 986–987 amino acid positions, a furin cleavage site mutation (RRAR to GSAS at position
of 682–685 residues), and a C-terminal trimerization motif [4] was amplified by PCR using
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a plasmid kindly provided by Prof. Jason S. McLellan of University of Texas at Austin as a
template. A TEV protease cleavage site was newly included during PCR using a proper
primer. The synthesized DNA fragment was cloned into a p42 vector (a modified pFastBac)
containing 6xHis and a Flag-tag [35,36]. To create a plasmid encoding D614G mutation in
the spike gene, site-directed mutagenesis (SDM) was performed. Other DNA fragments
encoding the spike genes of alpha, beta, delta, and omicron variants with two proline
substitutions and the furin cleavage site mutations were synthesized by Gene Universal and
cloned into the p42 vector, as described for WT-S construction. In order to produce plasmids
encoding human ACE2 protein (residues 19-615) and the polypeptide corresponding to
the RBD of the spike (319−541 aa) with an N-terminal honeybee melittin (HBM) signal
sequence [55], C-terminal 6xHis-tag, and an Fc-tag, DNA fragments corresponding to
the genes were amplified by PCR using the plasmids kindly provided by Prof. Jason S.
McLellan as templates. The synthesized DNA fragments were cloned into the p42 vector as
described above.

Recombinant proteins were produced using a baculovirus-expression system as pre-
viously described [35,36]. Sf9 insect cells (2 × 106 cells/mL) were inoculated with bac-
uloviruses expressing recombinant proteins and cultivated for three days, and then, culture
media were collected. The culture media were centrifuged at 6000 rpm for 10 min to remove
cell debris and then filtered through a 0.45 µm syringe filter (Sartorius). The filtrate was
passed through a His-tag purification resin (Roche) for protein binding and then washed
with wash buffer (50 mM Tris-HCl (pH 8.0), 200 mM NaCl, and 20 mM imidazole), and
then, the proteins were eluted in elution buffer (50 mM Tris-HCl (pH 8.0), 200 mM NaCl,
and 200–300 mM imidazole). Eluted fractions were pooled, concentrated, and injected into
a Superose® 6 Increase 10/300 GL column (GE Healthcare) for size-exclusion chromatogra-
phy (SEC) in a buffer of 20 mM Tris-HCl (pH 8.0) and 200 mM NaCl. Finally, SEC fractions
were pooled, concentrated, and stored at −70 ◦C for further experiments. RBD protein
was purified (Supplementary Figure S1b,f) by the same method with a final buffer of
25 mM Tris-HCl (pH 7.5) and 150 mM NaCl in SEC (Superdex 200 increase 10/300 GL,
GE healthcare). Other RBD mutants of the wild-type (Y369A, F456A, F486A, and Y489A),
delta (E484A, Q493R, and E484A + Q493R), and omicron BA.4/5 (P373S and P373S + F375S)
varieties were generated by SDM and purified by the same method as wild-type RBD.
Fc-tagged ACE2 proteins were purified (Supplementary Figure S1c,g) by passing the filtrate
through protein A resin, washed with wash buffer (50 mM Tris-HCl (pH 8.0) and 200 mM
NaCl), and eluted with buffer (100 mM glycine (pH 3.0) and 150 mM NaCl). The pH of
the eluent was raised to ~pH 8.0 by adding 1M Tris-HCl (pH 9.0), and then, the buffer was
exchanged for 50 mM Tris-HCl (pH 8.0) and 200 mM NaCl. Buffer-exchanged protein was
subsequently purified by SEC (Supplementary Figure S1g).

For the expression and purification of Fab (PDB ID: 6XDG) [38], genes for the heavy
and light chains of Fab were synthesized by Twist Bioscience. A signal sequence was added
at the N-terminal ends of both chains, and an alpha-tag [56] with a thrombin cleavage
site and an 8x His-tag were added at the C-terminal ends of the heavy and light chains,
respectively. Genes were cloned into the pAcGP67 vector for the generation of recombinant
baculovirus [57]. Hi5 insect cells were co-infected with baculoviruses expressing heavy
and light chains. Upon clarification of cells by centrifugation, the secreted Fab complex
was purified by Ni-affinity column (Roche) with wash buffer (20 mM Tris-HCl (pH 8.0),
200 mM NaCl, and 1 mM PMSF) and gradient elution buffer (20 mM Tris-HCl (pH 8.0),
200 mM NaCl, and 100-500 mM imidazole). Elution fractions were pooled and purified by
SEC (Superdex 200), and peak fractions were concentrated and stored at −80 ◦C.

4.2. Preparation of Surrogate Virus

Surrogate baculovirus preparation was performed as described previously [36]. Briefly,
the ectodomain (polypeptide spanning the outer part of the viral envelope: 1-1208 residues)
of the SARS-CoV-2 spike conjugated with the foldon domain of the T4 phage [4] was cloned
in front of the G-stem of the vesicular stomatitis virus (VSV) with a C-terminal Flag-tag as
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a single open-reading frame in a p42 vector. The VSV G-stem was used as an anchor on the
viral envelope to display the spike protein on the surface of the baculovirus as described
previously [58]. The surrogate baculovirus was generated using a baculovirus-expression
system. At three days after infection, the surrogate viruses in Sf9 culture media were
collected by centrifugation (500× g for 5 min) and cleared by a 0.2 µm syringe filter. The
viruses in the media were precipitated by ultra-centrifugation (100,000× g for 2 h) in a 20%
sucrose gradient in a sucrose gradient buffer (5 mM Tris-HCl (pH 8.0), 100 mM NaCl, and
1 mM EDTA). The surrogate virus pellet was resuspended in cold PBS buffer (137 mM
NaCl, 2.7 mM KCl, 10 mM Na2HPO4, and 1.8 mM KH2PO4) with 2.5% glycerol and stored
at −70 ◦C.

4.3. Systematic Evolution of Ligands by Exponential Enrichment (SELEX)

The SELEX procedures were performed as described by Kwon et al. and Narayan et al.,
with a few modifications [35,36]. The SELEX process is schematically illustrated in Sup-
plementary Figure S2a, depicting positive and negative selection processes. Protein-based
SELEX (left) and virus-based SELEX (right) were executed alternatively. For the enrich-
ment of aptamers specifically interacting with the spike protein of SARS-CoV-2, positive
and negative selection processes were included. For positive selection, monomeric spike
protein mS (Sino Biological Inc., Wayne, PA, USA), purified spike protein of SARS-CoV-2
(WT-S), and a surrogate virus containing the spike of SARS-CoV-2 (SARS-CoV-2 surro-
gate virus) were used in the viro-SELEX. For negative selection, a mixture of spike pro-
teins (purchased from Sino Biological Inc.) of human betacoronaviruses (HCoV HKU1
and HCoV OC43) were used in the SELEX (Supplementary Figure S2a). Among the
12 rounds of SELEX, the seventh round was performed with a SARS-CoV-2 surrogate
virus (in positive selection) and baculovirus (in negative selection). The ssDNA library
contains 90-mer DNAs composed of a randomized nucleic acid sequence (40-mer) in
the center flanked by 25-mer constant regions at both ends. A modified nucleotide,
i.e., 5-[N-(1-naphthylmethyl) carboxamide]-2′-deoxy uridine (Nap-dU), was used instead
of natural nucleotide deoxythymidine for the random sequence of the library. The se-
quence pattern of library DNAs is similar to 5′-ATATATATCGAGCGTCCTGCCTTTG-40N-
CACCGACAGCCACCCAGAAAAAAAA-3′, where 40N represents 40 random sequences
including a modified nucleotide (Nap-dU).

To perform aptamer refolding, an aptamer library mixture (1 nmole) dissolved in
S buffer (40 mM HEPES (pH 7.5), 102 mM NaCl, 5 mM KCl, 5 mM MgCl2, and 0.05%
Tween-20) was heated at 95 ◦C for 5 min, followed by slow cooling to 37 ◦C at a rate
of 0.1 ◦C/s. To remove unwanted magnetic beads and His-tag binders, aptamer library
DNAs were pre-incubated with 6xHis-tag-associated Talon beads (Invitrogen, Carlsbad,
CA, USA). The bead-bound DNAs were separated by applying a magnetic field, and the
remaining solution with unbound DNAs was incubated with purified proteins (50 pmol)
for 60 min at 37 ◦C. Next, the solution was incubated with Talon beads for 10 min with
agitation, and the beads were collected using a magnetic field and washed three times
with S buffer. The target-protein-bound aptamers were eluted from the beads using a
2 mM NaOH solution. The eluted DNAs were then amplified by PCR using a 5′-primer
(5′-ATATATATCGAGCGTCCTGCCTTTG-3′) and a biotin-conjugated 3′-primer [5′-(2x)
Biotin-TTTTTTTTCTGGGTGGCTGTCGGTG-3′]. After the PCR, biotin-conjugated DNAs
were trapped on Myone SA beads (Invitrogen), and 20 mM NaOH elution buffer was used
to elute the positive-sense DNAs. In order to synthesize positive-sense aptamers containing
Nap-dU, the negative-sense DNAs trapped on the beads were used as templates, and the
beads were incubated in a polymerization reaction buffer comprising DNA polymerase,
dATP, dGTP, dCTP, and Nap-dUTP. The synthesized aptamers were used for the next round
of SELEX. The SELEX process was executed in the absence or presence of dextran sulfate
(DxSO4). A decreasing amount of spike protein (down to 0.005 pmol) and an increasing
amount of DxSO4 (up to 10 µM) were added in the binding step and/or after the binding
of protein with a DNA pool. The ssDNAs, enriched in the 11th round of SELEX, were
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amplified by PCR using the 5′- and 3′-primers and purified using a PCR purification kit
(Qiagen, Germany). The purified DNAs were cloned and sequenced (Solgent, South Korea).
Alternatively, the amplified DNAs were sequenced using a next-generation sequencing
(NGS) method.

4.4. SARS-CoV-2 Spike Aptamer Synthesis

The aptamers were synthesized by Aptamer Sciences Inc. as described previously [35,36].

4.5. Measurement of the KD Values of Aptamers

A filter binding method as described by Gold et al. (2010) was used to determine the
equilibrium dissociation constant (KD) between an aptamer and a protein [26]. In short,
[32P] radioisotope and [32P]-ATP (Perkinelmer, Waltham, MA, USA) were used to label the
5′ ends of aptamers using T4 polynucleotide kinase (Takara Bio Inc.). The radiolabeled
aptamers were diluted to 20,000 cpm in 200 µL of S buffer and then heated at 95 ◦C for 3 min
and cooled slowly to 37 ◦C at a rate of 0.1 ◦C/s. The radiolabeled aptamers were incubated
with various amounts of the target proteins (20 nM to 2.1 pM with a 4.6-fold dilution) at
37 ◦C for 30 min. Then, 1/30 of them were spotted on a non-charged nylon membrane.
Zorbax resin (Agilent, Santa Clara, CA, USA) in H2O (5.5 µL, 400 mg/mL) was added
to the aptamer–protein solution and mixed with a thermomixer for 1 min at 1300 rpm.
The target protein and radiolabeled aptamer mixer were then applied to a polyvinylidene
difluoride (PVDF) filter plate and washed, and the radioactivity remaining on the filter
plate and nylon membrane was measured with a phosphor-imager (Amersham Typhoon
5 Biomolecular Imager, GE healthcare, Japan). The radioactivity in each slot was normalized
to that of the negative control ([32P]-labeled library DNAs) slot. The KD values of aptamers
were calculated by plotting the data in one site-specific binding model using GraphPad
Prism software, version 9.5.

4.6. Protein-Binding Competition Assay

Competition between aptamers for binding to SARS-CoV-2 spike proteins was mon-
itored as described by Kwon et al. [35]. [32P]-labeled (hot) aptamers (2000 cpm) were
incubated with SARS-CoV-2 spike protein (mS) in the presence of unlabeled (cold) ap-
tamers (25 pmole) as competitors at 37 ◦C for 30 min, and then, aptamer–protein complexes
were captured by Zorbax resin. The amount of radio-labeled aptamers on the Zorbax resin
was measured with a phosphor-imager (Amersham Typhoon 5 Biomolecular Imager).

4.7. Enzyme Linked Immunosorbent Assay (ELISA)

The aptamer activity in blocking the interaction between RBD and ACE2 was measured
by competitive ELISA. In short, 100 µL of RBD protein (1 µg/mL) was pre-coated on Maxi
binding ELISA plates (SPL Life Sciences) by incubating overnight at 4 ◦C. The next day,
the plate was blocked with 5% BSA in PBST buffer (PBS buffer with 0.05% Tween-20) for
1 h at 37 ◦C and then washed three times with PBST buffer (200 µL/well). Aptamers were
heated at 95 ◦C for 5 min and slowly cooled to 37 ◦C at a rate of 0.1 ◦C/s. Aptamers
were serially diluted in PBST with 2 mM MgCl2 (50 µL) and mixed with 50 ng of ACE2
(50 µL). This reaction mixture (100 µL) was applied to each well of the ELISA plate and
incubated for 15 min at 37 ◦C. The wells were washed three times with PBST buffer,
and then, HRP-conjugated anti-human IgG1-HRP antibody (Sigma-Aldrich, St. Louis,
MO, USA) at a dilution of 1:40,000 was added to the well and incubated at 37 ◦C for
1 h. After washing, the color-development reaction was carried out by adding 100 µL of
3,3′,5,5′-tetramethylbenzidine (TMB) substrates (Sigma-Aldrich, T0440), and the reaction
was stopped by adding 100 µL of 1N H2SO4. Optical density at 450 nm (OD450nm) was
read in a microplate reader (Tecan, Infinite M200pro, Männedorf, Switzerland). For all the
experiments, triplicate wells were used.
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4.8. Measurement of Antiviral Activities of Aptamers

Pseudoviruses based on an HIV backbone containing SARS-CoV-2 spike proteins of
D614G and delta variants with a deletion (21 aa) at the C-termini were used to measure
the antiviral effects of aptamers [31,37]. Briefly, for the production of pseudoviral particles,
HEK293T cells were transfected with five plasmids: (1) pHAGE-CMV-Luc2-IRES-ZsGreen-
W (NR-52516, BEI resources), (2) pHDM-Hgpm2 (NR-52517, BEI resources), (3) pHDM-tat1b
(NR-52518, BEI resources), (4) pRC-CMV-Rev1b (NR-52519, BEI resources), and (5) pHDM-
SARS-CoV-2 D614G (NR-53765, BEI resources) or a derivative of NR-53765 containing the
SARS-CoV-2 delta variant gene. At 18–24 h after transfection, the media were changed,
and the cells were further cultivated for 40 h. The media were harvested, filtered through a
0.45 µm pore-sized filter, and stored at −70 ◦C as a pseudovirus stock. For antiviral activity
assays, the media containing pseudoviral particles were incubated with different amounts
of aptamers (1000 nM, 500 nM, 250 nM, 125 nM, 62.5 nM, 31.2 nM, and 0 nM) at 37 ◦C for
60 min and then applied to 293T-ACE2 cells that were cultivated for 12 h after seeding of
~2 × 104 cells/well on a 96-well plate. After 6 h of incubation, the media were changed
with fresh DMEM media with 10% FBS, and the cells were further cultivated for 48 h. The
media were discarded, and 30 µL of passive lysis buffer (Promega, Madison, WI, USA) was
applied to each well, and the plate was incubated for 5 min. Firefly luciferase substrate
(E1501, Promega, Madison, WI, USA) was added to each well, and the luciferase activity in
each well was measured for 1 s using a Tecan Infinite M200 Pro reader.

4.9. Cryo-EM Grid Preparation

RBD and Fab proteins were mixed at a 1:1.3 molar ratio, incubated on ice for one
hour, and then fractionated by size-exclusion chromatography (Supplementary Figure S3a).
Two aptamers (1.2-fold molar excess of each aptamer to RBD) were added to the RBD–Fab
complex protein (1 mg/mL). The mixture was supplemented with 0.15% amphipol A8-35
(Anatrace, Maumee, OH, USA) and 1 mM MgCl2 and incubated for 1 h on ice. Detergent
Cymal-6 (Anatrace) of 0.003% was added to the sample before the vitrification. The protein–
aptamer complex (2.5 µL) was applied to freshly prepared glow-discharged Quantifoil
R1.2/1.3 300 or 400 mesh copper grids (EMS, Hatfield, PA, USA). The grids were blotted
for 5 s at 4 ◦C with 100% humidity and plunge-frozen in liquid ethane using Vitrobot Mark
IV (FEI). Cryo-EM data were collected using a 300 kV Titan Krios Electron Microscope
equipped with a Gatan K3 BioQuantum direct electron detector in a fast mode with a
magnification of 105,000×. For the complex of RBD–Fab–AM032-0–AM047-0, data were
collected with an accumulated dose of 50 electrons/Å2 and defocus range of −0.8 to
−2.0 µm. In the case of the RBD–Fab–AM032-4–AM047-6 complex, data were collected
with an accumulated dose of 60 electrons/Å2 and defocus range of −0.7 to −1.6 µm.

4.10. Data Processing for RBD–Fab–AM032-0–AM047-0 Complex

The data processing workflow for the RBD–Fab–AM032-0–AM047-0 aptamer complex
is summarized in Supplementary Figure S3. Briefly, 11,743 movies (dataset 1) of dose-
fractionated image stacks were imported into cryoSPARC v3.3.2 [39], and then patch
motion correction was used to align and dose weight the images. CTF parameters were
calculated by means of patch CTF estimation. Micrographs with low quality were removed.
The remaining 10,880 micrographs were used for data processing. The protein–aptamer
particles were picked and extracted using the Topaz method [59]. An additional dataset
was collected to increase the number of particles. Full-frame motion correction was used
for aligning and dose weighting the second dataset, and then, patch CTF estimation was
used to calculate the CTF parameters. The remaining 8720 micrographs were used for
data processing after eliminating the low-quality micrographs. Particles from the two
data sets were combined and underwent an additional round of 2D classification, which
selected 1,837,985 particles. The particles were re-extracted without binning, duplicate
particles were removed, and they were once again subjected to 2D classification. In total,
1,085,102 particles were selected from this round of 2D classes and used for two rounds
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of heterogeneous refinement. After heterogeneous refinement, 387,167 particles were
subjected to non-uniform refinement, which yielded a map with a global resolution of
3.82 Å. Global CTF refinement and non-uniform refinement resolution improved the map
to 3.8 Å. The non-uniform refined model was reconstructed in 3DFlex refinement [60] in
cryoSPARC v4.1.0 [39], and the final resolution was improved to 3.32 Å for the overall map.

4.11. Data Processing for RBD–Fab–AM032-4–AM047-6 Complex

The data processing workflow for the RBD–Fab–AM032-4–AM047-6 aptamer com-
plex is summarized in Supplementary Figure S5. CryoSPARC v4.1.0 [39] was used to
import the dose-fractionated image stacks from 10,018 movies. Images were aligned and
dose-weighted using patch motion correction, and CTF parameters were calculated us-
ing patch CTF estimation. Micrographs with low quality were removed. The remaining
9480 micrographs were used for data processing. The protein–aptamer particles were
picked and extracted using the Topaz method. Selected particles from 2D classes were
subjected to heterogeneous refinement. After heterogeneous refinement, 230,681 particles
showing the complex were refined using non-uniform (NU) refinement. Particles from the
NU refinement were further corrected for motion using local motion correction, global CTF
refinement, and local CTF refinement, and then, 212,355 particles were refined again using
non-uniform refinement that resulted in a 3.29 Å resolution map. The map from the NU
refinement was next subjected to 3DFlex reconstruction [60], which improved the map to
3.43 Å resolution.

4.12. Model Building and Refinement

The auto-DRRAFTER program [61] was used to obtain the initial models of the ap-
tamers using conventional nucleotides (see Supplementary Notes for detail). Some of
the dU nucleotides in the initial model were replaced with Nap-dU using Coot [41]. Ini-
tial structures for the RBD and Fab parts were built using previously reported struc-
tures obtained from PDB IDs 7KGJ [40] and 6XDG [38], respectively, and were fitted to
the cryo-EM density map using the Chimera [62] program. The fitted models of RBD,
Fab, and aptamers were combined and adjusted again with the cryo-EM density map in
Chimera [62]. Next, multiple rounds of real space refinement and manual modeling build-
ing were performed using Phenix [63] and Coot [41] programs to prepare the final model
(Supplementary Figure S3h). The details of the refinement properties of each complex are
also presented in Supplementary Table S2. The figures related to structure were built in
Chimera [62].

4.13. Accession Numbers

The cryo-EM density maps and models of the RBD–Fab–AM032-0–AM047-0 complex
(EMDB: EMD-35930, PDB code: 8J1Q) and of the RBD–Fab–AM032-4–AM047-6 complex
(EMDB: EMD-35945, PDB code: 8J26) have been deposited to the EMDB and PDB.

5. Conclusions

This study clearly demonstrates that the acquisition of aptamers with high affinities to
the viral envelope protein, i.e., the spike protein, is possible using a modified nucleotide
and a carefully designed SELEX process. We revealed the molecular bases of aptamers’
activities (protein binding and inhibition of virus infection) through the cryo-EM structure
of the aptamer/RBD complex, and we also showed the possibility of aptamer optimization
using a structure-based aptamer-designing approach. It may also be possible to improve
the aptamers to have higher affinities to a target molecule by modifying the aptamers based
on the structure of the aptamer–target complex in the future. Finally, we demonstrated
that the development of bivalent aptamers, which have higher activity than individual
aptamers, is possible by analyzing the structure of the aptamer–target complex.
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Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/molecules28124645/s1, Figure S1: Protein expression and
purification, Figure S2: Schematic diagram of SELEX process and characterization of aptamers,
Figure S3: Workflow of data processing for determining the structure of RBD–Fab–AM032-0–
AM047-0 complex, Figure S4: Optimization of aptamers AM032-0 and AM047-0, Figure S5: Work-
flow of data processing for determining the structure of RBD–Fab–AM032-4–AM047-6 complex,
Figure S6: Characterization of bivalent aptamers AM-B1 and AM-B2; Table S1: Binding affinities
of the aptamers, Table S2: Summary of the cryo-EM data collection and refinement, Table S3: Nu-
cleotides in aptamers and amino acids residues at the interacting interfaces with a distance cut-off of
4 Å, Table S4: Mutations in RBD observed at the binding surface of aptamers AM032-0 and AM047-0.
The reference [64–70] is in the Supplementary Materials.
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Abstract: The rapid and sensitive detection of the important biomarker C-reactive protein (CRP) is of
great significance for monitoring inflammation and tissue damage. In this work, an electrochemi-
luminescence (ECL) aptasensor was fabricated based on dual signal amplification for the sensitive
detection of CRP in serum samples. The sensor was constructed by modifying a silica nanochannel
array film (SNF) on a cost-effective indium tin oxide (ITO) electrode using the Stöber solution growth
method. Gold nanoparticles (AuNPs) were grown in situ within the nanochannels using a simple
electrodeposition method as a nanocatalyst to enhance the active electrode area as well as the ECL
signal. The negatively charged nanochannels also significantly enriched the positively charged ECL
emitters, further amplifying the signal. The recognition aptamer was covalently immobilized on
the outer surface of SNF after modification with epoxy groups, constructing the aptasensor. In the
presence of CRP, the formation of complexes on the recognitive interface led to a decrease in the
diffusion of ECL emitters and co-reactants to the supporting electrode, resulting in a reduction in
the ECL signal. Based on this mechanism, ECL detection of CRP was achieved with a linear range
of 10 pg/mL to 1 µg/mL and a low limit of detection (7.4 pg/mL). The ECL aptasensor developed
in this study offers advantages such as simple fabrication and high sensitivity, making promising
applications in biomarker detection.

Keywords: electrochemiluminescence aptasensor; dual dignal amplification; silica nanochannel array
film; confinement; C-reactive protein

1. Introduction

C-reactive protein (CRP) is an acute phase protein induced by cytokines, primarily
synthesized in the liver and regulated by interleukin [1,2]. In healthy individuals, CRP
levels are very low (<1 µg/mL), but they rapidly increase during infections, tissue damage,
or inflammation. Specifically, serum CRP concentration can rise to more than 500 µg/mL at
about 6 h and peak at about 48 h, and the half-life is about 19 h [3]. For instance, sepsis is a
severe infectious disease [4]. In patients with sepsis, the levels of CRP are typically elevated.
This is because the infection stimulates the immune system to produce an inflammatory
response, leading to an increase in CRP synthesis. Therefore, CRP is commonly used as
an important indicator, assisting in the diagnosis and treatment monitoring of sepsis. In
addition, CRP has been widely used as a non-specific biomarker for inflammation and
tissue damage, such as cardiovascular diseases, in clinical medicine [5–7]. The American
Heart Association (AHA) and the Centers for Disease Control and Prevention (CDC) use
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serum CRP levels to assess the risk level of cardiovascular diseases. Therefore, the rapid
and reliable determination of CRP is of great significance.

Given the value of CRP as a pathological diagnostic indicator in clinical applications,
CRP detection has been a research hotspot in the fields of medicine and bioanalytical
chemistry. Immunoassay based on the principle of antigen-antibody binding is currently
the mainstream technique for CRP clinical monitoring [8–10]. However, antibodies them-
selves have certain limitations, such as complex preparation processes, large batch-to-batch
variability, and susceptibility to variability. In recent years, an aptamer-based CRP analysis
has attractive attentions. Aptamers are typically short single-stranded oligonucleotide
(DNA or RNA) sequences, ranging in length from 25 to 80 nucleotides [11]. In addition to
high binding affinity and specificity, aptamers have advantages over traditional antibodies,
including ease of modification, good stability, low manufacturing costs, non-toxicity, mini-
mal batch-to-batch variation, reversible folding, and lack of immunogenicity [12]. They also
have a wide range of target molecules, including small molecules, peptides, proteins, cells,
and tissues. These characteristics make aptamers highly selective bio-recognition elements
that have attracted wide attention in constructing various types of biosensors [13–15]. Dur-
ing the binding between the recognitive aptamers and target analytes, detection based on
aptasensors can be achieved through monitoring optical signals such as fluorescence [16]
and surface plasmon resonance (SPR) [17], or electrochemical signals like impedance spec-
troscopy (EIS), current and voltage changes [18,19], or electrochemiluminescence (ECL)
signals [20,21]. Among these, ECL aptaensors offer advantages such as low background
noise and high sensitivity. The development of convenient ECL aptasensors for the efficient
detection of CRP is highly desirable.

Introducing a catalyst is an effective method to enhance the ECL signal. Commonly
used catalysts include metal nanoparticles, enzymes, or organic molecules [22–25]. These
catalysts can undergo specific reactions with an ECL emitter or co-reactor, resulting in
stronger luminescent signals. In addition, catalysts can alter the kinetics of ECL reaction,
making it more efficient. For instance, gold nanoparticles (AuNPs) possess a large surface
area and abundant surface-active sites, promoting electron transfer processes [26] and
accelerating the excitation/emission process. It has also been proven that the confinement
of metal nanoparticles catalysts within nanospaces provides an effective approach for
developing catalysts with high performance [27–29]. This is attributed to the fact that
confining metal nanoparticles within nanospaces could enhance catalytic activity, selectivity,
controllability, and stability. Specifically, precise control over the size and structure of
metal nanoparticles catalysts can be achieved by adjusting parameters such as the size,
shape, and chemical environment of the nanospaces [30–32]. For instance, confining metal
nanoparticles within nanospaces provides a smaller size, higher specific surface area and
abundant active sites. This facilitates improved contact and reaction rates between the
catalyst and reactants, thereby enhancing catalytic activity. At the same time, restricting the
diffusion and movement of reactants within nanospaces allows for control over the local
environment of the reaction, leading to enhanced selectivity of the reaction. In addition,
nanospace confinement can form a protective layer, reducing the interaction between the
metal catalyst and the external environment or reactants, and minimizing the deactivation
of active sites [33–36]. This extends the lifetime of the nanocatalyst and enhances its stability
in complex reaction systems. Therefore, the utilization of metal nanoparticles confined
within nanospaces holds promise for constructing highly sensitive ECL sensing platforms.

The loading and dispersion of metal nanoparticles is also a major difficulty. Porous ma-
terials have extensive applications in fields such as separation, catalysis, energy, and sensing
due to their high specific surface area, permeability, tunability, and strength stability [37–39].
Silica nanochannel array film (SNF) is a thin nanofilm with nanoscale channel-like struc-
tures, offering tunability, high selectivity, and stability [40–43]. On the one hand, the pore
size and film thickness of SNF can be adjusted by controlling the preparation conditions.
The uniformly distributed nanochannels enable selective filtration, separation, or trans-
port of molecules or ions of specific sizes or shapes [44–47]. This high selectivity gives
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them great potential in selective enrichment, separation, and filtration applications. For
instance, the ionization of silicon hydroxyl groups (pKa~2–3) on the SNF surface results in
a negatively charged surface that can significantly enrich positively charged ions [48–51].
Furthermore, the high specific surface area of the densely packed ultrasmall nanochannels
enhances this enrichment effect [52]. On the other hand, SNF exhibits excellent chemical
and thermal stability due to their robust silica structure. Thus, SNF exhibits great potential
in constructing high-performance ECL sensing platforms.

In this study, an electrochemiluminescence (ECL) aptasensor platform was constructed
by combining the confinement effect of silica nanochannel array film (SNF) on nanocatalysts
and the efficient enrichment of ECL emitters, which can be applied for the highly sensitive
determination of CRP. Using a cost-effective and readily available ITO electrode as the
supporting electrode, SNF was grown on ITO surface through the Stöber solution growth
method. Confined gold nanoparticles (AuNPs) were in situ electrodeposited within the
nanochannels as nanocatalysts. After the outer surface of SNF were derivatized by the
epoxide group, the recognitive interface could be obtained after covalent immobilization
of amino-modified aptamers followed by blocking the non-specific sites. The ECL signal
could be enhanced combined with the electrostatic attraction of NH2-SNF towards the ECL
emitter, Ru(bpy)3

2+, and the increased electrode active area as well as a catalytical process
by AuNPs. Because the formed aptamer-CRP complex hinders the diffusion of the ECL
emitter and co-reactant into the nanochannel array as well as the underlying electrode, it
leads to a decrease in the ECL signal. Based on this principle, the ECL determination of
CRP can be achieved. The constructed aptasensor also exhibits the advantages of a simple
preparation method, high sensitivity, stability, and selectivity.

2. Results and Discussion
2.1. Construction of Aptasensor and CRP Detection Based on Dual Signal Amplification

The construction of the aptamer-based sensor and ECL determination of CRP based
on dual signal amplification are shown in Figure 1. Firstly, a layer of SNF is grown on the
patterned ITO electrode surface using the Stöber solution growth method. The growth
mechanism involves the self-assembly of siloxane precursors under the surfactant mi-
celle (SM) template, resulting in SM within the nanochannels of the obtained electrode
(SM@SNF/ITO). Subsequently, the electrode is epoxy-functionalized. Since the nanochan-
nels are sealed by SM, the reaction occurs selectively on the outer surface of SNF, leading
to the electrode being abbreviated as SM@O-SNF/ITO. The sealed SM prevents an epoxy
reaction inside the nanochannels, avoiding a blockage of the nanochannels. After removing
SM, open nanochannels are obtained (O-SNF/ITO).

By placing the O-SNF/ITO electrode in a chloroauric acid solution for in situ electro-
deposition, gold nanoparticles are deposited inside the nanochannels [34], resulting in the
AuNPs@O-SNF/ITO electrode. Then, amino-functionalized aptamers undergo a covalent
binding with the epoxy groups on the external surface of the nanochannels, forming the
recognition and capture interface for CRP. After blocking the non-specific active site with
BSA, the aptasensor, BSA/Apt/AuNPs@O-SNF/ITO, is constructed. The main role of BSA
is to prevent non-specific binding through blocking the remaining space on the electrode
surface after fixing the recognitive ligands. When the target substance, CRP, is present, it
binds to the aptamer on the electrode surface. The formed large-sized complex obstructs
the diffusion of the ECL probe Ru(bpy)3

2+ and the co-reactant tri-n-propylamine (TPrA)
through the nanochannels to reach the underlying electrode, resulting in a decrease in ECL
signal. Based on this mechanism, ECL detection of CRP can be achieved.

Figure 1 also illustrates the dual signal amplification during ECL detection of CRP. On
one hand, SNF features a vertically oriented array of silica nanochannels on the supporting
electrode. The inner wall of nanochannel contains a large number of silanol groups with
low pKa (2~3), which ionize in common buffer systems, forming negatively charged sites
that significantly enrich the positively charged ECL probe Ru(bpy)3

2+ through electrostatic
attraction, leading to a significantly enhanced ECL signal [53]. On the other hand, AuNPs
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deposited inside the nanochannels serve as nanocatalysts to enhance the signal of the
Ru(bpy)3

2+/TPrA system [28]. When CRP binds to the aptamer to form a complex on the
outer surface of SNF (e.g., the entrance of nanochannel), the steric hindrance effect prevents
the ECL emitter Ru(bpy)3

2+ and the co-reactive agent TPrA from reaching the electrode
surface, affecting the mass transfer and electron transfer of the probe. Thus, the ECL signal
decreases. Based on this mechanism, CRP can be detected.
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2.2. Characterization of the SNF/ITO and AuNPs@SNF/ITO Electrodes

The electrochemical properties of the SNF film grown on the electrode surface were
characterized. The electrochemical signals of three redox probes with various charges in-
cluding (neutral, Fc-MeOH; negatively charged Fe(CN)6

3−, positively charged Ru(NH3)6
3+)

were used to investigate the integrity and charge-selective permeability of the SNF film
(Figure 2a–c). When SM@O-SNF/ITO was placed in a FcMeOH probe solution, SM@O-
SNF/ITO exhibited an extraction effect on FcMeOH due to the hydrophobic interactions
between FcMeOH and SM [40]. As shown in Figure 2a, the SM@O-SNF/ITO electrode
showed a pair of oxidation-reduction peaks, with the peak potential shifting towards the
positive direction compared to that obtained on an ITO electrode. Since the oxidation
product of FcMeOH carries a positive charge and can be enriched by the negative-charged
nanochannels, the reduction peak current of FcMeOH on O-SNF/ITO is greater than the ox-
idation peak current [40]. Due to the presence of hydrophobic SM inside the nanochannels,
SM@O-SNF/ITO shows no signal in the solutions of Fe(CN)6

3− (Figure 2b) and Ru(NH3)6
3+

(Figure 2c) probes, only exhibiting a charging current. This indicates the complete coverage
of SNF on the ITO surface with SM-blocked nanochannels. After the removal of SM, the
electrode displays significant Faradaic current in the charged redox probes. Compared to
ITO, SNF/ITO exhibits apparent suppression of Faradaic current in the anionic Fe(CN)6

3−

solution. On the contrary, an enhancement current is observed in the case of cationic
Ru(NH3)6

3+ probes. This is because the SNF surface and nanochannels contain numerous
silanol groups, causing a negative charge in the detection medium. This negative charge
can repel anions while attracting cations through electrostatic interactions, demonstrating
significant charge-selective permeability. The electrochemical impedance spectroscopy (EIS)
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plots of the different electrode are shown in Figure 2d. As shown, SM@SNF/ITO electrode
displays a significantly high electron transfer resistance (Ret) of 7057 Ω, which results
from hindered electron transfer between the probe and the electrode due to the sealing
of nanochannels by SM. When SM was removed, Ret obtained on SNF/ITO remarkably
decreased (336 Ω) because of the open nanochannels, which is also higher than that of ITO
(29 Ω) owing to the silica structure. These results also prove the successful modification of
SNF on the ITO electrode.
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Figure 2. CV curves obtained on ITO, SM@SNF/ITO, and SNF/ITO in 50 mM KHP containing 0.5 mM
(a) Fc-MeOH, (b) Fe(CN)6

3− and (c) Ru(NH3)6
3+. (d) EIS plots of SM@SNF/ITO and SNF/ITO in a

0.1 M KCl solution containing 2.5 mM Fe(CN)6
3−/4−. The scan rate in (a), (b) and (c) was 0.05 V/s.

The morphology of SNF-modified ITO electrodes was characterized using scanning
electron microscopy (SEM). As commonly known, the ITO electrode, also known as ITO
conductive glass, is formed by depositing an ITO layer on the surface of glass. In this
work, ITO electrodes were used as the support electrode and further modified with SNF.
Figure 3a gives the SEM image of the cross-section of the SNF/ITO electrode. As shown,
ITO/SNF displays a three-layer structure including the glass substrate, the ITO layer,
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and the SNF layer from bottom to top. Since ITO electrodes cannot be characterized by
transmission electron microscopy (TEM), SNF was carefully scraped off using a scalpel,
followed by ultrasonication, and then drop-cast onto a copper grid for TEM characterization.
Figure 3b depicts the cross-sectional TEM images of two separate layers of SNF. Each SNF
is composed of mutually parallel nanochannels with a thickness of approximately 100 nm.
Figure 3c displays the top-view TEM image of SNF. As observed, SNF has densely packed
nanochannels, as each bright spot represents a nanochannel. The average diameter of the
nanochannels is 2.7 nm. Within the observed range, SNF shows no cracks.
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Figure 3. (a) SEM image of the cross-section of SNF/ITO. The cross-sectional (b) and top-view
(c) TEM images of SNF.

To confirm the successful deposition and localization of AuNPs, the SNF/ITO electrode
before and after AuNPs’ deposition (AuNPs@SNF/ITO) was investigated using cyclic
voltammetry (CV) and X-ray photoelectron spectroscopy (XPS). The CV curves of both
electrodes are shown in Figure 4a. The SNF/ITO electrode exhibits virtually no signal in
0.1 M of sulfuric acid, while AuNPs@SNF/ITO shows characteristic oxidation-reduction
peaks of gold at 1.18 V and 0.96 V, respectively. In comparison with SNF/ITO, characteristic
peaks of Au4f appear in the XPS spectrum for AuNPs@SNF/ITO, further confirming the
successful modification of AuNPs (Figure 4b). Figure 4c,d show the CV curves of SNF/ITO
and AuNPs@SNF/ITO electrodes in the absence or presence of different probe solutions. It
can be found that the charging current and peak current of the AuNPs@SNF/ITO electrode
are higher than those of the SNF/ITO electrode for both positive and negative probes. This
indicates that the accessible electrode area is improved after the modification of AuNPs.

Due to the ultrasmall nanochannels of SNF, the size of in situ grown AuNPs is relatively
small. The surface morphology of the obtained electrode was determined by dissolving the
SNF membrane. Figure 5a,b show SEM and elemental mapping images of the electrode
surface after removing SNF using sodium hydroxide solution. From the images, it can be
observed that the nanoparticles appear irregular and spiky, and they tend to aggregate
(Figure 5a). The elemental mapping images confirm the Au element (Figure 5b). As SNF
is dissolved, the small AuNPs undergo aggregation, leading to the formation of larger-
sized gold materials. SEM images of SNF/ITO before and after AuNPs deposition have
been investigated. SNF/ITO surfaces remain smooth and flat before (Figure 5c) and after
(Figure 5d) modification of AuNPs. Thus, AuNPs exposed outside the nanochannels are
not observed. After combining the signal peak for the gold element in XPS characterization,
which has a testing depth of only a few to several tens of nanometers, and the gold element
mapping result after dissolving the SNF film, it is speculated that the deposited AuNPs are
on the electrode surface or within the nanochannels.
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2.3. Dual Signal Amplification Based on Enrichment of ECL Emitter and AuNPs’ Nanocatalyst

Figure 6a presents the CV curves obtained on ITO, SNF/ITO, and AuNPs@SNF/ITO
in a Ru(bpy)3

2+/TPrA solution. No oxidation peak for gold around 1.2 V was observed.
Additionally, the CV curve of AuNPs@SNF/ITO in blank PBS has also been added as
an inset of Figure 6a. No gold oxidation peak at ~1.2 V was observed and only a weak
reduction peak with very low current near 1.05 V was observed. These results confirm
that the deposited gold remains stable during the ECL measurement and does not produce
interfering electrochemical signals. The corresponding ECL signals measured on the three
types of electrodes are shown in Figure 6b. Compared to bare ITO, the CV oxidation peak
of the SNF-modified electrode significantly increases. It can also be observed that SNF/ITO
exhibits a 12.4-fold enhancement in ECL intensity compared to the ITO electrode, resulting
from the enrichment of negatively charged nanochannels on positively charged Ru(bpy)3

2+.
Thus, the significant enrichment of the ECL emitter by nanochannels can markedly improve
the ECL signal. When AuNPs were further in situ modified, the oxidation-reduction peak
current in the CV curve further increased, and the ECL intensity increased by an additional
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34% compared to SNF/ITO, demonstrating that AuNPs can act as nanocatalysts to enhance
the ECL signal. This may be attributed to the electrocatalytic oxidation of TPrA by AuNPs,
generating more TPrA cationic-free radicals (TPrA+), promoting the generation of more
excited states and enhancing the ECL signal.
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Figure 5. (a) SEM image of the electrode surface after removal of SNF. Inset is the corresponding high-
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2.4. Feasibility of the Construction of the Aptasensor

To investigate the feasibility of fabricating the aptasensor, the electrodes obtained in
the stepwise modifications were investigated through electrochemical methods. As shown
in Figure 6c,d, the signal slightly decreased. Upon covalently attaching the aptamer to
the surface of the AuNPs@O-SNF/ITO electrode, the ECL signal of the Apt/AuNPs@O-
SNF/ITO electrode decreased. This can be attributed to the potential hindrance of the
aptamer attachment, which may obstruct the entry of co-reactants and ECL probes into the
nanochannels, resulting in a reduction in the ECL signal.

After blocking non-specific sites with BSA, the electrode surface was covered with
a non-conductive, large-sized protein layer, further impeding the transfer of probes and
electron transfer, resulting in a further decrease in the ECL signal of BSA/Apt/AuNPs@O-
SNF/ITO. In the presence of CRP, the formation of complexes due to CRP binding to
the aptamer further hindered probe transfer and electron transfer, causing a significant
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reduction in the ECL signal. These results confirm the successful construction of the
aptasensor and the feasibility of CRP detection.
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2.5. Optimization of Experimental Conditions

To achieve high detection performance of the fabricated aptasensor, certain relevant
conditions for the experiment were optimized. The deposition time of AuNPs, the con-
centration of the aptamer for the fabrication of the recognitive interface, the incubation
time for CRP, and the results are shown in Figure 7. As observed in Figure 7a, compared
to the electrode without AuNPs (deposition time of 0 s), the ECL signals of the electrode
exhibit an initial increase followed by a decrease as the AuNPs deposition time increases.
The increase in ECL signal is attributed to the enhanced electrode active surface area
due to the presence of AuNPs, which also catalyze the ECL luminescence process. As a
prolonged deposition time may lead to blockage within the nanochannels, resulting in
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reduced enrichment of Ru(bpy)3
2+ by the nanochannels and subsequently a decrease in

the ECL signal of the sensor, the optimal deposition time for AuNPs was chosen at 3 s
(Figure 7a). The modification of the bio-recognitive interface is crucial for the fabrication
of the aptasensor, taking into account both time and cost factors. When the incubation
time for aptamer immobilization was fixed at 90 min [54], the aptamer concentration was
optimized. As shown in Figure 7b, the fixed incubation time was 30 min, and ECL signal
decreases with increasing aptamer concentration and stabilizes at around 0.3 µM. Further
increasing the aptamer concentration only results in minimal changes in the ECL signal.
Thus, the aptamer concentration of 0.3 µM was chosen as the optimal condition. Similarly,
in the case of antigen concentration of 1 ng/mL, the optimal incubation time for CRP, as
obtained through optimization, was 80 min (Figure 7c).
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between ECL intensity and CRP concentration (Figure 8a). Commonly, logarithmic pro-
cessing is usually performed on the electrochemical data to explore a good coefficient of 
determination across a wide concentration range [55]. As observed from Figure 8b, within 
the range from 10 pg/mL to 1 μg/mL, the ECL signal (IECL) demonstrates a linear relation-
ship with the logarithm of CRP concentration (logCCRP). The corresponding linear regres-
sion equation (IECL = −863.3 logCCRP + 5717) exhibits a high linear correlation coefficient of 
0.9995. The detection limit (DL) calculated using three signals to noise (S/N = 3) is 7.4 
pg/mL. Comparison of CRP detection performance with other sensors is shown in Table 
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2.6. ECL Determination of CRP

Under optimal conditions, the proposed aptasensor exhibits a negative correlation
between ECL intensity and CRP concentration (Figure 8a). Commonly, logarithmic pro-
cessing is usually performed on the electrochemical data to explore a good coefficient
of determination across a wide concentration range [55]. As observed from Figure 8b,
within the range from 10 pg/mL to 1 µg/mL, the ECL signal (IECL) demonstrates a lin-
ear relationship with the logarithm of CRP concentration (logCCRP). The corresponding
linear regression equation (IECL = −863.3 logCCRP + 5717) exhibits a high linear corre-
lation coefficient of 0.9995. The detection limit (DL) calculated using three signals to
noise (S/N = 3) is 7.4 pg/mL. Comparison of CRP detection performance with other sen-
sors is shown in Table S1 (SI) [18,56–61]. The LOD of the fabricated aptasensor is lower
than that of electrochemical sensors using square wave voltammetry [56] or differential
pulse voltammetry [57], or ECL immunosensors based on platinum nanowire/titania nan-
otube composites [58] or Ir(III) compound and β-cyclodextrin complex [59]. The LOD
is higher than that of the ECL immunosensor based on the resonance energy transfer of
Ru(bpy)3

2+@Cu3(HHTP)2 and graphene oxide-gold nanoparticles (GO-AuNPs) [60], an
ECL immunosensor using Ru(bpy)3

2+-labeled AuNPs’ modified screen-printed electrode
(SPE) combined with a flow measurement [61], or an electrochemical aptasensor based on
AuNPs anchored in covalent poly deep eutectic solvent functionalized graphene-modified
glassy carbon electrode (Apt/AuNPs/GO/PDES/GCE) [18]. However, the fabricated ap-
tasensor does not conducted a complex preparation of nanocomposite materials or labelled
bioligands and exhibits a wider detection range.
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2.7. Specificity, Selectivity, Repeatability and Stability of the Fabricated Aptasensors

Other aptamers with an amino label, such as the AFB1 aptamer, PSA aptamer, and CEA
aptamer, were employed to assess the specificity of the sensor. As shown in Figure 9a, only
sensors modified with the CRP aptamer exhibit significant signal changes. Selectivity is
also a crucial parameter for assessing sensor performance. Figure 9b displayed the change
of ECL signal (∆ECL intensity) when the aptasensor incubated with CRP (10 ng/mL), or
one (100 ng/mL) of the other tumor biomarkers (AFP or CA15-3) or substances (glucose,
L-serine, Na+, K+ and Ca2+) found in serum. As observed, even the concentrations of other
substances are ten times higher than that of CRP, and the change of ECL signal is very
minimal. In contrast, a significant ECL change is observed when the aptasensor incubates
with CRP because of the decrease in ECL signal resulting from the specific binding with
aptamer, indicating that the aptasensor possesses excellent selectivity. Six aptasensors are
individually fabricated to measure CRP, as shown in Figure 9c. The results indicated a
relative standard deviation (RSD) of 2.3%, demonstrating excellent repeatability of the sen-
sors (Figure 9c). As shown in the upper image in Figure 9b, when the electrode undergoes
continuous electrochemical scanning, the RSD of the continuously measured ECL signals is
only 1.1%, demonstrating high signal stability. Furthermore, even after 15 days of storage
at 4 ◦C, the ECL intensity of the sensors remains at 85% of the initial signal, indicating
excellent storage stability (the bottom image of Figure 9d).

2.8. Real Sample Analysis

Compared to turn-on sensors, turn-off sensors are more susceptible to matrix effects
when analyzing samples with complex matrices, thereby affecting detection sensitivity and
accuracy. The potential application of the aptasensor in measuring CRP in real biological
samples was assessed through standard addition experiments conducted in serum. The easy
detection of CRP levels even when the serum is diluted to 1/50 is achieved. After incubating
the sensor with serum containing 0.1–100 ng/mL CRP, ECL signals were measured, and
recovery rates were calculated. The results are shown in Table 1. As shown, the recovery
ranges between 94.4% and 104%, with a low RSD of less than 2%, indicating high detection
reliability. Thus, the impact of complex matrices on the detection is low thanks to the size
exclusion and charge-selective permeability of the employed nanochannel array. Although
the dilution of the sample diminishes the convenience of the detection process compared
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with turn-on sensors, the proposed strategy can potentially be extended to the detection of
other biomolecules with a simple replacement of the corresponding aptamer.
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aptamer PSA, AFB1, and CEA. (b) ECL signal change values of BSA/Apt/AuNPs@O-SNF/ITO after
incubation with 10 ng/mL CRP or other substances. The concentrations were 100 ng/mL for CEA,
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Table 1. Determination of CRP in serum sample using the fabricated aptasensor.

Sample Added a

(ng/mL)
Found b

(ng/mL)
Recovery

(%)
RSD

(%, n = 3)

0.100 0.104 104 1.8
Serum c 1.00 0.947 94.4 1.6

100 102 102 1.2
a The concentration was obtained after serum dilution. b The concentration represents the average of measure-
ments on three serum samples. c The sample was diluted by a factor of 50.
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3. Materials and Methods
3.1. Chemicals and Materials

The recombinant human CRP protein was purchased from Okay Biotechnology Co.,
Ltd. (Nanjing, China). Carcinoembryonic antigen (CEA), bovine serum albumin (BSA),
alpha-fetoprotein (AFP), and cancer antigen 15-3 (CA15-3) were obtained from Key-Bio
Biotech Co., Ltd. (Beijing, China). Human blood serum from a healthy male donor was
provided by the Hangzhou Institute of Occupational Diseases (Hangzhou, China). The
CRP aptamer, PSA aptamer, CEA aptamer, and AFB1 aptamer with amino labeling at the
5′ end were purchased from Sangon Biotech Co., Ltd. (Shanghai, China). The aptamer
sequence is shown below: CRP (5′-NH2-CGA AGG GGA TTC GAG GGG TGA TTG CGT
GCT CCA TTT GGT G-3′); PSA (5′-NH2-ATT AAA GCT CGC CAT CAA ATA GCT GC-3′);
CEA (5′-ATACCAGCTTATTCAATT-NH2-3′); AFB1 (5′-GTT GGG CAC GTG TTG TCT
CTC TGT GTC TCG TGC CCT TCG CTA GGC CCA CA-NH2-3′). Chemicals, including
potassium ferrocyanide ([K4Fe(CN)6], 99%), ethanol (EtOH, ≥99.7%), tri-n-propylamine
(TPrA, 98.0%), hydrochloric acid, hydroxymethyl ferrocene (FcMeOH, 98%) and potas-
sium ferricyanide ([K3Fe(CN)6], 98%), were purchased from Aladdin Reagents (Shanghai,
China). Hexaammineruthenium (III) chloride ([Ru(NH3)6]Cl3, 98%), (3-glycidyloxypropyl)
trimethoxysilane (GPTMS), tetraethyl orthosilicate (TEOS, ≥99%) and hexadecyl trimethy-
lammonium bromide (CTAB, 99%) were sourced from Sigma–Aldrich (Shanghai, China).
Tripropylamine and potassium hydrogen phthalate (KHP, 99%) were obtained from Maclin
Biochemical Technology Co., Ltd. (Shanghai, China). Indium tin oxide (ITO)-coated glasses
were purchased from Kaivo Optoelectronics Technology Co., LTD. (Zhuhai, China). The
dilution of biological reagents and the detection of CRP were carried out in phosphate
buffer solution (PBS, 0.01 M, pH = 7.4) obtained with KH2PO4 and Na2HPO4. Ultrapure
water (18.2 MΩ·cm) was prepared using a Milli-Q water purification system. All chemicals
were used as received without further purification.

3.2. Characteriaztions and Instrumentations

The film’s microscopic structure and morphology were examined using a transmission
electron microscope (TEM, HT7700, Hitachi, Japan) and field-emission scanning electron
microscope (SEM, SU-8010, Hitachi, Japan), respectively. AuNPs were characterized using
X-ray photoelectron spectroscopy (XPS) with a PHI5300 instrument, employing a Mg Kα

source excitation at 250 W and 14 kV. Elemental mapping was conducted with an Oxford
Xplore 50 energy spectrometer. The acceleration voltage was 15 kV. Cyclic voltammetry (CV)
measurements were conducted on an Autolab electrochemical workstation (PGSTAT302N,
Metrohm, Switzerland). A three-electrode system was employed, consisting of Ag/AgCl
as the reference electrode, Pt electrode as the counter electrode, and ITO or modified ITO
as the working electrode. ECL measurements were carried out in a quartz cell using an
electrochemiluminescence detector (MPI-E, Xi’an Remex Analytical Instrument Co., Ltd.,
Xi’an, China). ECL signal was measured during continuous CV scanning with a potential
range from 0 to 1.4 V at a scanning rate of 100 mV/s. The luminescent body was Ru(bpy)3

2+,
and the luminescent wavelength is 610 nm [62]. A bias voltage of 400 V was employed. All
measurements were performed at room temperature.

3.3. Synthesis of AuNPs’ Confined SNF/ITO Electrode

ITO electrodes were pre-treated before use [61]. They were firstly sonicated in a 1 M
NaOH aqueous solution to create a negatively charged surface for 10 min, followed by
ultrasonic cleaning in acetone, ethanol, and water for 10 min, respectively. Afterward, they
were dried at 60 ◦C before use.

SNF was grown on the pretreated ITO surface using the Stöber-solution growth
method using CTAB as the surfactant template [63]. This approach created a dense array
of nanochannels that were oriented vertically to the ITO surface. Subsequently, the ITO
glasses with SNF on the surface were cut into dimensions of 0.5 cm× 5 cm, and the working
electrode area was fixed to 0.5 cm× 1 cm using insulating glue. Given that the nanochannel
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interiors were filled with surfactant micelle (SM), the resulting electrode was designated as
SM@SNF/ITO. SM can be easily removed by immersing the SM@SNF/ITO electrode in
HCI (0.1 M in ethanol) for 8 min [63]. The final electrode with an open nanochannel array
that was oriented vertically to the surface of the underlying ITO electrode was named as
SNF/ITO.

To deposit AuNPs within the nanochannels of SNF, the working electrode was im-
mersed in a 0.5% aqueous solution of HAuCl4, and a constant voltage of−0.5 V was applied
for 3 s. The AuNPs-modified electrode was obtained after rinsing with ultrapure water.

3.4. Fabrication of Aptamosensor

For the covalent immobilization of recognitive aptamer, the outer surface of SNF
is firstly derivatized by epoxy groups. To ensure that the epoxyization reaction occurs
primarily on the outer surface of SNF rather than inside the nanochannels, an electrode with
SM-sealed nanochannels (SM@SNF/ITO) was employed for epoxy derivatization, followed
by the removal of SM. Specifically, SM@SNF/ITO was immersed in a 25 mL ethanol solution
containing GPTMS (2.26 mM) for 1 h to introduce reactive epoxy groups onto the external
surface of the SNF. Then, the obtained electrode was cleaned with ultrapure water followed
with removal of SM. The obtained electrode was designated as O-SNF/ITO.

Subsequently, AuNPs were confined within the nanochannels of O-SNF/ITO, through
simple electrodeposition [34]. Briefly, O-SNF/ITO was subjected to a 5% HAuCl4 solution
and electrodeposition was performed at −0.5 V for 3 s, yielding AuNPs@O-SNF/ITO.

For the fabrication of the recognitive interface, AuNPs@O-SNF/ITO was immersed
in the CRP aptamer (Apt) solution (0.3 µM in 0.01 M PBS) and incubated at 4 ◦C for
80 min. This process led to the covalent immobilization of the CRP aptamer, resulting in
Apt/AuNPs@O-SNF/ITO. Finally, Apt/AuNPs@O-SNF/ITO was incubated with BSA
(10 mg/mL) at 4 ◦C for 30 min to block non-specific active sites, creating the aptasen-
sor, BSA/Apt/AuNPs@O-SNF/ITO. The fabricated aptasensor was directly stored in a
refrigerator at 4 ◦C when not in use.

3.5. ECL Determination of CRP

The ECL intensity before and after CRP binding was assessed by incubating the fabri-
cated aptasensor with different concentrations of CRP at 37 ◦C for 80 min. Specifically, the
aptasensor before (BSA/Apt/AuNPs@O-SNF/ITO) or after CRP binding (CRP/BSA/Apt/
AuNPs@O-SNF/ITO) were immersed in a PBS solution (0.01 M, pH = 7.4) containing the
ECL emitter (Ru(bpy)3

2+, 10 µM) and co-reactor (TPrA, 3 mM). The ECL signal of the
electrode was then recorded. For the analysis of real samples, CRP in human serum (from
a healthy male) was determined using a standard addition method. Briefly, human serum
was spiked with different concentrations of CRP and then diluted 50-fold with PBS (0.01 M,
pH 7.4) before measurement.

4. Conclusions

In this work, a simple and label-free ECL aptasensor has been successfully developed
for the highly sensitive detection of CRP in biological samples. Large-area SNF-modified
electrodes were fabricated on cost-effective and readily available ITO glass, allowing the
simultaneous preparation of multiple SNF-modified electrodes. Due to the low cost of both
ITO and silica-based SNF, the cost of SNF/ITO is very low (commonly 1 USD/cm2). The
modified electrode used can be easily miniaturized and patterned. Subsequently, AuNPs
were grown in situ within the nanochannels of SNF through electrodeposition. This achieve-
ment established a dual ECL signal amplification system based on the efficient enrichment
of ECL emitters within SNF nanochannels and the catalytic enhancement by AuNPs. By
functionalizing the outer surface of SNF with epoxy groups when the nanochannels was
blocked with a surfactant template, a covalently immobilized recognition interface was
obtained for aptamer immobilization. In comparison with the traditional sandwich-type im-
munoassay, e.g., enzyme-linked immunosorbent assay (ELISA), the fabricated aptasensor

114



Molecules 2023, 28, 7664

employs DNA aptamers as recognitive ligands and the immobilization process of aptamers
is similar to the immobilization step of antibodies in traditional immunosensors. However,
aptamers are cost-effective and exhibit much higher stability than antibodies [64,65]. For
CRP detection, the constructed aptasensor exhibited a wide linear range, low detection
limit, high selectivity, and excellent storage stability. Furthermore, the aptasensor also
demonstrated advantages such as low cost and rapid analysis, resulting in satisfactory
recovery rates in CRP detection in serum samples. The aptasensor developed in this
study has great promise for potential applications in disposable, portable detection or
point-of-care diagnostics.
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Abstract: Bisphenol A diglycidyl ether (BADGE) is widely present in the inner coating of metal food
cans, from which it can migrate into food and generate harmful derivatives during storage, such as
bisphenol A (2,3-dihydroxypropyl) glycidyl ether, bisphenol A (3-chloro-2-hydroxypropyl) glycidyl
ether, and bisphenol A (3-chloro-2-hydroxypropyl) (2,3-dihydroxypropyl) glycidyl ether. Here, a
gold-nanoparticle-based immunochromatographic strip assay based on a broad-spectrum polyclonal
antibody was developed for the simultaneous detection of BADGE and its derivatives, which could
be accomplished within 15 min. The quantitative analysis of the visualization results was performed
using Adobe Photoshop CC 2021, and the detection limit, defined as the concentration causing
15% inhibition, was 0.97 ng/mL. The recoveries of BADGE and its derivatives at various spiking
levels in canned food samples ranged from 79.86% to 93.81%. The detection results of the proposed
immunochromatographic strip assay were validated via high-performance liquid chromatography,
showing a good correlation coefficient (R2 = 0.9580).

Keywords: bisphenol A diglycidyl ether; derivatives; broad-spectrum polyclonal antibodies; gold
nanoparticles; immunochromatographic strip assay; canned food

1. Introduction

Bisphenol A diglycidyl ether (2,2-bis(4-glycidyloxyphenyl) propane, BADGE) is a
condensation product of bisphenol A (BPA) and epichlorohydrin. It can be used as an
additive in polyester fibers and as a hydrochloric acid scrubber. In particular, BADGE
is often utilized to remove the hydrochloric acid in the organosol resins used as inner
coatings of metal food cans [1–3], where it can remain if the chemical reaction is not
complete during the coating manufacturing process [4,5] and migrate into food during
processing and storage [6,7]. Due to the complexity of the food matrix, BADGE can react
with acidic or greasy food via hydrolysis or chlorination, generating various derivatives,
such as bisphenol A (2,3-dihydroxypropyl) glycidyl ether (BADGE·H2O), bisphenol A
(3-chloro-2-hydroxypropyl) glycidyl ether (BADGE·HCl), and bisphenol A (3-chloro-2-
hydroxypropyl) (2,3-dihydroxypropyl) glycidyl ether (BADGE·HCl·H2O) [8,9], which have
been detected along with BADGE in canned foods such as canned seafood, canned meat
products, and energy drinks [10,11]. BADGE may lead to abnormalities in the human
endocrine, immune, and nervous systems and affect normal reproductive and genetic
functions [12–14]. Therefore, European legislation has set specific migration limits for
BADGE and its hydrolysis derivative BADGE·H2O at 9 mg/kg in foodstuffs and food
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simulants as well as for the hydrochloric derivatives BADGE·HCl and BADGE·HCl·H2O
at 1 mg/kg [15].

Various analytical methods based on high-performance liquid chromatography–fluorescence
detection (HPLC–FLD) [16–18], liquid chromatography–tandem mass spectrometry (LC-
MS) [19–21], and gas chromatography–mass spectrometry (GC–MS) have been developed
for the detection of bisphenol-dihydrate glycerol ether [22]. Although LC-MS and GC–MS
have good accuracy and high sensitivity, they are expensive, complex, and require trained
operators, which is not conducive to rapid on-site detection. In contrast, immunoassays
are suitable for the simultaneous detection of a large quantity of samples and can meet
daily monitoring requirements. The immunochromatographic strip assay, also known
as lateral-flow immunoassay, is a combination of chromatography and immunoassay. It
has gained attention as an alternative to enzyme-linked immunosorbent assay (ELISA).
Immunochromatographic strip test is considered to be a useful tool for the rapid screening
of food and raw materials. It is in demand for rapid and point-of-care testing in all parts of
the food-processing chain “from farm to fork” [23,24].

Gold nanoparticles are commonly used as detector reagents in lateral-flow immunochro-
matography for the visualization of signals. In particular, gold nanoparticle (AuNP-based
immunochromatographic strip assays have been widely used for detecting hazardous
macromolecular and small-molecule substances [25–31].

To the best of our knowledge, although the production of monoclonal antibodies that
can recognize BADGE and the establishment of an ELISA method for detecting BADGE
in lake water have been previously reported [32], broad-spectrum polyclonal antibodies
that can simultaneously recognize BADGE and its derivatives using an immunochromato-
graphic strip assay have not yet been described.

Here, we developed an immunochromatographic strip assay using AuNPs and a
broad-spectrum polyclonal antibody to simultaneously detect BADGE and its derivatives.
The visualized results were quantitatively analyzed using Adobe Photoshop CC software.
Canned foods were selected as samples, and HPLC was used as the analysis method to
evaluate the proposed immunochromatographic strip assay, which is a convenient tool for
the fast and efficient detection of BADGE and its derivatives.

2. Results
2.1. Screening of Broad-Spectrum Antibodies

Standard solutions of BADGE derivatives were freshly prepared before analysis. The
concentration causing 50% inhibition (IC50) values were determined, and the cross-reactivities
were calculated using the indirect competitive ELISA (ic-ELISA) method. The recognition
capability of selected antisera (PAb-1, PAb-2, PAB-3, and PAb-4) for BADGE derivatives
was also investigated. As shown in Table 1, the cross-reactivities of antiserum PAb-1 with
BADGE·HCl, BADGE·H2O, and BADGE·HCl·H2O were 79.6%, 175.8%, and 110.8%, re-
spectively. Compared with other antisera, antiserum PAb-1 exhibited better recognition
capability for BADGE and its derivatives; therefore, it was selected as a broad-spectrum
recognition antiserum. PAb-1 was purified using protein A-Sepharose 4B affinity chromatog-
raphy (Figure 1a), and the obtained antibody was characterized using SDS-PAGE (Figure 1b).

Table 1. Cross-reactivities of antisera with BADGE, BADGE·HCl, BADGE·H2O, and BADGE·HCl·H2O.

Target

Antisera

PAb-1 PAb-2 PAb-3 PAb-4

IC50 (ng/mL) CR (%) IC50 (ng/mL) CR (%) IC50 (ng/mL) CR (%) IC50 (ng/mL) CR (%)

BADGE 51 100 65 100 26 100 29 100
BADGE·HCl 64 79.6 114 57.0 57 45.6 60 48.3
BADGE·H2O 29 175.8 51 127.4 76 34.2 47 61.7

BADGE·HCl·H2O 46 110.8 59 110.1 82 31.7 70 41.4
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Figure 1. (a) The antiserum purified via protein A-Sepharose 4B affinity chromatography. (b) The
results of SDS-PAGE: 1: marker; 2: antiserum; 3: purified antibody.

2.2. Optimization of AuNP-Labeled Antibody

The AuNPs and AuNP-labeled antibody (Au NPs@PAb-1) were characterized using
their UV–vis spectrum, as shown in Figure 2. The adsorption peak of AuNPs shifted from
521 nm to 532 nm, which indicated that the antibody successfully conjugated to the AuNPs.
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Figure 2. Wavelength scanning of AuNPs and AuNP-labeled antibody.

The combination of AuNPs and antibody mainly depended on the pH and the amount
of binding antibody. When the pH of the system was close to the isoelectric point of
the antibody protein, the binding between AuNPs and antibody was more stable. For
1 mL of AuNP solution, the pH value was adjusted by adding different amounts of a
0.2 M potassium carbonate (K2CO3) solution. As shown in Figure 3, the absorbance first
increased and then decreased with an increasing amount of K2CO3 solution. When the
volume was set to 15 µL, the solution absorbance of the AuNP-labeled antibody reached a
maximum. Therefore, 15 µL of K2CO3 solution was used for adjusting the pH of 1 mL of
AuNP solution.
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Figure 3. (a) Wavelength scanning of AuNP-labeled antibody with different amounts of K2CO3.
(b) Absorbance of AuNP-labeled antibody with different amounts of K2CO3.

The amount of antibody used for labeling was also a key factor; an insufficient amount
of antibody would result in the surface instability of AuNPs, while excess antibody would
lead to the waste of antibody. According to Figure 4, when the antibody amount was
9.35 µg (experimental group 5 in Figure 4b), the amount of labeling antibody had already
reached saturation. Based on these parameters, for 1 mL of AuNP solution, the optimum
labeling conditions were set to 15 µL of 0.2 M K2CO3 solution for pH adjustment and
9.35 µg of antibody for conjugation.
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2.3. Establishment of AuNP Lateral-Flow Immunochromatographic Strip Assay

An immunochromatographic strip assay was developed on the basis of an antibody–antigen
competitive immunoreaction. The process is depicted in Figure 5. The reaction principle
is as follows: In the absence of BADGE in the sample, the AuNP-labeled antibody binds
to the coating antigen at the test (T) zone, which turns red. This result is considered
negative. Meanwhile, BADGE competes with the coating antigen (T zone) to bind the
AuNP-labeled antibody, thereby weakening the color of the T zone. This color weakening
is more pronounced as the BADGE concentration increases. The concentrations of the
coating antigen and AuNP-labeled antibody in the lateral-flow immunoassay strip assay
were optimized. As shown in Figure 6a, the color of the T zone gradually darkened with
increasing concentration of the coating antigen up to 20 µg/mL. As shown in Figure 6b,
when the volume of AuNP-labeled antibody reached 20 µL, the color of the T zone did not
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change considerably. Therefore, 20 µL of AuNP-labeled antibody solution was selected for
the following test.
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Figure 6. (a) Optimization of the coating antigen. (b) Optimization of AuNP-labeled antibody.

Under optimal conditions, the AuNP-labeled antibody was mixed with different
concentrations of BADGE and added to the strip. As shown in Figure 7a, the intensity of
the color of the T zone decreased as the BADGE concentration increased. When the BADGE
concentration reached 1 ng/mL, the color of the T zone could be distinguished from that
of the negative sample (without BADGE); therefore, the visual detection limit was set to
1 ng/mL.

Color intensities were quantified using Adobe Photoshop CC software. The grayscale
variation in the T zone and the standard curve drawn by calculating the inhibition ratio are
shown in Figure 7b and Figure 7c, respectively. The calculated limit of detection, which was
defined as the concentration causing 15% inhibition (IC15), was 0.97 ng/mL. This result is
consistent with the visual result.
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Figure 7. (a) Visual results of AuNPs lateral-flow immunoassay strip assay (the concentration
of BADGE: 0, 0.1, 1, 10, 100, 500, 1000 ng/mL). (b) Grayscale variation in T zones for different
concentrations of BADGE. (c) Inhibition analysis for BADGE.

2.4. Stability Analysis of AuNPs-PAb Immunochromatographic Strip

The test strips were stored at 4 ◦C for 1, 3, 5, and 7 days, and the color was observed via
the immunochromatographic strip assay using a standard 1 ng/mL BADGE solution. The
results are shown in Table 2. No remarkable change was observed in the T zone, indicating
the good stability of the test strips for the detection of BADGE.

Table 2. Stability analysis of AuNP-labeled antibody immunochromatographic strip assay.

1 (Day) 3 (Day) 5 (Day) 7 (Day)
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2.5. Matrix Effect

In the analysis of real samples, the matrix can interfere with the detection accuracy.
Therefore, to eliminate the matrix effect, the samples were diluted to different concentra-
tions (5-, 10-, 20-, and 40-fold dilution) and analyzed via ic-ELISA. As shown in Figure 8,
the 40-fold dilution could remove the matrix effect almost completely, enabling the analysis
using the assay.
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2.6. Sample Recovery Analysis

Spiking and recovery analyses were performed using the AuNP-labeled antibody
immunochromatographic strip assay, which was validated via HPLC analysis (Table 3).
The recoveries of BADGE in canned food samples ranged from 79.86% to 93.81%. The
correlation coefficient between the AuNP-based lateral-flow immunochromatographic strip
assay and HPLC analysis was 0.9580 (Figure 9).
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Figure 9. Correlation analysis between AuNPs lateral-flow immunochromatographic strip assay
and HPLC.

BADGE and its derivatives may exist simultaneously in real samples, thus the pro-
posed immunochromatographic strip assay was used to detect the total amount of BADGE
and its derivatives and validated via HPLC analysis. As shown in Table 4, the total amount
of BADGE compounds in the samples determined using the immunochromatographic
strip assay was consistent with that obtained via HPLC, demonstrating that the devel-
oped AuNP-based lateral-flow immunochromatographic assay could be used as a practical
biological monitoring method for the rapid screening of BADGE and its derivatives.
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Table 3. Recoveries of BADGE and its derivatives in spiked samples by AuNPs lateral-flow im-
munochromatographic strip assay and HPLC (n = 3).

Sample Spiked Conc. (ng/g)
HPLC (n = 3) AuNPs Lateral-Flow

Immunochromatographic Strip Assay (n = 3)

Mean ± SD (ng/g) Recovery (%) Mean ± SD (ng/g) Recovery (%)

Canned
luncheon meat

50 45.28 ± 0.02 90.56
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Table 4. Detection of BADGE and its derivatives in samples using AuNPs lateral-flow immunochro-
matographic strip assay and HPLC (n = 3).

Sample BADGE and Its
Derivatives

HPLC AuNPs Lateral-Flow Immunochromatographic
Strip Assay

Mean ± SD
(ng/g)

Total
Amount

Detection of Concentration
Mean ± SD (ng/g)

Actual
Concentration

Mean ± SD
(ng/g)

Canned
luncheon

meat

1

BADGE 45.03 ± 0.83

130.06
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3. Discussion

BADGE is widely used in the preparation of the inner coatings of metal cans. It is often
used to avoid direct contact between the food matrix and metals in packaging materials.
During processing, storage, and transportation, BADGE is prone to migrating into the food
matrix and generating hydrated or chlorinated derivatives, which can accumulate in the
human body through the food chain, causing abnormalities in the endocrine and nervous
systems. Anna et al. [33] studied the toxicity and potential lipid destruction of BADGE in
human placental JEG-3 cells and found that it can interfere with lipid metabolism and alter
the cellular lipidome, ultimately causing disease. Instrumental analysis methods have been
used to detect BADGE and its derivatives. For instance, Gallo et al. [34] simultaneously
determined eight kinds of bisphenol substances, including BADGE, in soft drinks via liquid
chromatography–fluorescence.

Due to the wide polarities of BADGE and its derivatives, conventional LC requires
complex sample pretreatment to complete the separation, which cannot meet the need for
rapid detection. Moreover, traditional instrumental analysis methods cannot realize the
simple and rapid analysis of large quantities of samples or the real-time monitoring of
migrated residual pollution.

In contrast, immunoassays based on antibodies or other biological molecules enable
rapid analysis with simple pretreatments and constitute an effective supplementary method
to conventional instrumental analysis methods. In fact, immunoassays have been widely
used for the analysis of various pollutants in the field of food safety because of their
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reliability, efficiency, and cost savings. Accordingly, they have been recommended by
institutional analysis departments for the rapid screening of large quantities of samples.
Considering the health hazards posed by BADGE compounds, the monitoring of food
via long-term, multifrequency, high-throughput sample analysis is required, for which
immunoassays are suitable methods. Guan [35] developed a fluorescence polarization
assay for the simultaneous monitoring of BPA, BPF, BADGE, and BFDGE in canned tuna
with detection limits of 0.35, 0.08, 0.10, and 0.49 mg/L, respectively. The method was
not sufficiently sensitive for the detection of BADGE, which may be because the receptor
cannot completely replace the biological antibody to achieve high-affinity recognition of
the target compound. The broad-spectrum polyclonal antibody used in this study can
simultaneously recognize BADGE and its derivatives, enabling the development of a rapid
AuNP-based lateral-flow immunochromatographic strip assay for the detection of BADGE
and its hydrolyzed and chlorinated derivatives in canned food. The assay can be performed
within 15 min. The visual results were processed using Adobe Photoshop CC software,
and the detection limit (IC15) was 0.97 ng/mL. Therefore, this method can meet the need
for real-time screening and the detection of large quantities of samples. The developed
AuNPs-based lateral-flow immunochromatography assay is compared with other methods
reported for the detection of BADGE and its derivatives in Table 5.

Table 5. Comparison of analytical methods for the detection of bisphenol derivatives (includ-
ing BADGE).

Detection Method Detection Targets Detection Results References

HPLC-FLD Bisphenols, bisphenol diglycidyl
ethers and their derivatives

Quantitation limits for the analytes
ranged between 0.9 and 3.5 µg kg−1 Ref. [16]

HPLC-FLD 5 bisphenol derivatives
including BADGE

Limits of detection (LODs) were
between 21 and 28 ng/mL Ref. [17]

HPLC-FLD Bisphenol A diglycidyl ether and
its derivatives LODs varied from 0.01 to 0.20 ng/g Ref. [18]

LC–MS/MS BPA and its derivatives
including BADGE

Quantification limits were in the
range of 2–10 µg kg−1 Ref. [19]

UHPLC-ESI-MS/MS Bisphenol ethers and their derivatives Limits of quantitation (LOQs) for the
analytes ranged from 0.02 to 5 mg/kg Ref. [21]

GC-MS Bisphenols and their diglycidyl ethers Migration of BPA is between 104.67
and 181.46 µg L−1 Ref. [22]

ic-ELISA

BADGE
BADGE·HCl
BADGE·H2O

BADGE·HCl·H2O

IC15 of BADGE, BADGE·H2O,
BADGE·HCl, BADGE·HCl·H2O
were 0.73, 0.39, 0.78, 1.45 ng/mL

Ref. [36]

AuNPs-based
immunochromatographic

strip assay

BADGE
BADGE·HCl
BADGE·H2O

BADGE·HCl·H2O

Simultaneous detection of BADGE
and its derivatives within 15 min.

Visual detection limit was 1 ng/mL
for BADGE.

This work

4. Materials and Methods
4.1. Chemicals and Reagents

Chloroauric acid (HAuCl4·4H2O), trisodium citrate dihydrate, sodium chloride (NaCl),
K2CO3, disodium hydrogen phosphate dodecahydrate (Na2HPO4·12H2O), sodium phos-
phate dibasic dihydrate (Na2HPO4·2H2O), sulfuric acid (H2SO4), Tween-20, ethyl acetate,
hexane, acetonitrile, and methanol were purchased from Sinopharm Chemical Reagent
(Shanghai, China). The chemical standards BADGE, BADGE·H2O, BADGE·HCl, and
BADGE·HCl·H2O were purchased from Macklin (Shanghai, China). Bovine serum albumin
(BSA), nonfat milk powder, and goat anti-rabbit IgG-HRP were purchased from Sangon
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Biotech (Shanghai, China). Canned luncheon meat, canned yellow peach, and Red Bull
drinks were purchased from a local supermarket (Zhenjiang, China).

4.2. Instruments

An HH-A magnetic stirrer was purchased from Zhongda Instrument Factory
(Changzhou, China), and a UV-1801 ultraviolet spectrophotometer was purchased from
Ruili Company (Beijing, China). A smartphone (Huawei P40 with a rear camera of 8 million
pixels, Huawei Technologies Co., Ltd, Shenzhen, China) was used to take photos. HPLC
was performed using an LC-20AD module (Shimadzu, Japan) coupled to an ultraviolet
detector. A Hypersil GOLD C18 column (4.6 mm × 250 mm, 5 µm) was employed for
chromatographic separation in the HPLC analysis. The mobile phase was composed of 40%
ultrapure water and 60% acetonitrile. The eluent flow rate was 0.5 mL/min, the injection
volume was 10 µL, and the temperature of the column oven was maintained at 30 ◦C.

4.3. Screening of Broad-Spectrum Antibodies

Four antisera with certain recognition abilities for BADGE and its derivatives were
screened. The cross-reactivity of the four antisera, which was investigated to determine
their broad-spectrum recognition specificity, was calculated as follows:

Cross-reactivity (%) = IC50 (BADGE)/IC50 (other analogs) × 100

4.4. Preparation of AuNPs

AuNPs were produced according to the sodium citrate method. Briefly, 100 mL of
a 0.01% HAuCl4 solution was heated and kept boiling. Then, 4 mL of 1% sodium citrate
was quickly added under stirring, and the resulting solution was heated and stirred for
5–10 min until the color was stable. The obtained AuNP solution was cooled to room
temperature and stored at 4 ◦C.

4.5. Preparation of AuNP-Labeled Antibody
4.5.1. Optimization of pH Value of AuNPs Solution

The pH value of the AuNP solution was adjusted by adding different amounts of
K2CO3 solution. Excess amounts of antibodies were added and allowed to stand at room
temperature for 10 min. Further, 10% NaCl was added and vortex-mixed. After standing
for 10 min, the color was observed and scanned via UV–vis spectroscopy.

4.5.2. Optimization of the Amounts of Antibody

As shown in Table 6, different amounts of antibody were added to the pH-adjusted
AuNP solution, and the mixture was allowed to stand at room temperature for 10 min.
Then, 10% NaCl was added and vortex-mixed. After standing for 10 min, the color was
observed and scanned via UV–vis spectroscopy.

Table 6. pH-adjusted AuNPs solution for labeling different amounts of antibody.

Number of Experimental Group 0 1 2 3 4 5 6 7 8 9

Antibody (µg) 0 0.37 1.49 3.36 5.98 9.35 13.51 18.33 23.93 30.32
AuNPs solution (mL) 1 1 1 1 1 1 1 1 1 1

Overall, 10 mL of a AuNP solution was adjusted to the optimal pH value by adding a
0.2 M K2CO3 solution. The antibody was added to the resulting AuNP solution, and the
mixture was allowed to react at 4 ◦C for 330 min. Then, 10% BSA was added to block the
unbinding sites. The solution was centrifuged at 12,000 rpm for 20 min, and the precipitate
was redissolved in 1 mL of PB solution containing 0.05% Tween-20 and 1% BSA. The
resulting solution was stored at 4 ◦C until use.
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4.6. Establishment of AuNPs Lateral-Flow Immunochromatographic Assay

A typical immunochromatographic test strip consisted of a sample pad, a conjugate or
reagent pad, a capture zone (test line and control line), and an absorbent pad. A nitrocellu-
lose membrane with smooth backing was used to prepare the immunochromatographic
strips, which were cut to a certain size. The T zone was coated with the coating antigen, and
the control (C) zone was coated with goat anti-rabbit IgG. The strip was then dried at room
temperature and stored at 4 ◦C. A certain volume of AuNP-labeled antibody was mixed
with 100 µL of a BADGE standard solution and incubated for 10 min. The mixture was
added to the sample zone. After 15 min, the liquid completely flowed through the T and C
zones. The visualized results were recorded using a smartphone (Huawei Technologies Co.,
Ltd., Shenzhen, China) and processed using Adobe Photoshop CC software for quantitative
analysis. All photos were recorded during the daytime without a flashlight.

Inhibition was calculated using the following equation:

Inhibition (%) = (4G − 4G1)/(4G) × 100%,

where G and G1 represent the grayscale variation without and with different concentrations
of BADGE (or its derivatives), respectively.

4.7. Sample Analysis

Canned luncheon meat, canned yellow peach, and Red Bull drinks obtained from
a local supermarket were selected as samples for analysis. The canned luncheon meat
samples were treated as follows: 2.0 g of sample was homogenized with 10 mL hexane
and subjected to ultrasonic-assisted extraction for 30 min. The mixture was centrifuged
at 4500 rpm for 10 min. The supernatant was extracted twice using 5 mL of acetonitrile.
The acetonitrile extracts were evaporated to dryness at 40 ◦C under nitrogen. Subsequently,
the residues were redissolved in 2 mL of methanol. The canned yellow peach samples
were treated as follows: 2.0 g of sample was weighed, and 5 mL of ethyl acetate was
added as the extraction solvent. The mixture was shaken for 20 min in a shaker and then
transferred to an ultrasonic bath for 30 min. The mixture was centrifuged at 4500 rpm for
15 min. The supernatant was evaporated to dryness under a nitrogen stream. Furthermore,
the extract was redissolved in 2 mL of methanol. The Red Bull samples (5 mL) were
centrifuged at 4500 rpm for 10 min, and the supernatant was filtered through a 0.22 µm
membrane before analysis. The samples were separately spiked with BADGE at different
concentrations (50, 100, and 250 ng/g) to evaluate the accuracy of the AuNP-based lateral-
flow immunochromatographic strip assay, and the results were confirmed using HPLC.

5. Conclusions

A broad-spectrum polyclonal antibody that can recognize BADGE and its BADGE·HCl,
BADGE·H2O, and BADGE·HCl·H2O derivatives was evaluated and coupled with AuNPs
to develop a AuNP-based lateral-flow immunochromatographic strip assay for the simulta-
neous detection of BADGE and its derivatives in canned food. The visualized results were
processed using Adobe Photoshop CC software and validated via HPLC analysis. The
developed broad-spectrum lateral-flow immunochromatographic strip assay is reliable and
accurate and meets the requirements for the rapid screening of large quantities of samples
because of its simplicity, rapid operation, and cost effectiveness.
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Abstract: Enzymatic oligonucleotide synthesis is used for the development of functional oligonu-
cleotides selected by in vitro selection. Expanding available sugar modifications for in vitro selection
helps the functional oligonucleotides to be used as therapeutics reagents. We previously devel-
oped a KOD DNA polymerase mutant, KOD DGLNK, that enzymatically synthesized fully-LNA-
or 2′-O-methyl-modified oligonucleotides. Here, we report a further expansion of the available
2′-O-alkyl-modified nucleotide for enzymatic synthesis by KOD DGLNK. We chemically synthe-
sized five 2′-O-alkyl-5-methyluridine triphosphates and incorporated them into the oligonucleotides.
We also enzymatically synthesized a 2′-O-alkyl-modified oligonucleotide with a random region
(oligonucleotide libraries). The 2′-O-alkyl-modified oligonucleotide libraries showed high nuclease
resistance and a wide range of hydrophobicity. Our synthesized 2′-O-alkyl-modified oligonucleotide
libraries provide novel possibilities that can promote the development of functional molecules for
therapeutic use.

Keywords: enzymatic oligonucleotide synthesis; aptamers; 2′-O-alkyl modifications; polymerase mutants

1. Introduction

Enzymatic oligonucleotide synthesis is applied for the development of functional
oligonucleotides so that their structure can contribute to their activities such as aptamers
and nucleic acid enzymes. Aptamers are single-stranded oligonucleotides that specifically
bind target molecules [1]. Nucleic acid enzymes are single-stranded oligonucleotides that
have catalytic activities such as the site-specific cleavage of RNA [2]. These functional
molecules are selected from 1012–15 unique oligonucleotide sequences (oligonucleotide
library) using in vitro selection [3,4]. Since these functional oligonucleotides mainly consist
of DNA or RNA, they are easily digested by nuclease [1,2], which diminishes the potential
of using them as therapeutic agents.

The chemical modification of functional oligonucleotides enhances their properties
such as their nuclease stability and binding affinity to target molecules. Therefore, expand-
ing the available modified nucleotides for in vitro selection helps to develop functional
oligonucleotides. Many nucleobase analogs have been developed and incorporated into
aptamers to enhance their binding affinity. For example, incorporating hydrophobic nucle-
obase analogs like 5-modified uridine analogs into aptamers has been shown to improve
their binding affinity [5–8]. On the other hand, since nucleobase-modified analogs con-
tribute less to improving nuclease stability [9], the expansion of available sugar modifi-
cations for in vitro selection is necessary to promote the development of the functional
molecules for therapeutic use. However, wild-type polymerases have a low tolerance for
sugar modifications.

To expand the available sugar modifications for in vitro selection, we focused on
2′-O-alkyl modifications. Since the 2′-O-methyl (2′-OMe)-modified oligonucleotide exhib-
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ited a higher resistance against nucleases and higher thermal duplex stability for RNA
than unmodified DNA, 2′-OMe modification has been used for oligonucleotide therapeu-
tics [10,11]. Moreover, many 2′-O-alkyl-modified analogs have also been developed and
investigated for their impact on oligonucleotides [12–17]. For instance, 2′-O-linear-carbon-
chain-modified analogs, such as 2′-O-ethyl (2′-OEt), 2′-O-propyl (2′-OPr), and 2′-O-butyl
(2′-OBu) modifications, tended to show higher nuclease stability depending on their substi-
tuted carbon chain length [13]. On the other hand, the 2′-O-substitution of a longer linear
carbon chain tended to decrease the duplex stability of RNA [14,15]. Furthermore, the
substitution of single carbon to oxygen in their alkyl chain, such as 2′-O-methoxyethyl
(2′-MOE) and 2′-O-hydroxyethyl (2′-HE) modifications, enhance the duplex stability of
RNA [14,16]. Moreover, 2′-MOE showed higher nuclease stability than the 2′-OMe modifi-
cation [17]. The 2′-O-branched-carbon-chain-modified analog, 2′-O-isopropyl modification
(2′-OiPr), decreased the duplex stability of RNA [12,14].

Although several wild-type polymerases have the potential to polymerize sugar-
modified nucleotides [18–20], sugar modification is still challenging to incorporate by
wild-type DNA polymerase. A combination of multiple mutations in thermostable DNA
polymerases can improve the polymerization of 2′-O-substituted nucleotides. Several poly-
merase mutants have been developed to synthesize 2′-OMe-modified oligonucleotides [21–23].
Chen et al. developed Taq DNA polymerase mutants which could synthesize fully-2′-
OMe-modified oligonucleotides [21]. Moreover, Freund et al. recently developed Tgo
polymerase mutants, which enzymatically synthesized not only fully-2′-OMe-modified
oligonucleotides but also 2′-MOE-modified oligonucleotides [22]. We also developed a
KOD polymerase mutant, KOD DGLNK, for LNA-modified oligonucleotide synthesis,
which can also efficiently synthesize fully-2′-OMe-modified oligonucleotides [23]. KOD
DGLNK had multiple mutations (N210D, Y409G, A485L, D614N, and E664K). The N210D
substitution reduces exonuclease activity [24]. The Y409 residue is predicted to sterically
clash with the 2′-OH of ribonucleotide triphosphates [25]. The Y409G substitution reduces
this steric clash. The A485L substitution promotes the sending of triphosphates to the active
site [26]. The D614N and E664K substitutions enhance the binding affinity between the
polymerase and primer-template duplex [23,26,27]. These multiple mutations significantly
promote the synthesis of fully-LNA- and 2′-OMe-modified oligonucleotides. Addition-
ally, we developed a 2′-OMe-and-LNA-mix aptamer [23]. However, there has been no
systematic analysis of the tolerance range for the enzymatic synthesis of the 2′-O-alkyl
modifications. And the properties of synthesized oligonucleotide will also be of interest.

Here, we synthesized five 2′-O-alkyl-5-methyluridine triphosphates (2′-O-ethyl 5-
methyuridine triphosphate [2′-OEt-5mUTP], 2′-O-propyl 5-methyuridine triphosphate [2′-
OPr-5mUTP], 2′-O-butyl 5-methyuridine triphosphate [2′-OBu-5mUTP], 2′-O-isopropyl
5-methyuridine triphosphate [2′-OiPr-5mUTP], and 2′-O-hydroxyethyl 5-methyuridine
triphosphate [2′-HE-5mUTP]) and incorporated them into oligonucleotides by KOD DGLNK
(Figure 1). Moreover, we evaluated the nuclease stability and hydrophobicity of the
resulting 2′-O-alkyl-modified oligonucleotides.
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5mUTPs into an oligonucleotide. 
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KOD DGLNK has been modified based on DNA polymerase, and it lacks mutations 
that enhance its tolerance for uridine. Consequently, we opted for 5-methyluridine (thy-
midine), a component of DNA, and not uridine, a component of RNA, as the substrate for 
KOD DGLNK. Subsequently, we synthesized 2′-OEt-5mUTP, 2′-OPr-5mUTP, 2′-OBu-5mUTP, 
2′-OiPr-5mUTP, and 2′-HE-5mUTP. The 2′-O-alkylations were systematically performed 
with reference to the methods previously used to synthesize other 2′-O-alkyl-U or 5mUs 
[16,28]. The synthesis of 2′-OEt-5mUTP, 2′-OPr-5mUTP, 2′-OBu-5mUTP and 2′-OiPr-5mUTP 
were started from 3′-,5′-silyl- and N3-benzoyl-protected 5-methyluridine [29]. The 2′-hy-
droxy group was alkylated via a nucleophilic aĴack of the 2′-hydroxy group to the corre-
sponding alkyl iodide. After switching the protection group, the resulting 3′-acetyl- and 
N3-benzoyl-protected 2′-O-alkyl-5-methyluridines were substituted to triphosphates us-
ing the Ludwig and Eckstein method [30] (Scheme S1). The synthesis of 2′-HE-5mUTP was 
started from 2,2′-anhydro-5-methyluridine. After TBS protection of the 5′-hydroxy group, 
the alkylation of the 2′-hydroxy group was performed by hydroxyethylation using trihy-
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Figure 1. (a) Chemical structures of the 2′-O-alkyl-5-methyluridine triphosphates (2′-O-alkyl-5mUTPs)
that we used in this study. (b) Schematic illustration of the incorporation of 2′-O-alkyl-5mUTPs into
an oligonucleotide.

2. Results and Discussion
2.1. Synthesis of 2′-O-Alkyl-ribonucleotide Triphosphates

KOD DGLNK has been modified based on DNA polymerase, and it lacks mutations
that enhance its tolerance for uridine. Consequently, we opted for 5-methyluridine (thymi-
dine), a component of DNA, and not uridine, a component of RNA, as the substrate for
KOD DGLNK. Subsequently, we synthesized 2′-OEt-5mUTP, 2′-OPr-5mUTP, 2′-OBu-5mUTP,
2′-OiPr-5mUTP, and 2′-HE-5mUTP. The 2′-O-alkylations were systematically performed with
reference to the methods previously used to synthesize other 2′-O-alkyl-U or 5mUs [16,28].
The synthesis of 2′-OEt-5mUTP, 2′-OPr-5mUTP, 2′-OBu-5mUTP and 2′-OiPr-5mUTP were
started from 3′-,5′-silyl- and N3-benzoyl-protected 5-methyluridine [29]. The 2′-hydroxy
group was alkylated via a nucleophilic attack of the 2′-hydroxy group to the corresponding
alkyl iodide. After switching the protection group, the resulting 3′-acetyl- and N3-benzoyl-
protected 2′-O-alkyl-5-methyluridines were substituted to triphosphates using the Ludwig
and Eckstein method [30] (Scheme S1). The synthesis of 2′-HE-5mUTP was started from
2,2′-anhydro-5-methyluridine. After TBS protection of the 5′-hydroxy group, the alkyla-
tion of the 2′-hydroxy group was performed by hydroxyethylation using trihydroxyethyl
borate esters. This was followed by switching the protection group, resulting in 3′- and
2′-O-hydroxyethyl-acetyl-protected 5-methyuridine being substituted to triphosphate in
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the same manner (Scheme S2). All the synthesized triphosphates were purified by the ion
pair RP-HPLC.

2.2. Polymerase Incorporation of 2′-O-Alkyl 5-methyluridine Triphosphates into Oligonucleotide

First, we evaluated the incorporation efficiency of 2′-O-alkyl-5mUTPs using a primer ex-
tension assay against a DNA template (Template1) which had a 5nt consecutive adenosine.
An extended FAM-labeled DNA primer (Primer1) was analyzed by denaturing polyacry-
lamide gel electrophoresis (PAGE) (Figure 2). Following an incubation period of 30 min at
74 ◦C with KOD DGLNK (50 ng/µL), we obtained a fully extended product with dTTP, and
all of the 2′-O-alkyl-5mUTPs showed at least single nucleotide incorporation (Figure 2a).
This result suggests that 2′-O-alkyl-5mUTPs potentially works as substrates for oligonu-
cleotide polymerization. During the comparison of the relationship between the length of
alkyl chains and incorporation efficiency, 2′-OBu-5mUTP, which is the longest alkyl chain,
surprisingly showed almost the same incorporation efficiency as 2′-OMe-5mUTP. The effi-
ciency of incorporation improved according to the length of the alkyl chain (incorporation
efficiency: 2′-OBu-5mUTP > 2′-OPr-5mUTP > 2′-OEt-5mUTP) (Figure S1). On the other hand,
the substitution of a carbon atom for an oxygen atom resulted in decreased incorporation
efficiency at any carbon length (incorporation efficiency: 2′-OBu-5mUTP > 2′-MOE-5mUTP,
2′-OPr-5mUTP > 2′-HE-5mUTP) (Figure S1). We saw that 2′-MOE-5mUTP demonstrated
higher incorporation efficacy into oligonucleotides than 2′-HE-5mUTP (Figure S1), and
2′-OiPr-5mUTP showed the lowest incorporation efficiency (Figure S1). Although the steric
hindrance of the 2′-O-alkyl modification is known to reduce incorporation efficiency [22],
2′-OBu-5mUTP was more effectively incorporated into DNA than 2′-OEt-5mUTP. Our results
indicated that factors other than steric hindrance also impact the incorporation efficiency of
2′-O-alkyl modifications. Next, to enhance the extension efficiency of 2′-O-alkyl-5mUTPs,
we attempted to optimize reaction conditions. The addition of Mn2+ accelerates the in-
corporation of modified nucleotide triphosphates [21,27,31]. Under stronger conditions
such as a higher amount of KOD DGLNK (150 ng/µL), the addition of Mn2+ (1.0 mM),
and a longer incubation time (1 h), fully extended products were observed, except for
2′-OiPr, in the incorporation of 2′-O-alkyl-5mUTPs (Figure 2b). On the other hand, during
the incorporation of dTTP, we observed ladder-like bands. Moreover, we observed bands
under the primer bands. These bands were probably caused by competition between the
polymerization activity and exonuclease activity of KOD DGLNK. Extended products were
also observed when Primer1 was replaced with Primer2, which was modified with 2′-OMe
modifications (Figure S3).

2.3. Enzymatic Synthesis of 2′-O-alkyl-Modified Oligonucleotide Libraries

After the characterization of 2′-O-alkyl-5mUTPs for a short-length template, a fully
modified 2′-O-alkyl-modified oligonucleotide synthesis for a longer template which had
a 70 nt DNA sequence with a random region in the center (2′-O-alkyl-modified oligonu-
cleotide libraries) was tested. For the incorporation of 50 nucleotide triphosphates, stronger
reaction conditions than the reaction conditions for the incorporation of 5 nucleotide
triphosphates are assumed to be required. However, such drastic conditions induce di-
gestion on the part of DNA as we observed in Figure 2b. Therefore, primer extension
was performed with 2′-OMe-modified primers with 2′-OMe-ATP, 2′-OMe-GTP, 2′-OMe-
CTP, and synthesized 2′-O-alkyl-5mUTPs for giving exonuclease resistance to the extended
oligonucleotide. In the random region, averagely, a 25% nucleotide would contain a target
alkyl modification at the end. As we expected, extension efficiency was shown with the
same tendency as the result of the short-length template (Figure 3). Except for the 2′-OiPr
modification, fully extended products were observed. Furthermore, by increasing the
Mn2+ concentration and reaction time, the 2′-OiPr and 2′-HE modifications were also nicely
incorporated and full-length products were observed under 3.0 mM of Mn2+ following
4 h of incubation (Figure S4). We noticed that, when Mg2+ and Mn2+ coexist, 3.0 mM or
more of Mn2+ promotes the enzymatic synthesis of 2′-O-alkyl-modified oligonucleotides
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(Figure S4). The enzymatically synthesized 2′-O-alkyl-modified oligonucleotide library that
include 2′-OEt-5-methyluridine was named ON_Et. Moreover, other 2′-O-alkyl-modified
oligonucleotide libraries also named as the same manner (ON_Me, ON_Pr, ON_Bu, ON_iPr,
ON_HE, and ON_MOE).
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(b) Primer extension was performed with a 0.4 µM 5′-FAM-labeled DNA primer, 0.5 µM DNA
template, 1 × KOD Dash® buffer, 1.0 mM MnSO4, and 0.2 mM 2′-O-alkyl-5mUTPs by incubation with
150 ng/µL KOD DGLNK at 74 ◦C for 1 h.

2.4. Properties of the 2′-O-Alkyl-Modified Oligonucleotide Libraries
2.4.1. Hydrophobicity of the 2′-O-Alkyl-Modified Oligonucleotide Libraries

The hydrophobicity of the oligonucleotide libraries was evaluated by the retention
time on the ion pair RP-HPLC (Figure 4). The longer alkyl chain modification increases
the interaction between the oligonucleotide and C18 modification on the reverse phase
column, resulting in slow elution. The substitution of carbon to oxygen in the alkyl chain
induced fast elution in the column. The hydrophobic tendency of nucleotide triphos-
phates is reflected in the hydrophobic tendency of the oligonucleotide libraries (Figure S5).
ON_Pr was shown to be hydrophobic as the fully-phosphorothioate-modified DNA library
(PS_DNA). With only the substitution of 5-methyluridine, ON_Bu was shown to be more
hydrophobic than PS_DNA. This property is highly beneficial in terms of expanding the
hydrophobic range.
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Figure 3. Enzymatic synthesis of 2′-O-alkyl-modified oligonucleotide libraries. Primer extension was
performed with a 0.4 µM 5′-FAM-labeled 2′-OMe-modified primer, 0.5 µM DNA template, 1× KOD
Dash® buffer, 1.0 mM MnSO4, 0.2 mM 2′-OMe-ATP, 0.2 mM 2′-OMe-GTP, 0.2 mM 2′-OMe-CTP, and
2′-O-alkyl-5mUTP by incubation with 300 ng/µL KOD DGLNK at 60 ◦C for 1 h, 60 ◦C to 74 ◦C for 4 h,
and 74 ◦C for 1 h. Following the extension, the reaction mixture was treated with 95 mU/µL DNase1
at 37 ◦C for 30 min.
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Figure 4. Hydrophobicity analysis of 2′-O-alkyl-modified oligonucleotide libraries. Ion pair RP-
HPLC was performed by the injection of 5.0 pmol of oligonucleotide libraries onto an XBridge
Oligonucleotide BEH C18 column. The column temperature was 50 ◦C, with a flow rate of 1.0 mL/min,
and detection at 260 nm. Mobile phase A was a 100 mM triethylamine acetic acid solution (pH 6.9),
and mobile phase B was acetonitrile. The column was initially maintained at 10% mobile phase B,
and then at a gradient of 10–40% over 15 min.
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2.4.2. Nuclease Stability of the 2′-O-Alkyl-Modified Oligonucleotide Libraries

The nuclease stability of the 2′-O-alkyl-modified oligonucleotide libraries in 50% FBS
was evaluated by denaturing PAGE (Figure 5). Following 4 h of incubation, the intact and
digested products were observed. All the 2′-O-alkyl-modified oligonucleotides were more
stable than PO_DNA. ON_Bu was as stable as PS_DNA. The substitution of the longer
2′-O-alkyl 5-methyluridine of the oligonucleotides tended to show a higher stability in
50% FBS (stability: ON_Bu > ON_Pr > ON_Et > ON_Me). The replacement of a carbon
atom for an oxygen atom reduced stability in 50% FBS (stability: ON_Bu > ON_MOE,
ON_Pr > ON_HE). On the other hand, after 24 h of incubation, the ratio of the intact
product was a little different. This was probably caused by the digestion of the 2′-OMe-
modified primer region.
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Figure 5. Nuclease stability of the 2′-O-alkyl-modified oligonucleotide libraries. FBS digestion of
the oligonucleotides was performed with 0.1 µM 5′-6-FAM-labeled oligonucleotides, by incubation
with 50% FBS at 37 ◦C for 0, 4, and 24 h followed by inactivation steps: 95 ◦C for 5 min. Proteinase
K digestion was performed with an FBS digested reaction mixture by incubation with 36 mU/µL
Proteinase K at 37 ◦C for 30 min.

Expanding the available chemical modifications to enzymatic oligonucleotide syn-
thesis accelerates the development of aptamers and nucleic acid enzymes. By mixing
2′-OMe-adenosine, guanosine, and cytidine, oligonucleotide libraries containing 2′-OEt,
2′-OPr-, 2′-OBu or 2′-HE-5-methyluridine were successfully synthesized by KOD DGLNK
(Figure 3). This indicated that KOD DGLNK is tolerant of 2′-O-linear alkyl modifica-
tions in polymerization. On the other hand, KOD DGLNK showed a lower tolerance
for 2′-O-branched alkyl modification, such as 2′-OiPr modification, than 2′-O-linear alkyl
modifications. It would be interesting to explore the kinetics of the incorporation and iden-
tify the novel mutations associated with a tolerance for 2′-O-branched alkyl modification.
Additionally, we investigated the impact of a partial substitution of 2′-O-alkyl modification
on the nuclease stability and hydrophobicity of the oligonucleotide libraries. Despite only
incorporating a 5-methyluridine base into the oligonucleotides, ON_Et, ON_Pr, ON_Bu,
ON_HE, and ON_MOE demonstrated a different hydrophobicity (Figure 4). This vari-
ety of hydrophobicity difference can be a toolbox which offers the option for aptamer
selection for individual targets. Enzymatic stability is also an important factor in the
efficacy of aptamers and nucleic acid enzymes in vitro and in vivo. Indeed, approved
antisense oligonucleotides and siRNA contain chemical modifications to improve nu-
clease stability [11]. Moreover, the approved aptamers, Macugen (pegaptanib) [32] and
IZERVAY (avacincaptad pegol) [33,34], have sugar modifications (2′-OMe and 2′-fluoro
modifications) and 40 kDa PEG modifications by post-modification. However, following
post-modification, even partial modification sometimes reduces their binding affinity to
the target molecules. On the other hand, the 2′-O-alkyl-modified oligonucleotide libraries
showed higher nuclease stability than DNA (Figure 5). Moreover, ON_Bu showed the
equivalent stability to PS-modified DNA. These results indicate that our study can help
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develop high nuclease-stable functional oligonucleotides without post-modification. To
develop such functional oligonucleotides through in vitro selection, it is important to ex-
plore the conversion of 2′-O-alkyl-modified oligonucleotide libraries to DNA. Furthermore,
it is important to investigate the error rate of incorporation because the addition of Mn2+

for the synthesis of 2′-O-alkyl-modified oligonucleotide libraries reduces fidelity [35]. The
2′-O-alkyl-modified oligonucleotide libraries exhibited a wide range of hydrophobicity and
improvement of nuclease stability by only the replacement of 5-methyluridines. The syn-
thesis of 2′-O-alkyl-5mUTPs was systematic and easy; hence, our strategy can be applied for
the synthesis of other 2′-O-alkyl 5mUTPs. Moreover, by applying the 2′-O-alkyl-modified
oligonucleotides that are synthesized in this study to not only 5-methyluridine but also
other nucleobases, 2′-O-alkyl-modified oligonucleotide libraries can show a further wide
range of hydrophobicity and enhancement nuclease stability.

3. Materials and Methods
3.1. General Information

All reagents and solvents were purchased from commercial suppliers and used with-
out purification unless otherwise specialized. All reactions were carried out under Ar
atmosphere. PAGE images were recorded on Chemi-Doc (Bio-Rad, Hercules, CA, USA)
and analyzed by Image LabTM (Bio-Rad). 1H, 13C and 31P NMR spectra were recorded
on an AVHD 400 NB (Bruker Daltonics, Billerica, MA, USA) using CDCl3, DMSO-d6, and
D2O as the solvents. Mass spectra of all new compounds were measured on a JMS-700
instrument (JEOL, Tokyo, Japan) (for fast atom bombardment, FAB). For HPLC, Shimadzu
SLC-20A3R, LC-20AD, CTO-20AC, SPD-20A, and FRC-10A were utilized.

3.2. Synthesis of N3-Benzoyl-2′-O-ethyl-3′,5′-O-(1,1,3,3-tetraisopropyldisiloxane-1,3-diyl)-
5-methyluridine (2a)

Compound 1 (1.5 g, 2.5 mmol) was dissolved in dry toluene (7.5 mL). Ag2O (1460 mg,
6.3 mmol) and iodoethane (5.0 mL, 63 mmol) were added and the reaction mixture was
stirred at 60 ◦C for 13 h. The resulting reaction mixture was filtered by celite pad and the
filtrate was diluted with CHCl3. The combined organic layers were washed with water and
brine, dried over anhydrous Na2SO4, and concentrated in vacuo. The residue was purified
by silica gel column chromatography (Hexane/Ethyl acetate = 85/15) to afford compound
2a (456 mg, 0.72 mmol, 29%) as a white form. 1H NMR (400 MHz, CDCl3): δ 7.93 (dd,
J = 1.2 Hz, 8.4 Hz, 2H), 7.73 (d, J = 1.2 Hz, 1H), 7.67–7.63 (m, 1H), 7.49 (t, J = 7.5 Hz, 2H),
5.70 (s, 1H), 4.29–4.21 (m, 2 H), 4.12 (dd, J = 2.0 Hz, 9.6 Hz, 1H), 3.87–3.77 (d, 3H), 1.95 (d,
J = 1.1 Hz, 3H), 1.19 (t, J = 7.0 Hz, 3H), 1.21–1.05 (m, 28H). 13C NMR (100 MHz, CDCl3):
δ 169.12, 162.95, 149.01, 135.11, 134.85, 131.52, 130.55, 129.17, 110.10, 89.79, 82.00, 81.88,
68.18, 66.97, 59.38, 17.48, 17.43, 17.31, 17.27, 17.21, 17.09, 17.04, 16.92, 15.34, 13.57, 12.91,
12.81, 12.77, 12.60. HRMS (MALDI): calcd for C31H48N2O8NaSi2 [M + Na]+ 655.2841, found
655.2844.

3.3. Synthesis of N3-Benzoyl-2′-O-ethyl-5-methyluridine (3a)

Compound 2a (426 mg, 0.67 mmol) was dissolved in dry THF (6.7 mL). Then, 1 M
TBAF in THF (2.0 mL, 2.0 mmol) was added and the reaction mixture was stirred at room
temperature for 30 min. The resulting reaction mixture was concentrated in vacuo. The
residue was purified by silica gel column chromatography (CHCl3/MeOH = 99/1 to 97/3)
to afford compound 3a (238 mg, 0.61 mmol, 91%) as a white form. 1H NMR (400 MHz,
CDCl3): δ 7.92 (dd, J = 1.2 Hz, 8.4 Hz, 2H), 7.75 (s, 1H), 7.68–7.63 (m, 1H), 7.49 (t, J = 7.6 Hz,
2H), 5.78 (d, J = 2.8 Hz, 1H), 4.32 (d, J = 5.3 Hz, 1H), 4.09 (dd, J = 3.0 Hz, 5.2 Hz, 1H), 4.03
(dd, J = 2.2 Hz, 8.3 Hz, 2H), 3.90–3.83 (m, 2H), 3.67–3.59 (m, 1H), 2.73 (d, J = 6.2 Hz, 1H),
2.50 (br, 1H), 1.95 (d, J = 1.2 Hz, 3H), 1.23 (t, J = 7.0 Hz, 3H). 13C NMR (100 MHz, CDCl3): δ
168.77, 162.79, 149.31, 136.74, 135.18, 131.43, 130.49, 129.20, 110.88, 89.85, 84.80, 81.23, 68.35,
66.79, 61.10, 15.24, 12.61. HRMS (MALDI): calcd for C19H22N2O7Na [M + Na]+ 413.1319,
found 413.1316.
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3.4. Synthesis of 3′-O-Acetyl-N3-benzoyl-5′-O-dimethoxytrityl-2′-O-ethyl-5-methyluridine (4a)

Compound 3a (220 mg, 0.56 mmol) was dissolved in dry pyridine (5.6 mL). DMTrCl
(209 mg, 0.62 mmol) was added and the reaction mixture was stirred at room temperature
for 6 h. DMAP (7 mg, 0.06 mmol) and Ac2O (262 µL, 2.8 mmol) were added and the
reaction mixture was stirred at room temperature for 18 h. The resulting reaction mixture
was concentrated in vacuo and diluted with ethyl acetate. The combined organic layers
were washed with saturated NaHCO3 aq. and brine, dried over anhydrous Na2SO4,
andconcentrated in vacuo. The residue was purified by silica gel column chromatography
(Hexane/Ethyl acetate = 3/1 to 2/1) to afford compound 4a (291 mg, 0.40 mmol, 71%) as a
white form. 1H NMR (400 MHz, CDCl3): δ 7.94 (d, J = 7.2 Hz, 2H), 7.72 (d, J = 1.0 Hz, 1H),
7.64 (t, J = 7.4 Hz, 1H), 7.49 (t, J = 7.8 Hz, 2H), 7.41 (d, J = 7.2 Hz, 2H), 7.34–7.26 (m, 7H),
6.86 (dd, J = 1.9 Hz, 8.9 Hz, 4H), 6.03 (d, J = 4.4 Hz, 1H), 5.36 (t, J = 5.3 Hz, 1H), 4.32–4.28
(m, 2H), 3.81 (s, 6H), 3.76–3.69 (m, 1H), 3.63–3.56 (m, 2H), 3.39 (dd, J = 2.3 Hz, 11.0 Hz,
1H), 2.10 (s, 3H), 1.40 (s, 3H), 1.16 (t, J = 7.0 Hz, 3H). 13C NMR (100 MHz, CDCl3): δ 170.13,
168.85, 162.76, 158.85, 158.83, 149.41, 144.05, 135.12, 135.00, 131.59, 130.52, 130.14, 129.11,
128.18, 128.09, 127.31, 113.36, 113.35, 114.41, 87.59, 87.24, 81.16, 80.18, 70.58, 66.93, 62.09,
55.29, 20.68, 15.16, 11.82. HRMS (MALDI): calcd for C42H42N2O10Na [M + Na]+ 757.2732,
found 757.2738.

3.5. Synthesis of 3′-O-Acetyl-N3-benzoyl-2′-O-ethyl-5-methyluridine (5a)

Compound 4a (276 mg, 0.38 mmol) was dissolved in CH2Cl2 (3.8 mL). TFA (1.0 mL)
was added and the reaction mixture was stirred at room temperature for 30 min. The
resulting reaction mixture was concentrated in vacuo and diluted with CHCl3. The com-
bined organic layers were washed with saturated NaHCO3 aq. and brine, dried over
anhydrous Na2SO4, and concentrated in vacuo. The residue was purified by silica gel col-
umn chromatography (Hexane/Ethyl acetate = 1/1 to 1/2) to afford compound 5a (125 mg,
0.29 mmol, 76%) as a white form. 1H NMR (400 MHz, CDCl3): δ 7.92 (dd, J = 1.1 Hz, 8.3 Hz,
2H), 7.66 (t, J = 7.4 Hz, 1H), 7.62 (br, 1H), 7.50 (t, J = 7.9 Hz, 2H), 5.69 (d, J = 4.8 Hz, 1H),
5.27 (t, J = 5.0 Hz, 1H), 4.37 (t, J = 5.0 Hz, 1H), 4.23–4.21 (m, 1H), 3.97 (dd, J = 1.8 Hz,
12.6 Hz, 1H), 3.76 (dd, J = 2.0 Hz, 12.6 Hz, 1H), 3.70–3.53 (m, 2H), 2.15 (s, 3H), 1.96 (d,
J = 1.0 Hz, 3H), 1.15 (t, J = 7.0 Hz, 3H). 13C NMR (100 MHz, CDCl3): δ 170.50, 168.66, 162.72,
149.43, 137.33, 135.20, 131.41, 130.53, 129.21, 111.19, 91.09, 83.01, 79.14, 70.43, 66.94, 61.55,
20.83, 15.22, 12.66. HRMS (MALDI): calcd for C21H24N2O8Na [M + Na]+ 455.1425, found
455.1427.

3.6. Synthesis of 2′-O-Ethyl-5-methyluridine-5′-triphospahte (6a)

Compound 5a was dissolved in dry pyridine and the solution was evaporated to
dryness in vacuo. Compound 5a (23 mg, 0.065 mmol) was dissolved in dry pyridine
(0.25 mL) and 1,4-dioxane (0.25 mL). Then, 2-Chloro-4H-1,3,2-benzodioxaphosphorin-4-one
(15 mg, 0.072 mmol) was added and the reaction mixture was stirred for 30 min at room
temperature. Tris(tetrabutylammonium) hydrogen pyrophosphate (43 mg, 0.078 mmol) in
DMF (0.5 mL) and tributylamine (52 µL, 0.22 mmol) were added and the reaction mixture
was stirred for 1 h at room temperature. Next, 0.1 M I2 in pyridine/H2O (98:2, v/v) was
added and the reaction mixture was stirred for 30 min at 0 ◦C. Then, 10% Na2S2O3 aq. was
added and the reaction mixture was stirred for 10 min at room temperature. The reaction
mixture was purified by ethanol precipitation. The precipitate was dissolved in 7% NH3
aq. and the reaction mixture was stirred for 2 h at room temperature. The solvent was
removed in vacuo and the residue was purified by HPLC to give compound 6a (14 µmol,
22%). 1H NMR (400 MHz, D2O): δ7.78 (s, 1H), 6.02 (d, J = 5.0 Hz, 1H), 4.53 (t, J = 4.5 Hz,
1H), 4.25 (d, J = 4.9 Hz, 3H), 4.19 (t, J = 5.2 Hz, 1H), 3.71 (dd, J = 7.0 Hz, 14.1 Hz, 2H), 1.92 (s,
3H), 1.18 (t, J = 7.0 Hz, 3H). 31P NMR (120 MHz, D2O): δ −9.60 (d, J = 14.5 Hz), −12.41 (d,
J = 14.5 Hz), −23.38 (t, J = 14.7 Hz). HRMS (MALDI): calcd for C12H20N2O15P3 [M – H]−

525.0082, found 525.0089.
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3.7. Synthesis of N3-Benzoyl-2′-O-propyl-3′,5′-O-(1,1,3,3-tetraisopropyldisiloxane-1,3-diyl)-
5-methyluridine (2b)

Compound 1 (1.5 g, 2.5 mmol) was dissolved in dry toluene (7.5 mL). Ag2O (1460 mg
6.3 mmol) and 1-iodopropane (6.0 mL, 63 mmol) were added and the reaction mixture was
stirred at 80 ◦C for 15 h. The resulting reaction mixture was filtered by celite pad and the
filtrate was diluted with CHCl3. The combined organic layers were washed with water and
brine, dried over anhydrous Na2SO4, and concentrated in vacuo. The residue was purified
by silica gel column chromatography (Hexane/Ethyl acetate = 85/15) to afford compound
2b (369 mg, 0.57 mmol, 23%) as a white form. 1H NMR (400 MHz, CDCl3): δ 7.93 (dd,
J = 1.2 Hz, 8.4 Hz, 2H), 7.73 (d, J = 1.2 Hz, 1H), 7.67–7.63 (m, 1H), 7.49 (t, J = 8.0 Hz, 2H),
5.71 (s, 1H), 4.29–4.21 (m, 2 H), 4.16 (dd, J = 2.1 Hz, 9.6 Hz, 1H), 3.84 (d, J = 4.3 Hz, 1H),
3.71 (t, J = 6.4 Hz, 2H), 1.95 (d, J = 1.1 Hz, 3H), 1.62–1.53 (m, 2H), 1.13–1.04 (m, 28H), 0.90
(t, J = 7.4 Hz, 3H). 13C NMR (100 MHz, CDCl3): δ 169.14, 162.98, 148.98, 135.11, 134.87,
131.53, 130.56, 129.17, 110.06, 89.65, 82.16, 81.90, 73.08, 68.24, 59.39, 23.01, 17.49, 17.43, 17.31,
17.28, 17.21, 17.09, 17.03, 16.93, 13.58, 12.91, 12.81, 12.77, 12.65. HRMS (MALDI): calcd for
C32H50N2O8NaSi2 [M + Na]+ 699.2998, found 699.2986.

3.8. Synthesis of N3-Benzoyl-2′-O-propyl-5-methyluridine (3b)

Compound 2b (185 mg, 0.29 mmol) was dissolved in dry THF (3.0 mL). 1 M TBAF
in THF (0.86 mL, 0.86 mmol) was added and the reaction mixture was stirred at room
temperature for 30 min. The resulting reaction mixture was concentrated in vacuo. The
residue was purified by silica gel column chromatography (CHCl3/MeOH = 100/0 to 97/3)
to afford compound 3b (90 mg, 0.22 mmol, 77%) as a white form. 1H NMR (400 MHz,
CDCl3): δ 7.92 (dd, J = 1.2 Hz, 8.4 Hz, 2H), 7.73 (s, 1H), 7.68–7.63 (m, 1H), 7.50 (t, J = 8.0 Hz,
2H), 5.78 (d, J = 2.9 Hz, 1H), 4.33 (dd, J = 5.8 Hz, 12.9 Hz, 1H), 4.10 (dd, J = 3.0 Hz, 5.2 Hz,
1H), 4.04 (dd, J = 2.3 Hz, 8.6 Hz, 2H), 3.90–3.84 (m, 1H), 3.79–3.73 (m, 1H), 3.57–3.51 (m,
1H), 2.70 (d, J = 7.3 Hz, 1H), 2.40 (br, 1H), 1.95 (d, J = 1.1 Hz, 3H), 1.66–1.57 (m, 2H), 0.92 (t,
J = 7.4 Hz, 3H). 13C NMR (100 MHz, CDCl3): δ 168.75, 162.77, 149.30, 136.74, 135.16, 131.45,
130.50, 129.19, 110.91, 89.91, 84.82, 81.27, 72.82, 68.46, 61.18, 22.91, 12.62, 10.42. HRMS
(MALDI): calcd for C20H24N2O7Na [M + Na]+ 427.1476, found 427.1473.

3.9. Synthesis of 3′-O-Acetyl-N3-benzoyl-5′-O-dimethoxytrityl-2′-O-propyl-5-methyluridine (4b)

Compound 3b (80 mg, 0.20 mmol) was dissolved in dry pyridine (2.0 mL). DMTrCl
(74 mg, 0.22 mmol) was added and the reaction mixture was stirred at room temperature
for 4.5 h. DMAP (2 mg, 0.02 mmol) and Ac2O (93 µL, 1.0 mmol) were added and the
reaction mixture was stirred at room temperature for 13 h. The resulting reaction mixture
was concentrated in vacuo and diluted with ethyl acetate. The combined organic layers
were washed with saturated NaHCO3 aq. and brine, dried over anhydrous Na2SO4, and
concentrated in vacuo. The residue was purified by silica gel column chromatography
(Hexane/Ethyl acetate = 3/1 to 2/1) to afford compound 4b (104 mg, 0.14 mmol, 69%)
as a white form. 1H NMR (400 MHz, CDCl3): δ 7.94 (dd, J = 1.1 Hz, 8.4 Hz, 2H), 7.72 (d,
J = 1.2 Hz, 1H), 7.66–7.62 (m, 1H), 7.49 (t, J = 7.8 Hz, 2H), 7.41 (d, J = 7.1 Hz, 2H), 7.34–7.26
(m, 7H), 6.86 (dd, J = 2.0 Hz, 8.9 Hz, 4H), 6.04 (d, J = 4.4 Hz, 1H), 5.36 (t, J = 5.3 Hz, 1H),
4.31–4.28 (m, 2H), 3.81 (s, 6H), 3.65–3.59 (m, 2H), 3.51–3.46 (m, 1H), 3.39 (dd, J = 2.4 Hz,
11.0 Hz, 1H), 2.10 (s, 3H), 1.59–1.50 (m, 2H), 1.40 (d, J = 0.9 Hz, 3H), 0.89 (t, J = 7.4 Hz, 3H).
13C NMR (100 MHz, CDCl3): δ 170.13, 168.85, 162.78, 158.86, 158.84, 149.40, 144.07, 135.13,
135.00, 131.60, 130.54, 130.15, 129.11, 128.20, 128.10, 127.32, 113.37, 113.36, 111.40, 87.51,
87.24, 81.21, 80.37, 73.01, 70.62, 62.14, 55.29, 22.86, 20.70, 11.82, 10.41. HRMS (MALDI):
calcd for C43H44N2O10Na [M + Na]+ 771.2888, found 771.2887.

3.10. Synthesis of 3′-O-Acetyl-N3-benzoyl-2′-O-propyl-5-methyluridine (5b)

Compound 4b (80 mg, 0.11 mmol) was dissolved in CH2Cl2 (1.1 mL). TFA (0.3 mL) was
added and the reaction mixture was stirred at room temperature for 30 min. The resulting
reaction mixture was concentrated in vacuo and diluted with CHCl3. The combined organic
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layers were washed with saturated NaHCO3 aq. and brine, dried over anhydrous Na2SO4,
and concentrated in vacuo. The residue was purified by silica gel column chromatography
(Hexane/Ethyl acetate = 1/1 to 1/2) to afford compound 5b (35 mg, 0.08 mmol, 72%) as a
white form. 1H NMR (400 MHz, CDCl3): δ 7.92 (dd, J = 1.1 Hz, 8.4 Hz, 2H), 7.68–7.63 (m,
2H), 7.49 (t, J = 7.8 Hz, 2H), 5.71 (d, J = 4.8 Hz, 1H), 5.27 (t, J = 5.0 Hz, 1H), 4.35 (t, J = 5.0 Hz,
1H), 4.24–4.21 (m, 1H), 3.97 (dd, J = 1.8 Hz, 12.5 Hz, 1H), 3.76 (dd, J = 2.0 Hz, 12.5 Hz, 1H),
3.58–3.53 (m, 1H), 3.49–3.43 (m, 1H), 2.14 (s, 3H), 1.96 (d, J = 1.0 Hz, 3H), 1.58–1.49 (m,
2H), 0.88 (t, J = 7.4 Hz, 3H). 13C NMR (100 MHz, CDCl3): δ 170.49, 168.67, 162.74, 149.40,
137.24, 135.19, 131.42, 130.53, 129.20, 111.16, 90.89, 83.01, 79.36, 73.01, 70.43, 61.53, 22.88,
20.83, 12.66, 10.40. HRMS (MALDI): calcd for C22H26N2O8Na [M + Na]+ 469.1581, found
469.1580.

3.11. Synthesis of 2′-O-Propyl-5-methyluridine-5′-triphospahte (6b)

Compound 5b was dissolved in dry pyridine and the solution was evaporated to
dryness in vacuo. Compound 5b (47 mg, 0.10 mmol) was dissolved in dry pyridine (0.5 mL)
and 1,4-dioxane (0.5 mL). Then, 2-Chloro-4H-1,3,2-benzodioxaphosphorin-4-one (24 mg,
0.12 mmol) was added and the reaction mixture was stirred for 30 min at room temperature.
Tris(tetrabutylammonium) hydrogen pyrophosphate (66 mg, 0.12 mmol) in DMF (1.0 mL)
and tributylamine (86 µL, 0.36 mmol) were added and the reaction mixture was stirred for
1 h at room temperature. Next, 0.1 M I2 in pyridine/H2O (98:2, v/v) was added and the
reaction mixture was stirred for 30 min at room temperature. Then, 10% Na2S2O3 aq. was
added and the reaction mixture was stirred for 10 min at room temperature. The reaction
mixture was purified by ethanol precipitation. The precipitate was dissolved in 7% NH3
aq. and the reaction mixture was stirred for 2 h at room temperature. The solvent was
removed in vacuo and the residue was purified by HPLC to give compound 6b (46 µmol,
46%). 1H NMR (400 MHz, D2O): δ7.77 (s, 1H), 6.01 (d, J = 5.2 Hz, 1H), 4.53–4.50 (m, 1H),
4.24 (d, J = 4.2 Hz, 3H), 4.17 (t, J = 5.3 Hz, 1H), 3.66–3.55 (m, 2H), 1.91 (s, 3H), 1.59–1.50 (m,
2H), 0.84 (t, J = 7.4 Hz, 3H). 31P NMR (120 MHz, D2O): δ −9.57 (d, J = 13.4 Hz), −12.66 (d,
J = 14.6 Hz), −23.64 (t, J = 14.7 Hz). HRMS (MALDI): calcd for C13H22N2O15P3 [M – H]−

539.0239, found 539.0243.

3.12. Synthesis of N3-Benzoyl-2′-O-butyl-3′,5′-O-(1,1,3,3-tetraisopropyldisiloxane-1,3-diyl)-5-
methyluridine (2c)

Compound 1 (1.5 g, 2.5 mmol) was dissolved in dry toluene (7.5 mL). Ag2O (1460 mg,
6.3 mmol) and 1-iodobutane (7.1 mL, 63 mmol) were added and the reaction mixture was
stirred at 80 ◦C for 15 h. The resulting reaction mixture was filtered by celite pad and the
filtrate was diluted with CHCl3. The combined organic layers were washed with water and
brine, dried over anhydrous Na2SO4, and concentrated in vacuo. The residue was purified
by silica gel column chromatography (Hexane/Ethyl acetate = 85/15) to afford compound
2c (303 mg, 0.46 mmol, 18%) as a white form. 1H NMR (400 MHz, CDCl3): δ 7.93 (dd,
J = 1.2 Hz, 8.4 Hz, 2H), 7.73 (d, J = 1.2 Hz, 1H), 7.67–7.62 (m, 1H), 7.49 (t, J = 8.0 Hz, 2H), 5.70
(s, 1H), 4.29–4.21 (m, 2 H), 4.15 (dd, J = 2.1 Hz, 9.6 Hz, 1H), 4.00 (dd, J = 2.5 Hz, 13.6 Hz, 1H),
3.84 (d, J = 4.3 Hz, 1H), 3.75 (t, J = 6.3 Hz, 2H), 1.95 (d, J = 1.1 Hz, 3H), 1.58–1.50 (m, 2H),
1.42–1.33 (m, 2H), 1.13–1.03 (m, 28H), 0.87 (t, J = 7.4 Hz, 3H). 13C NMR (100 MHz, CDCl3): δ
169.14, 162.97, 148.96, 135.09, 134.87, 131.53, 130.55, 129.16, 110.05, 89.64, 82.19, 81.88, 71.24,
68.25, 59.38, 31.84, 19.15, 17.49, 17.42, 17.30, 17.28, 17.21, 17.09, 17.01, 16.92, 13.83, 13.58,
12.91, 12.81, 12.76, 12.64. HRMS (MALDI): calcd for C33H52N2O8NaSi2 [M + Na]+ 683.3154,
found 683.3158.

3.13. Synthesis of N3-Benzoyl-2′-O-butyl-5-methyluridine (3c)

Compound 2c (192 mg, 0.29 mmol) was dissolved in dry THF (3.0 mL). 1 M TBAF
in THF (0.87 mL, 0.87 mmol) was added and the reaction mixture was stirred at room
temperature for 30 min. The resulting reaction mixture was concentrated in vacuo. The
residue was purified by silica gel column chromatography (CHCl3/MeOH = 100/0 to 97/3)
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to afford compound 3c (95 mg, 0.23 mmol, 78%) as a white form. 1H NMR (400 MHz,
CDCl3): δ 7.92 (dd, J = 1.2 Hz, 8.4 Hz, 2H), 7.73 (s, 1H), 7.68–7.63 (m, 1H), 7.50 (t, J = 7.8 Hz,
2H), 5.78 (d, J = 2.8 Hz, 1H), 4.33 (dd, J = 5.8 Hz, 12.8 Hz, 1H), 4.09 (dd, J = 3.0 Hz, 5.1 Hz,
1H), 4.04–4.02 (m, 2H), 3.89–3.84 (m, 1H), 3.83–3.77 (m, 1H), 3.60–3.55 (m, 1H), 2.69 (d,
J = 7.3 Hz, 1H), 2.43 (br, 1H), 1.95 (d, J = 1.1 Hz, 3H), 1.61–1.54 (m, 2H), 1.41–1.32 (m, 2H),
0.91 (t, J = 7.4 Hz, 3H). 13C NMR (100 MHz, CDCl3): δ 168.74, 162.77, 149.27, 136.73, 135.15,
131.43, 130.49, 129.17, 110.87, 89.81, 84.80, 81.31, 71.02, 68.43, 61.14, 31.69, 19.16, 13.81, 12.60.
HRMS (MALDI): calcd for C21H26N2O7Na [M + Na]+ 441.1632, found 441.1633.

3.14. Synthesis of 3′-O-Acetyl-N3-benzoyl-2′-O-butyl-5′-O-dimethoxytrityl-5-methyluridine (4c)

Compound 3c (85 mg, 0.20 mmol) was dissolved in dry pyridine (2.0 mL). DMTrCl
(74 mg, 0.22 mmol) was added and the reaction mixture was stirred at room temperature
for 4.5 h. DMAP (2 mg, 0.02 mmol) and Ac2O (93 µL, 1.0 mmol) were added and the
reaction mixture was stirred at room temperature for 13 h. The resulting reaction mixture
was concentrated in vacuo and diluted with ethyl acetate. The combined organic layers
were washed with saturated NaHCO3 aq. and brine, dried over anhydrous Na2SO4, and
concentrated in vacuo. The residue was purified by silica gel column chromatography
(Hexane/Ethyl acetate = 3/1 to 2/1) to afford compound 4c (113 mg, 0.15 mmol, 75%) as a
white form. 1H NMR (400 MHz, CDCl3): δ 7.94 (d, J = 7.2 Hz, 2H), 7.71 (d, J = 1.0 Hz, 1H),
7.64 (t, J = 7.4 Hz, 1H), 7.49 (t, J = 7.8 Hz, 2H), 7.41 (d, J = 7.2 Hz, 2H), 7.32–7.26 (m, 7H),
6.86 (dd, J = 2.0 Hz, 8.8 Hz, 4H), 6.04 (d, J = 4.5 Hz, 1H), 5.36 (t, J = 5.2 Hz, 1H), 4.30–4.27 (m,
2H), 3.80 (s, 6H), 3.69–3.60 (m, 2H), 3.56–3.47 (m, 1H), 3.39 (dd, J = 2.2 Hz, 11.0 Hz, 1H), 2.09
(s, 3H), 1.57–1.49 (m, 2H), 1.40 (s, 3H), 1.38–1.31 (m, 2H), 0.89 (t, J = 7.4 Hz, 3H). 13C NMR
(100 MHz, CDCl3): δ 170.13, 168.86, 162.79, 158.86, 158.85, 149.40, 144.08, 135.14, 135.03,
135.01, 131.63, 130.54, 130.16, 129.12, 128.20, 128.10, 127.33, 113.38, 113.37, 114.40, 87.46,
87.25, 81.22, 80.35, 73.02, 71.15, 70.63, 62.16, 55.30, 31.65, 22.87, 20.70, 19.10, 13.83, 11.82,
10.42. HRMS (MALDI): calcd for C44H46N2O10Na [M + Na]+ 785.3045, found 785.3035.

3.15. Synthesis of 3′-O-Acetyl-N3-benzoyl-2′-O-butyl-5-methyluridine (5c)

Compound 4c (120 mg, 0.16 mmol) was dissolved in CH2Cl2 (1.6 mL). TFA (0.4 mL)
was added and the reaction mixture was stirred at room temperature for 30 min. The result-
ing reaction mixture was concentrated in vacuo and diluted with CHCl3. The combined
organic layers were washed with saturated NaHCO3 aq. and brine, dried over anhydrous
Na2SO4, and concentrated in vacuo. The residue was purified by silica gel column chro-
matography (Hexane/Ethyl acetate = 1/1 to 1/2) to afford compound 5c (57 mg, 0.12 mmol,
75%) as a white form. 1H NMR (400 MHz, CDCl3): δ 7.92 (dd, J = 1.2 Hz, 8.4 Hz, 2H),
7.68–7.63 (m, 2H), 7.49 (t, J = 7.8 Hz, 2H), 5.71 (d, J = 4.8 Hz, 1H), 5.26 (t, J = 5.0 Hz, 1H),
4.33 (t, J = 5.0 Hz, 1H), 4.23–4.21 (m, 1H), 3.96 (dd, J = 1.8 Hz, 12.5 Hz, 1H), 3.76 (dd,
J = 2.0 Hz, 12.5 Hz, 1H), 3.62–3.56 (m, 1H), 3.53–3.47 (m, 1H), 2.14 (s, 3H), 1.96 (d, J = 1.1 Hz,
3H), 1.53–1.46 (m, 2H), 1.37–1.29 (m, 2H), 0.88 (t, J = 7.4 Hz, 3H). 13C NMR (100 MHz,
CDCl3): δ 170.47, 168.67, 162.74, 149.39, 137.19, 135.17, 131.43, 130.51, 129.19, 111.14, 90.79,
82.99, 79.44, 71.20, 70.42, 61.50, 31.68, 20.81, 19.10, 13.84, 12.64. HRMS (MALDI): calcd for
C23H28N2O8Na [M + Na]+ 483.1738, found 483.0741.

3.16. Synthesis of 2′-O-Butyl-5-methyluridine-5′-triphospahte (6c)

Compound 5c was dissolved in dry pyridine and the solution was evaporated to
dryness in vacuo. Compound 5c (30 mg, 0.065 mmol) was dissolved in dry pyridine
(0.25 mL) and 1,4-dioxane (0.25 mL). Then, 2-Chloro-4H-1,3,2-benzodioxaphosphorin-4-one
(15 mg, 0.072 mmol) was added and the reaction mixture was stirred for 30 min at room
temperature. Tris(tetrabutylammonium) hydrogen pyrophosphate (43 mg, 0.078 mmol) in
DMF (0.5 mL) and tributylamine (52 µL, 0.22 mmol) were added and the reaction mixture
was stirred for 1 h at room temperature. Next, 0.1 M I2 in pyridine/H2O (98:2, v/v) was
added and the reaction mixture was stirred for 30 min at 0 ◦C. Then, 10% Na2S2O3 aq. was
added and the reaction mixture was stirred for 10 min at room temperature. The reaction
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mixture was purified by ethanol precipitation. The precipitate was dissolved in 7% NH3
aq. and the reaction mixture was stirred for 2 h at room temperature. The solvent was
removed in vacuo and the residue was purified by HPLC to give compound 6c (6 µmol,
10%). 1H NMR (400 MHz, D2O): δ7.79 (s, 1H), 6.03 (d, J = 5.4 Hz, 1H), 4.52 (t, J = 4.5 Hz,
1H), 4.27–4.24 (m, 3H), 4.18 (t, J = 5.4 Hz, 1H), 3.73–3.61 (m, 2H), 1.93 (s, 3H), 1.56–1.49
(m, 2H), 1.34–1.25 (m, 2H), 0.84 (t, J = 7.4 Hz, 3H). 31P NMR (120 MHz, D2O): δ −9.80 (d,
J = 12.7 Hz), −12.65 (d, J = 14.5 Hz), −23.69 (t, J = 14.7 Hz). HRMS (MALDI): calcd for
C14H24N2O15P3 [M – H]− 553.0395, found 553.0424.

3.17. Synthesis of N3-Benzoyl-2′-O-isopropyl-3′,5′-O-(1,1,3,3-tetraisopropyldisiloxane-1,3-diyl)-5-
methyluridine (2d)

Compound 1 (1.5 g, 2.5 mmol) was dissolved in dry toluene (7.5 mL). Ag2O (1460 mg,
6.3 mmol) and 2-iodopropane (6.2 mL, 63 mmol) were added and the reaction mixture was
stirred at 80 ◦C for 13 h. The resulting reaction mixture was filtered by celite pad and the
filtrate was diluted with CHCl3. The combined organic layers were washed with water and
brine, dried over anhydrous Na2SO4, and concentrated in vacuo. The residue was purified
by silica gel column chromatography (Hexane/Ethyl acetate = 85/15) to afford compound
2d (372 mg, 0.58 mmol, 23%) as a white form. 1H NMR (400 MHz, CDCl3): δ 7.93 (dd,
J = 1.2 Hz, 8.4 Hz, 2H), 7.76 (d, J = 1.2 Hz, 1H), 7.67–7.62 (m, 1H), 7.49 (t, J = 7.8 Hz, 2H), 5.64
(s, 1H), 4.27 (d, J = 13.7 Hz, 1H), 4.21–4.14 (m, 2 H), 4.01–3.95 (m, 2 H), 3.93 (d, J = 4.1 Hz,
1H), 1.95 (d, J = 1.2 Hz, 3H), 1.19–1.03 (m, 34H). 13C NMR (100 MHz, CDCl3): δ 169.19,
163.03, 149.01, 135.11, 134.93, 131.51, 130.59, 129.16, 109.91, 90.44, 82.01, 80.35, 72.83, 67.88,
59.41, 22.59, 22.35, 17.50, 17.42, 17.29, 17.21, 17.12, 17.05, 16.95, 13.58, 12.91, 12.83, 12.77,
12.73. HRMS (MALDI): calcd for C32H50N2O8NaSi2 [M + Na]+ 669.2998, found 669.2994.

3.18. Synthesis of N3-Benzoyl-2′-O-isopropyl-5-methyluridine (3d)

Compound 2d (277 mg, 0.43 mmol) was dissolved in dry THF (4.3 mL). 1 M TBAF
in THF (1.3 mL, 1.3 mmol) was added and the reaction mixture was stirred at room
temperature for 30 min. The resulting reaction mixture was concentrated in vacuo. The
residue was purified by silica gel column chromatography (CHCl3/MeOH = 99/1 to 97/3)
to afford compound 3d (150 mg, 0.37 mmol, 86%) as a white form. 1H NMR (400 MHz,
CDCl3): δ 7.91 (dd, J = 1.1 Hz, 8.4 Hz, 2H), 7.67–7.64 (m, 2H), 7.49 (t, J = 7.8 Hz, 2H),
5.68 (d, J = 2.9 Hz, 1H), 4.29–4.24 (m, 2H), 4.06–3.91 (m, 3H), 3.85–3.81 (m, 1H), 2.72 (d,
J = 6.0 Hz, 1H), 2.59 (br, 1H), 1.95 (d, J = 1.1 Hz, 3H), 1.19 (dd, J = 3.9 Hz, 6.1 Hz, 6H). 13C
NMR (100 MHz, CDCl3): δ 168.67, 162.75, 149.38, 137.23, 135.16, 131.42, 130.47, 129.17,
110.91, 91.17, 85.14, 78.75, 72.80, 68.66, 61.43, 22.89, 22.07, 12.58. HRMS (MALDI): calcd for
C20H24N2O7Na [M + Na]+ 427.1476, found 427.1472.

3.19. Synthesis of 3′-O-Acetyl-N3-benzoyl-5′-O-dimethoxytrityl-2′-O-isopropyl-5-methyluridine (4d)

Compound 3d (150 mg. 0.37 mmol) was dissolved in dry pyridine (4.0 mL). DMTrCl
(139 mg, 0.41 mmol) was added and the reaction mixture was stirred at room temperature
for 6 h. DMAP (5 mg, 0.04 mmol) and Ac2O (173 µL, 1.9 mmol) were added and the
reaction mixture was stirred at room temperature for 18 h. The resulting reaction mixture
was concentrated in vacuo and diluted with ethyl acetate. The combined organic layers
were washed with saturated NaHCO3 aq. and brine, dried over anhydrous Na2SO4, and
concentrated in vacuo. The residue was purified by silica gel column chromatography
(Hexane/Ethyl acetate = 3/1 to 2/1) to afford compound 4d (204 mg, 0.27 mmol, 74%)
as a white form. 1H NMR (400 MHz, CDCl3): δ 7.93 (dd, J = 1.2 Hz, 8.4 Hz, 2H), 7.74 (d,
J = 1.2 Hz, 1H), 7.66–7.62 (m, 1H), 7.49 (t, J = 7.8 Hz, 2H), 7.41 (dd, J = 1.3 Hz, 8.3 Hz, 2H),
7.34–7.26 (m, 7H), 6.86 (dd, J = 2.1 Hz, 8.9 Hz, 4H), 6.00 (d, J = 5.0 Hz, 1H), 5.37 (t, J = 5.1 Hz,
1H), 4.38 (t, J = 5.1 Hz, 1H), 4.29–4.27 (m, 1H), 3.80 (d, J = 0.8 Hz, 6H), 3.60 (dd, J = 2.3 Hz,
11.0 Hz, 1H), 3.38 (dd, J = 2.3 Hz, 10.9 Hz, 1H), 2.10 (s, 3H), 1.38 (d, J = 1.0 Hz, 3H), 1.15 (d,
J = 6.0 Hz, 3H), 1.09 (d, J = 6.0 Hz, 3H). 13C NMR (100 MHz, CDCl3): δ 170.12, 168.80, 162.77,
158.87, 158.85, 149.46, 144.07, 135.10, 135.08, 134.97, 131.61, 130.50, 130.15, 129.10, 128.18,
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128.10, 127.34, 113.37, 113.36, 111.41, 87.74, 87.27, 81.27, 78.07, 72.44, 70.87, 62.42, 55.29,
22.33, 22.06, 20.73, 11.73. HRMS (MALDI): calcd for C43H44N2O10Na [M + Na]+ 771.2888,
found 771.2894.

3.20. Synthesis of 3′-O-Acetyl-N3-benzoyl-2′-O-isopropyl-5-methyluridine (5d)

Compound 4d (167 mg, 0.22 mmol) was dissolved in CH2Cl2 (2.2 mL). TFA (0.6 mL)
was added and the reaction mixture was stirred at room temperature for 30 min. The result-
ing reaction mixture was concentrated in vacuo and diluted with CHCl3. The combined
organic layers were washed with saturated NaHCO3 aq. and brine, dried over anhydrous
Na2SO4, and concentrated in vacuo. The residue was purified by silica gel column chro-
matography (Hexane/Ethyl acetate = 1/1 to 1/2) to afford compound 5d (67 mg, 0.15 mmol,
68%) as a white form. 1H NMR (400 MHz, CDCl3): δ 7.91 (dd, J = 1.1 Hz, 8.4 Hz, 2H),
7.67–7.63 (m, 1H), 7.56 (d, J = 1.0 Hz, 1H), 7.49 (t, J = 7.8 Hz, 2H), 5.57 (d, J = 5.4 Hz, 1H),
5.27 (t, J = 4.8 Hz, 1H), 4.49 (t, J = 5.3 Hz, 1H), 4.23–4.21 (m, 1H), 3.94 (dd, J = 1.9 Hz, 12.5 Hz,
1H), 3.79–3.70 (m, 2H), 2.14 (s, 3H), 1.96 (d, J = 1.0 Hz, 3H), 1.10 (dd, J = 6.0 Hz, 11.0 Hz,
6H). 13C NMR (100 MHz, CDCl3): δ 170.36, 168.55, 162.71, 149.45, 137.83, 135.19, 131.38,
130.50, 129.18, 111.11, 92.20, 83.21, 72.60, 70.70, 61.75, 22.24, 20.84, 12.60. HRMS (MALDI):
calcd for C22H26N2O8Na [M + Na]+ 469.1581, found 469.1583.

3.21. Synthesis of 2′-O-Isopropyl-5-methyluridine-5′-triphospahte (6d)

Compound 5d was dissolved in dry pyridine and the solution was evaporated to
dryness in vacuo. Compound 5d (47 mg, 0.10 mmol) was dissolved in dry pyridine (0.5 mL)
and 1,4-dioxane (0.5 mL). Then, 2-Chloro-4H-1,3,2-benzodioxaphosphorin-4-one (22 mg,
0.11 mmol) was added and the reaction mixture was stirred for 30 min at room temperature.
Tris(tetrabutylammonium) hydrogen pyrophosphate (66 mg, 0.12 mmol) in DMF (1.0 mL)
and tributylamine (79 µL, 0.33 mmol) were added and the reaction mixture was stirred
for 1 h at room temperature. Next, 0.1 M I2 in pyridine/H2O (98:2, v/v) was added and
the reaction mixture was stirred for 30 min at 0 ◦C. Then, 10% Na2S2O3 aq. was added
and the reaction mixture was stirred for 10 min at room temperature. The reaction mixture
was purified by ethanol precipitation. The precipitate was dissolved in 7% NH3 aq. and
the reaction mixture was stirred for 2 h at room temperature. The solvent was removed
in vacuo and the residue was purified by HPLC to give compound 6d (16 µmol, 16%).
1H NMR (400 MHz, D2O): δ7.79 (s, 1H), 6.01 (d, J = 5.4 Hz, 1H), 4.57 (t, J = 4.5 Hz, 1H),
4.30–4.27 (m, 4H), 3.96–3.90 (m, 1H), 1.96 (s, 3H), 1.20 (d, J = 6.2 Hz, 3H), 1.15 (d, J = 6.2 Hz,
3H). 31P NMR (120 MHz, D2O): δ − 8.71 (d, J = 14.4 Hz), −12.22 (d, J = 13.8 Hz), −22.79 (t,
J = 14.1 Hz). HRMS (MALDI): calcd for C13H22N2O15P3 [M−H]− 539.0239, found 539.0236.

3.22. Synthesis of 2,2′-Anhydro-5′-O-(tert-butyldimethylsilyl)-5-methyluridine (8)

Compound 7 (500 mg, 2.1 mmol) was dissolved in dry DMF (2.0 mL). Imidazole
(357 mg, 5.3 mmol) and TBSCl (362 mg, 2.4 mmol) were added and the reaction mixture
was stirred at room temperature for 5 h. The resulting reaction mixture was concentrated
in vacuo and diluted with ethyl acetate. The combined organic layers were washed with
saturated NaHCO3 aq. and brine, dried over anhydrous Na2SO4, and concentrated in vacuo.
The residue was purified by silica gel column chromatography (CHCl3/MeOH = 99/1 to
95/5) to afford compound 8 (556 mg, 1.6 mmol, 76%) as a white form. 1H NMR (400 MHz,
DMSO-d6): δ7.77 (d, J = 1.2 Hz, 1H), 6.28 (d, J = 5.7 Hz, 1H), 5.94 (d, J = 4.4 Hz, 1H), 5.19 (d,
J = 7.7Hz, 1H), 4.32 (br, 1H), 4.09–4.05 (m, 1H), 3.47–3.37 (m, 2H), 1.78 (d, J = 1.1Hz, 3H),
0.78 (s, 9H), −0.06 (s, 3H), −0.08 (s, 3H). 13C NMR (100 MHz, DMSO-d6): δ 171.52, 159.14,
132.25, 116.90, 89.97, 88.37, 88.05, 74.22, 62.29, 25.69, 18.00, 13.50, −5.52. HRMS (MALDI):
calcd for C16H26N2O5NaSi [M + Na]+ 377.1503, found 377.1506.

3.23. Synthesis of 2′-O-Acetoxylethyl-3′-O-acetyl-5′-O-(tert-butyldimethylsilyl)-5-methyluridine (9)

Ethylene glycol (5.0 mL) was added to 0.96 M Boran in THF (2.6 mL, 2.5 mmol).
Compound 8 (400 mg. 1.0 mmol) and NaHCO3 (1 mg) were added and the reaction mixture
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was stirred at 150 ◦C for 24 h. The resulting reaction mixture was diluted with CHCl3. The
combined organic layers were washed with water and brine, dried over anhydrous Na2SO4,
and concentrated in vacuo. The residue was dissolved in dry pyridine (10 mL). DMAP
(12 mg, 0.1 mmol) and Ac2O (930 µL, 10 mmol) were added and the reaction mixture was
stirred at room temperature for 16 h. The resulting reaction mixture was concentrated in
vacuo and diluted with ethyl acetate. The combined organic layers were washed with
saturated NaHCO3 aq. and brine, dried over anhydrous Na2SO4, and concentrated in
vacuo. The residue was purified by silica gel column chromatography (Hexane/Ethyl
acetate = 1/1) to afford compound 9 (250 mg, 0.50 mmol, 50%) as a white form. 1H NMR
(400 MHz, CDCl3): δ 8.85 (s, 1H), 7.48 (d, J = 1.0 Hz, 1H), 6.06 (d, J = 5.2 Hz, 1H), 5.13 (t,
J = 4.8 Hz, 1H), 4.22–4.21 (m, 1H), 4.14 (t, J = 4.3 Hz, 2H), 4.08 (t, J = 5.4 Hz, 1H), 3.98 (dd,
J = 1.7 Hz, 11.8 Hz, 1H), 3.82–3.70 (m, 3H), 2.14 (s, 3H), 2.03 (s, 3H),1.92 (d, J = 0.9 Hz,
3H), 0.94 (s, 9H), 0.13 (s, 6H). 13C NMR (100 MHz, CDCl3): δ 170.88, 170.25, 163.59, 150.37,
134.84, 111.30, 86.64, 82.40, 80.96, 70.22, 69.15, 63.15, 62.34, 25.98, 20.85, 20.77, 18.47, 12.60,
−5.32, −5.40. HRMS (MALDI): calcd for C22H36N2O9NaSi [M + Na]+ 523.2082, found
523.2082.

3.24. Synthesis of 2′-O-Acetoxylethyl-3′-O-acetyl-5-methyluridine (10)

Compound 9 (250 mg, 0.50 mmol) was dissolved in dry THF (5.0 mL). 1M TBAF in THF
(1.5 mL, 1.5 mmol) was added and the reaction mixture was stirred at room temperature for
30 min. The resulting reaction mixture was concentrated in vacuo. The residue was purified
by silica gel column chromatography (Hexane/Ethyl acetate = 1/9) to afford compound
10 (170 mg, 0.44 mmol, 88%) as a white form. 1H NMR (400 MHz, CDCl3): δ 9.12 (s, 1H),
7.41 (d, J = 1.2 Hz, 1H), 5.62 (d, J = 5.5 Hz, 1H), 5.32 (dd, J = 4.1 Hz, 5.2 Hz, 1H), 4.49 (t,
J = 5.4 Hz, 1H), 4.24–4.22 (m, 1H), 4.20–4.11 (m, 2H), 3.95 (dd, J = 1.9 Hz, 12.5 Hz, 1H),
3.81–3.73 (m, 3H), 3.25 (br, 1H), 2.15 (s, 3H), 2.03 (s, 3H), 1.92 (d, J = 1.1 Hz, 3H). 13C NMR
(100 MHz, CDCl3): δ 170.90, 170.35, 163.74, 150.45, 137.94, 111.27, 91.21, 83.23, 79.28, 70.67,
69.19, 63.24, 61.78, 20.86, 20.82, 12.51. HRMS (MALDI): calcd for C16H22N2O9Na [M + Na]+

409.1218, found 409.1219.

3.25. Synthesis of 2′-O-Hydroxylethyl-5-methyluridine-5′-triphospahte (11)

Compound 10 was dissolved in dry pyridine and the solution was evaporated to
dryness in vacuo. Compound 10 (39 mg, 0.10 mmol) was dissolved in dry pyridine (0.5 mL)
and 1,4-dioxane (0.5 mL). Then, 2-Chloro-4H-1,3,2-benzodioxaphosphorin-4-one (22 mg,
0.11 mmol) was added and the reaction mixture was stirred for 30 min at room temperature.
Tris(tetrabutylammonium) hydrogen pyrophosphate (66 mg, 0.12 mmol) in DMF (1.0 mL)
and tributylamine (133 µL, 0.56 mmol) were added and the reaction mixture was stirred
for 1 h at room temperature. Next, 0.1 M I2 in pyridine/H2O (98:2, v/v) was added and
the reaction mixture was stirred for 30 min at 0 ◦C. Then, 10% Na2S2O3 aq. was added
and the reaction mixture was stirred for 10 min at room temperature. The reaction mixture
was purified by ethanol precipitation. The precipitate was dissolved in 7% NH3 aq. And
the reaction mixture was stirred for 2 h at room temperature. The solvent was removed
in vacuo and the residue was purified by HPLC to give compound 11 (16 µmol, 16%).
1H NMR (400 MHz, D2O): δ7.80 (s, 1H), 6.08 (d, J = 4.7 Hz, 1H), 4.56 (d, J = 4.9 Hz, 1H),
4.31–4.24 (m, 4H), 3.85–3.75 (m, 4H), 1.96 (s, 3H). 31P NMR (120 MHz, D2O): δ −9.49 (d,
J = 11.7 Hz), −11.84 (d, J = 14.2 Hz), −22.72 (s). HRMS (MALDI): calcd for C12H20N2O16P3
[M − H]− 541.0031, found 541.0044.

3.26. Synthesis of 2′-O-Methoxyethyl-5-methyluridine-5′-triphospahte (13)

Compound 12 [36] was dissolved in dry pyridine and the solution was evaporated to
dryness in vacuo. Compound 12 (100 mg, 0.28 mmol) was dissolved in dry pyridine (1 mL)
and 1,4-dioxane (2.0 mL). Then 2-Chloro-4H-1,3,2-benzodioxaphosphorin-4-one (69 mg,
0.34 mmol) was added and the reaction mixture was stirred for 1 h at room temperature.
Tris(tetrabutylammonium) hydrogen pyrophosphate (307 mg, 0.56 mmol) in DMF (1.0 mL)
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and tributylamine (133 µL, 0.56 mmol) were added and the reaction mixture was stirred
for 1.5 h at room temperature. Next, 0.1 M I2 in pyridine/H2O (98:2, v/v) was added and
the reaction mixture was stirred for 1 h at room temperature. Then, 10% Na2S2O3 aq. was
added and the reaction mixture was stirred for 10 min at room temperature. The reaction
mixture was purified by ethanol precipitation. The precipitate was dissolved in 7% NH3
aq. and the reaction mixture was stirred for 1 h at room temperature. The solvent was
removed in vacuo and the residue was purified by HPLC to give compound 13 (44 µmol,
16%). 1H NMR (400 MHz, D2O): δ7.79 (s, 1H), 6.06 (d, J = 5.0 Hz, 1H), 4.55 (t, J = 4.8 Hz, 1H),
4.32–4.23 (m, 4H), 3.87–3.85 (m, 2H), 3.66–3.64 (m, 2H), 3.37 (s, 3H), 1.96 (s, 3H). 31P NMR
(120 MHz, D2O): δ −9.12(d, J = 13.7 Hz), −11.96 (d, J = 14.5 Hz), −22.69 (t, J = 14.0 Hz).
HRMS (MALDI): calcd for C13H22N2O15P3 [M + Na]+ 579.0153, found 579.0144.

3.27. Expression and Purification of KOD DGLNK

KOD DGLNK was expressed and purified according to a previous report [23].

3.28. Polymerase Incorporation of 2′-O-Alkyl-5-methyluridine Triphosphates into Oligonucleotide

The reaction mixture [1 × KOD Dash® buffer (TOYOBO, Osaka, Japan), DNA or
2′-OMe primer (Primer1 or Primer2: 0.4 µM), DNA template (Template1: 0.5 µM), dTTP
or 2′-O-alkyl-5mUTPs (0.2 mM), and MnSO4 (0 or 0.1 or 0.5 or 1.0 mM)] was prepared.
Then, the reaction mixture was denatured at 94 ◦C for 1 min and annealed at 25 ◦C for 1 h
(1.2 ◦C/min), KOD DGLNK (50 or 150 ng/µL) was added and incubated at 74 ◦C for 30 or
60 min. The reaction was stopped by stop buffer (aqueous 3 mM EDTA containing 0.1%
bromophenol blue and aqueous 7 M Urea) and heated for 5 min at 95 ◦C. The reaction was
analyzed by using a 20% denaturing urea-PAGE (70 min, 55 ◦C).

3.29. Enzymatic Synthesis of 2′-O-Alkyl-modified Oligonucleotide Libraries

The reaction mixture [1× KOD Dash® buffer (TOYOBO, Osaka, Japan), 2′-OMe
primer (Primer3: 0.4 µM), DNA template (Template2: 0.5 µM), dTTP or 2′-O-alkyl-5mUTPs
(0.2 mM), 2′-OMe-ATP (0.2 mM), 2′-OMe-GTP (0.2 mM), 2′-OMe-CTP (0.2 mM), MnSO4
(1.0 or 3.0 or 5.0 mM) and KOD DGLNK (300 ng/µL)] was prepared. Then, the reaction
mixture was denatured at 94 ◦C for 1 min and annealed at 25 ◦C for 1 h (1.2 ◦C/min), KOD
DGLNK was added and incubated from 60 ◦C for 1 h, 60 ◦C to 74 ◦C for 4 or 8 h, and 74 ◦C
for 1 h. After polymerization, DNase1 (95 mU/µL) was added and incubated at 37 ◦C for
30 min. The reaction was stopped by stop buffer (aqueous 3 mM EDTA containing 0.1%
bromophenol blue and aqueous 7 M Urea) and heated for 5 min at 95 ◦C. The reaction was
analyzed by using a 10% denaturing urea-PAGE (32 min, 55 ◦C).

3.30. Preparation of 2′-O-ALKYL-modified Oligonucleotide Libraries for Analysis of Properties

The reaction mixture [1× KOD Dash® buffer (TOYOBO, Osaka, Japan), 2′-OMe primer
(Primer3: 0.4 µM), DNA template (Template2: 0.5 µM), 2′-O-alkyl-5mUTPs (0.2 mM), 2′-
OMe-ATP (0.2 mM), 2′-OMe-GTP (0.2 mM), 2′-OMe-CTP (0.2 mM), MnSO4 (1.0 or 3.0 mM)
and KOD DGLNK (300 ng/µL)] was prepared. Then, the reaction mixture was denatured
at 94 ◦C for 1 min and annealed at 25 ◦C for 1 h (1.2 ◦C/min), KOD DGLNK (300 ng/µL)
was added and incubated from 60 ◦C for 1 h, 60 ◦C to 74 ◦C for 4 or 8 h, and 74 ◦C for 1 h.
After polymerization, DNase1 (95 mU/µL) was added and incubated at 37 ◦C for 30 min.
Then, Proteinase K (36 mU/µL) was added and incubated at 37 ◦C for 30 min. The reaction
was stopped by stop buffer (0.1% bromophenol blue and aqueous 7 M Urea) and heated for
5 min at 95 ◦C. The oligonucleotides were purified by using a 10% denaturing urea-PAGE
(120 min, 55 ◦C).

3.31. Enzymatic Stability of Oligonucleotide Libraries

The reaction mixture [oligonucleotide libraries (0.1 µM) and 50% FBS] was prepared.
Then, the reaction mixture was incubated at 37 ◦C. After incubation, the reaction mixture
was heated at 94 ◦C for 5 min. Then, Proteinase K (36 mU/µL) was added and incubated at
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37 ◦C for 30 min. The reaction was stopped by stop buffer (aqueous 3 mM EDTA containing
0.1% bromophenol blue and aqueous 7 M Urea). After adding Cy5-labeled DNA (83 nM)
as an internal standard to the reaction mixtures, they were heated for 5 min at 95 ◦C. The
reaction was analyzed by using a 10% denaturing urea-PAGE (30 min, 55 ◦C).

3.32. Ion Pair RP-HPLC Analysis of Oligonucleotide Libraries

Oligonucleotide libraries (5.0 pmol) were injected onto a XBridge Oligonucleotide
BEH C18 column. The column temperature was 50 ◦C, with a flow rate of 1.0 mL/min,
and detection at 260 nm. Mobile phase A consisted of 100 mM triethylamine acetic acid
solution, pH 6.9, and mobile phase B was acetonitrile. The column was initially maintained
at 10% mobile phase B, and then at a gradient of 10% to 40% over 15 min.

3.33. Ion Pair RP-HPLC Analysis of Nucleotide Triphosphates

Nucleotide triphosphates (700 pmol) were injected onto a XBridge Oligonucleotide
BEH C18 column. The column temperature was 50 ◦C, with a flow rate of 1.0 mL/min, and
detection at 260 nm. Mobile phase A consisted of 100 mM triethylamine acetic acid solution
(pH 6.9), and mobile phase B was acetonitrile. The column was initially maintained at 5%
mobile phase B, and then at a gradient of 5% to 20% over 15 min.

4. Conclusions

In conclusion, 2′-OEt, 2′-OPr, 2′-OBu, 2′-OiPr, and 2′-HE-5mUTPs were newly syn-
thesized and incorporated them into oligonucleotides by KOD DGLNK. By mixing the
2′-OMe modification, oligonucleotide libraries were enzymatically synthesized. These 2′-
O-alkyl-modified oligonucleotides showed various hydrophobicities. Furthermore, these
2′-O-alkyl-modified oligonucleotide libraries were more stable than unmodified DNA. Our
results can accelerate the development of aptamers or nucleic acid enzymes for therapeutic use.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/molecules28237911/s1, Table S1: Sequences of the primers and
templates that were used in this study; Scheme S1: Synthesis of 2′-OEt-5mUTP (6a), 2′-OPr-5mUTP
(6b), 2′-OBu-5mUTP (6c), and 2′-OiPr-5mUTP (6d); Scheme S2: Synthesis of 2′-HE-5mUTP (11); Scheme
S3: Synthesis of 2′-MOE-5mUTP (13); Figure S1: Polymerase incorporation of 2′-O-alkyl-5mUTPs
with a DNA primer; Figure S2: Polymerase incorporation of 2′-O-alkyl-5mUTPs with DNA primer
at different Mn2+ concentrations; Figure S3: Polymerase incorporation of 2′-O-alkyl-5mUTPs with
a 2′-OMe-modified primer at different Mn2+ concentrations; Figure S4: Enzymatic synthesis of
ON_iPr, ON_HE, and ON_MOE at different Mn2+ concentrations and incubation times; Figure S5:
Ion pair RP-HPLC analysis of dTTP and 2′-O-alkyl-5mUTPs; Figures S5–S29: NMR spectra of the all
prepared compounds.
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