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Abstract 

In silico evolution with an in vitro system can facilitate the development of functional aptamers with 

high specificity and affinity. Although a general technique known as systematic evolution of ligand by 

exponential enrichment (SELEX) is an efficient method for aptamer selection, it sometimes fails to 

identify aptamers with sufficient binding properties. We have previously developed in silico maturation 

(ISM) to improve functions of aptamers based on genetic algorithms. ISM represents an intelligent 

exploitation of a random search within a defined sequence space to optimize aptamer sequences and 

improve their function of interest. Here we demonstrated a successful application of ISM of aptamers 

to simultaneously improve specificity and affinity for Streptococcus mutans with discovery of a core 

sequence, which was required to form a polymerized guanine quadruplex structure for target binding. 

We applied ISM to aptamers selected by whole-cell SELEX and identified an aptamer with up to 16-

fold improvement in affinity compared to its parent aptamers, and specificity was increased to show 

12-fold more binding to S. mutans than to Lactobacillus acidophilus. Furthermore, we demonstrated a 

specific flow-through detection of S. mutans at a concentration range of 1 × 105–108 CFU/mL using the 

evolved aptamer immobilized on gold colloids. 

Keywords 

Aptamers, Streptococcus mutans, Cell-SELEX, in silico maturation, flow-through test  
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Introduction 

Aptamers are single-stranded oligonucleotides that form unique three-dimensional structures and 

interact with target molecules with high affinity and specificity. The selective interactions between 

aptamers and diverse targets have been exploited for different applications. With advantages in targeted 

therapy, imaging, and diagnosis, aptamers are being readily considered as potential targeting ligands 

(Fang and Tan 2010). Aptamer-based biosensors for specific detection of pathogenic microorganisms 

are among the potential applications (Torres-Chavolla and Alocilja 2009). 

Typically, aptamers are identified from a random oligonucleotide library through an in vitro selection 

known as systematic evolution of ligands by exponential enrichment (SELEX) (Ellington and Szostak 

1990; Tuerk and Gold 1990). In addition, modified SELEX techniques targeting live cells (Cell-

SELEX) including mammalian (Shangguan et al. 2006) and bacterial cells (Chen et al. 2007) have 

been used to select aptamers against membrane-associated proteins in their native conformations even 

without prior knowledge of target proteins. Despite these advantages of SELEX, there are several 

drawbacks. For example, iterative PCR may result in sequence bias of library oligonucleotides and fail 

to recover aptamers (Schutze et al. 2011). Although aptamer selections relying on high-throughput 

sequence analysis have been performed, it is known even a reduced number of PCR process may 

critically affect aptamer identification (Cho et al. 2010). Furthermore, random oligonucleotide pools 

are known to be not structurally diverse and favor simple topological structures (Gevertz et al. 2005). 

Considering these problems, Mayer et al. provided a conservative estimate of approximately 50% for 

the success rate of SELEX (Mayer et al. 2010). Thus, an additional approach is required for 

development of aptamers with high affinity and specificity. 

Computational approaches for screening and optimizing aptamer sequences would counter the loss of 

sequence diversity and facilitate development of functional aptamers. In silico evolution with an in 
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vitro system based on genetic algorithms (GAs) is a promising strategy for exploring the sequence-

fitness landscape (Knight et al. 2009; Platt et al. 2009) and improve specific functions of aptamers 

(Ikebukuro et al. 2005; Noma and Ikebukuro 2006; Noma et al. 2006; Nonaka et al. 2013; Savory et al. 

2010; Savory et al. 2013). GA represents an intelligent exploitation of a random search within a 

defined search space to solve complex and multidimensional problems (Goldberg 1989; Holland 

1975). A directed evolution-based strategy is known as an effective approach for optimizing aptamer 

sequences to a specific scaffold of aptamers instead of rational design (Ahmad et al. 2012). In aptamer 

selection, we have established a method based on GAs, designated as in silico maturation (ISM) to 

identify aptamers with improved features such as affinity (Nonaka et al. 2012; Savory et al. 2010), 

specificity (Savory et al. 2013) and enzyme-inhibitory activities (Ikebukuro et al. 2005; Noma and 

Ikebukuro 2006; Noma et al. 2006). 

ISM is a directed evolutionary technique employing an iterative process of in silico sequence 

modifications followed by in vitro evaluation. In this method, all candidate sequences are produced in 

silico and they are chemically synthesized for in vitro evaluation without PCR amplification, thus PCR 

bias does not issue in the ISM process. Therefore, this method progressively expands the sequence 

space in which aptamers are screened and facilitate optimization of aptamer sequences. Moreover, it 

can improve aptamer functions other than affinity if the functions of interest can be evaluated in in 

vitro or even in vivo experiments. In contrast, the SELEX technique selects aptamers based only on 

affinity. 

In this study, we demonstrated a successful application of ISM to aptamers for simultaneously 

improving specificity and affinity for Streptococcus mutans, a cariogenic pathogen and the 

predominant etiological agent of dental caries and the cause of increased global healthcare costs 

(Hamada and Slade 1980). We applied ISM to aptamers selected by Cell-SELEX and isolated an 

aptamer with improvement of affinity and specificity over Lactobacillus acidophilus. This is the 
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primary application of ISM for simultaneously improving two functions of aptamers. In addition, we 

proposed the first example of ISM to discover a schema, which is known as a milestone of GA process. 

We identified a schema as a certain sequence required for aptamer binding, through iterative process of 

GAs. The discovery of schema and subsequent optimization of aptamer sequences facilitated the 

evolution of high fitness sequences based on GAs. Furthermore, we constructed a flow-through 

detection platform using the improved aptamer for specific detection of S. mutans by aptamer-

immobilized gold colloids. 

Materials and Methods 

Bacterial strains and cultures 

S. mutans ATCC 25175 and JSM 5175 were purchased from Kanto and Riken BRC, respectively. 

Isolated strains of S. mutans (F1, F2, F3, and F4) were obtained from the culture collection of TDK 

Corporation. Streptococcus sobrinus ATCC 334478 and JSM5176 were purchased from Summit 

Pharmaceuticals International and Riken BRC, respectively. Streptococcus salivarius JCM5707, 

Streptococcus sanguinis JCM 5708, and Streptococcus anginosus JCM12993 were purchased from 

Riken BRC. Streptococcus mitis ATCC 49456 and Streptococcus oralis ATCC 35037 were purchased 

from Summit Pharmaceuticals International. Lactobacillus acidophilus ATCC 4356 was purchased 

from Kanto. All cells were grown in BBL brain heart infusion broth (Becton Dickinson) for 20 h at 37 

°C, and 10% glycerol stocks were prepared and stored at −80 °C until use. The cells were washed in 

TBS buffer (10 mM Tris-Cl, 150 mM NaCl, 5 mM KCl, pH 7.5) before all experiments. 

DNA library  

DNA oligonucleotides were synthesized by Life Technologies. Single-stranded DNA (ssDNA) libraries 

consisting of a 30-nt randomized region (N30) or 60-nt randomized region (N60) flanked by 18-nt 
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primer sequences were used for Cell-SELEX (Table S1). To fold aptamer structures, the libraries and 

identified aptamers were subjected to heat treatment at 95 °C for 10 min and ramped to 25 °C over 30 

min before all experiments.  

Aptamer selection 

One microliter each of S. mutans ATCC 25175 (1 × 1010 CFU/mL) and L. acidophilus (1 × 108 

CFU/mL) prepared in TBS buffer were spotted on a single piece of Hybond-ECL nitrocellulose 

membrane (GE Healthcare). The library [final concentration (f.c.) 1 µM for the first round and 40 nM 

for subsequent rounds] was incubated with the membrane for 1 h at room temperature (r.t.). After 

washing, the spot area of S. mutans was excised and library oligonucleotides were extracted by 

phenol–chloroform. The extracted oligonucleotides were amplified by PCR using 5′-fluorescein-

labeled forward primer, 5′-biotin-labeled reverse primer (Table S1), and AmpliTaq Gold DNA 

polymerase (Life Technologies). To prepare the ssDNA library for the following round, 5′-biotin-

labeled reverse strands were removed using avidin agarose beads (Thermo Scientific). From the third 

to fifth rounds of Cell-SELEX using the N60-L1 library (Table S1), aptamer selection was performed 

for S. mutans without immobilizing L. acidophilus on the nitrocellulose membrane. After four and five 

rounds of aptamer selection, library oligonucleotides were cloned and sequenced. 

Aptamer blotting assay 

Bacteria cells (f.c. 1×109 CFU/mL) were incubated with 5´-fluorescein-modified aptamer (f.c. 1 µM) 

and 1/500 diluted anti-FITC antibody conjugated with horseradish peroxidase (HRP) (Dako, Denmark) 

in TBS-T [TBS plus 0.05% (v/v) Tween 20] buffer for 30 min at r.t. Following washing, cells were 

spotted on a nitrocellulose membrane and HRP chemiluminescence was detected by Typhoon 8600 

(GE Healthcare) using ECL Plus Western Blotting Detection Reagents. HRP chemiluminescence signal 

intensity was assessed using ImageQuant TL software (GE Healthcare). 
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In silico maturation of affinity and specificity 

For the first cycle of ISM, ten partial sequences of Cell-SELEX-selected aptamers were chosen as 

parents (P) (Table S2) for in silico sequence modification. The parent sequences were crossed over 

with a different parent sequence at a random point following random point mutations with a mutation 

rate of 10%. These sequence modifications were applied to produce a set of 16 sequences as the first 

generation (G1). The G1 sequences were synthesized for in vitro evaluation, and their binding abilities 

to S. mutans ATCC 25175 and L. acidophilus cells were assessed by aptamer blotting assays as 

described above. As a control, one of parent aptamers SMa#3-6-P1 (5′- 

ATACCAGCTTATTCAATTGGGGGGAGGGGGGGTTGGGCTGTGGGGCGGTTAGCCGC-3′) was 

assessed at the same time, and binding signal of each sequence was normalized by that of SMa#3-6-P1 

as 1.00.  This aptamer was chosen due to its relatively high affinity and specificity for S. mutans 

among parent sequences. To produce the G2 sequences, the top eight G1 sequences showing highest 

binding ability to S. mutans were chosen and sequence modification was performed in the same 

manner. Then 20 G3 sequences were produced from the top 10 G2 sequences. 

To improve binding specificity of aptamers for S. mutans, we set both binding ability and selectivity to 

S. mutans ATCC 25175 over L. acidophilus as fitness in ISM to produce the G4 and later generations. 

Binding selectivity was evaluated by the aptamer blotting assays as a ratio of signal intensity for S. 

mutans to that for L. acidophilus. To increase sequence diversity, the G4 sequences were produced 

from the top three sequences of each of P, G1, and G3 that showed highest selectivity to S. mutans. P 

and G1 as well as G3 sequences were used to generate G4 to expand sequence diversity. Then G5 

sequences were produced from the top two of G3, the top three of G4, and two SELEX-selected 

sequences. The SELEX-selected sequences were used to further broaden the sequence diversity. The 

G5, G4, G3, parents, and SELEX-selected sequences were used to generate 32 sequences as G6. To 
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produce sequences from G6 to G9, the mutation rate was decreased to 5% from the 10% used for G1 to 

G5. 

After the sixth generation of ISM, the in silico sequence modification process was altered to a shuffling 

approach. From G7 to G9, each sequence was divided into three blocks based on homology search to 

find conserved sequence blocks, and these blocks were shuffled between three randomly paired 

sequences (Fig. 1). To characterize a larger population of sequences, G9 was produced as a set of 98 

sequences. To produce G10 to G11 sequences, the core sequence (5′-GGGGGGAGGGGGGG-3′), 

which was conserved among G9 sequences, was fixed as one block and the other two blocks were 

shuffled between three different sequences. Point mutations were then introduced into each block with 

a mutation rate of 15%. Finally, two aptamers showing the highest specificity and affinity were 

identified in the G11. All sequences produced during ISM are shown in Table S3. 

Microscopy bead assay 

Avidin agarose beads were incubated with 5′-biotin-modified aptamer SMa#G6-25 (5′-

GGATCTGGTTAGTGAAGAGGGGGGAGGGGGGGTTGGGCTGTGGGGCGGTTAGTCGT-3′) 

(f.c. 14 µM) in immobilization buffer (40 mM Tris-Cl, 4 mM EDTA, 700 mM NaCl, pH 8.0) for 90 

min at r.t. After washing in binding buffer [50 mM citrate, 5 mM KCl, 0.05% (v/v) Tween-20, pH 3.5], 

aptamer-immobilized beads were incubated with 5×107 CFU/mL S. mutans ATCC 25175 or L. 

acidophilus in binding buffer for 30 min at r.t. After wash in binding buffer, beads were suspended in 

binding buffer and examined by microscopy. 

Flow-through test using aptamer-immobilized gold colloids 

5′-Thiol-modified aptamer SMa#G11-5 (5′-

ATACATCTTAAGTCTCGTGGGGGGAGGGGGGGTTGGTGGGCTTT-3′) was immobilized on 
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colloidal gold with 40 nm diameter (Funakoshi) by incubating overnight at r.t. in the presence of 5 mM 

DTT. Gold colloids were incubated with 10% (w/v) BSA for 3 min at r.t. The SMa#G11-5 gold colloid 

conjugates were washed in 5 mM phosphate buffer (pH 7.0). The conjugates were then added to S. 

mutans ATCC 25175 (1.0 × 108 CFU/mL to 5.0 × 104 CFU/mL) in PBS-T [5 mM phosphate buffer 

plus 0.05% (v/v) Tween 20] buffer. After mixing, the solution was immediately blotted on UltraBind 

affinity membrane (Pore size; 0.45 µm) (Pall) using a dot blotter (510 µL/spot). Spot intensity was 

assessed with ImageQuant TL software. 

Results and discussion 

Cell-SELEX for selection of aptamers 

To identify DNA aptamers against S. mutans cells, we performed five individual Cell-SELEX 

experiments. Libraries with N30 or N60 sequences were used to vary the potential diversity. During 

selection, L. acidophilus, the most common bacterial species in the human mouth, was used as a 

competitor to eliminate aptamers that cross-react with non-target bacteria. After four and five cycles of 

Cell-SELEX, we identified aptamers that bound to S. mutans cells (Table S4), although they exhibited 

broad specificity for other bacteria including L. acidophilus in aptamer blotting assays (Ogasawara et 

al. 2007) (data not shown). This suggests that Cell-SELEX-selected aptamers bind to surface-

associated molecules or common structures present on bacterial cells, even though we performed 

competitive screening with the aim of identifying aptamers specific to S. mutans. It should be noticed 

that the selected aptamers showed significant binding to L. acidophilus as well as S. mutans. It is 

known Cell-SELEX had difficulty in finding specific aptamers against expected target cells in a 

particular case (Kunii et al. 2011). For this reason, another approach to effective development of 

aptamers was required. 
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In silico maturation for improvement of affinity and specificity 

We performed ISM to improve both affinity and specificity for S. mutans. The ISM was performed 

with three in silico sequence modification procedure (Fig. 1) to explore a wide sequence space for 

discovering a core sequence required for aptamer binding, following sequence optimization for the 

core sequence. To produce the first to sixth generation sequences (G1 to G6), we performed ISM to 

explore a wide sequence space based on sequence crossover and point mutations. From G7 to G9, we 

carried out shuffling of conserved sequence blocks other than crossover to optimize aptamer sequence 

and to discover a core sequence that is involved in binding ability of aptamers. Then, we further 

optimized aptamer sequences from G10 to G11 by shuffling sequence blocks with fixing the core 

sequence that was discovered by G9. 

To carry out ISM of aptamers, ten partial sequences of Cell-SELEX-selected aptamers were chosen as 

parents (Table S2). Those partial sequences were designed based on the secondary structure prediction 

by M-fold (Zuker 2003) and sequence alignment. We designed partial sequences as those folding into 

the predicted secondary structures and also as sequences conserved among identified aptamers. Then, 

those partial sequences showing higher binding signals to S. mutans compared with full-length 

aptamers were chosen as parents to initiate ISM. We expected ISM started from parents with different 

lengths would optimize sequence length as well as sequence itself to show high fitness. 

We generated a set of 16 sequences as the G1 from the parents by in silico sequence modification with 

crossovers and point mutations (Fig. 1). Based on in vitro assays, sequences showing the highest 

binding ability were chosen to produce a subsequent set of aptamers for further generations until G3. It 

should be notice that the G1 aptamers showed decreased binding signals compared to parent aptamers. 

We presumed that this was because in silico sequence modification process produced diverse 

sequences as we expected to search the sequence-fitness space avoiding local optima (Fig. 2A). It is 
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widely known that a GA inclines to locate populations to local optima at its early process, and it would 

be usually difficult to achieve further improvement. Therefore, we expected further process of our ISM 

approach would be able to find better aptamer candidates based on GAs avoiding local optima.  

For producing G4 sequences, we selected aptamer sequences showing higher binding specificity for S. 

mutans than for L. acidophilus to improve specificity of aptamers to S. mutans because the G3 

aptamers displayed binding to L. acidophilus as well as S. mutans. This selection process was expected 

to function for directed evolution of aptamers with high affinity and specificity for S. mutans. In 

addition, we used not only the immediate previous generation, but also several earlier generations for 

generating offspring. We expected these parent selections to increase sequence diversity for exploring a 

wide sequence space. Binding specificity for S. mutans was evaluated as a ratio of signal intensity for 

S. mutans to that for L. acidophilus by aptamer blotting assays. By the G6 of ISM, aptamers showing 

higher affinity and specificity for S. mutans were converged into sequences with a guanine-rich 

sequence block (Table S3) suggesting guanine-rich sequences were required for binding to S. mutans. 

Therefore, we altered the process of sequence modifications to a shuffling approach based on 

evolution-mimicking algorithms reported previously (Ikebukuro et al. 2005; Noma and Ikebukuro 

2006; Noma et al. 2006) to further optimize aptamer sequences and discover a specific sequence motif 

required for aptamer binding. Shuffling was performed with homology search to find sequence blocks 

conserved among different aptamers. Each block was then shuffled among three different sequences 

following point mutations (Fig. 1). 

In this way we obtained G9 aptamers that contained guanine rich sequence portions flanked by 

variable sequences. Therefore, we considered those guanine rich portions were required for aptamer 

binding and we investigated binding of some partial sequences of G9 aptamers which showed the 

highest binding signals among the population. However those conserved regions did not show 
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significant binding to S. mutans (Table S3). Thus, it was suggested that those guanine rich sequences 

did not bind to S. mutans alone and variable termini were also important for binding ability of 

aptamers. Furthermore, the sequence of SMa#G9-87 which was the highest binding aptamer contained 

a conserved guanine rich sequence (5´-GGGGGGAGGGGGGG-3´) flanked by variable sequences, 

and this certain sequence appeared in other G9 aptamers with relatively high frequency. It was also 

found in SMa#3-6-P1, one of Cell-SELEX selected parent aptamers. SMa#G9-87 showed a 4.5-fold 

increase in binding signal to S. mutans compared with SMa#3-6-P1 (Fig. 2A, Table S3). In addition, it 

is known that those consecutive guanine blocks potentially form guanine quadruplex (Gq) structures, 

which can be potential scaffolds of aptamer structures (Ikebukuro et al. 2005; Yoshida et al. 2013). For 

these reasons, we considered this sequence (5´-GGGGGGAGGGGGGG-3´) would be a core sequence, 

which is important sequence to determine aptamer scaffold for target recognition, and other sequence 

parts would be also important for aptamer binding. Thus, we produced the subsequent generation of 

ISM to optimize sequence of variable termini by ISM. 

We performed further ISM to optimize aptamer sequence by another shuffling method in the G10 to 

G12. This time we shuffled each variable region while fixing the core sequence to adapt variable 

regions for specific binding to S. mutans. Each top five of all sequences with highest affinity and 

specificity were listed in Table 1. As a result of 11 cycles of ISM, two G11 aptamers, SMa#G11-5 and 

SMa#G11-6, showed the highest binding signals to S. mutans with a 16-fold increase over a Cell-

SELEX-selected aptamer SMa#3-6-P1 which also has the core sequence. This represents even a 10-

fold increase over the top aptamer of parents  (Fig. 2A, Table S2). The G11 aptamers displayed an up 

to 12-fold more binding to S. mutans than to L. acidophilus (Fig. 2B), representing a 1.5-fold increase 

of specificity over parent aptamers. Those findings indicated the ISM successfully improved aptamer 

affinity for S. mutans and specificity at the same time, and we identified aptamers showing 

significantly higher affinity and specificity compared with Cell-SELEX-selected aptamers (Fig. 2C). 
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Moreover, lengths of all of the G11 sequences were become 44- or 47-nt (Table S3), although ISM was 

initiated from parents with a range of lengths between 34- to 80-nt (Table S2). This finding suggests 

the process of ISM optimized length of aptamers as well as sequences to show improved affinity and 

specificity. It is remarkable that ISM based on GAs would be a powerful approach to optimize aptamer 

length at the same time of sequence optimization, which is usually difficult to achieve by conventional 

techniques such as site-directed mutagenesis. 

Because G12 sequences did not show improvement of binding ability nor specificity, we accordingly 

concluded that ISM achieved a large space searching of oligonucleotide sequences from G1 to G6 to 

increase sequence diversity, and the convergence and optimization of aptamer sequences with the core 

sequence by G11. During ISM, we set both affinity and specificity as fitness and successfully 

improved them by generating and evaluating a total of 300 aptamer sequences (Fig. 2C, Table S3). The 

discovery of the core sequence accelerated the improvement of the aptamers. This type of sequence 

convergence is well known as a schema representing a mile stone during GA operation (Goldberg 

1989; Holland 1975). The discovery of a schema is the key factor in a GA, which positively affects 

evolution of high fitness populations; therefore, our finding appears reasonable from this perspective. 

Characterization of improved aptamers 

To characterize the binding affinities of SMa#G11-5 and SMa#G11-6, we performed a flow cytometry 

analysis obtaining a dissociation constant (Kd) value of 33 nM for both aptamers (Fig. S1). Binding 

specificity of these aptamers was also assessed by aptamer blotting assays. Both aptamers displayed 

binding to all tested strains of S. mutans but not to other species, whereas L. acidophilus still showed 

binding to these aptamers with a low binding signal (Fig. 3). These results indicate that evolved 

aptamers are specific to S. mutans cells, but L. acidophilus cells may be inclined to bind 



A
c

c
e

p
te

d
P

r
e

p
r

i n
t

 

14

nonspecifically to DNAs. This inference is in agreement with the result of an aptamer blotting assay 

indicating binding of an ssDNA library to L. acidophilus (Fig. S2).  

To elucidate the structural conformation of the improved aptamers, we acquired circular dichroism 

(CD) spectra of SMa#G11-5 and SMa#G11-6. These spectra suggested the formation of parallel-type 

Gq structures (Paramasivan et al. 2007) (Fig. S3A, B). We further characterized the conformation of 

the aptamers by native polyacrylamide gel (PAGE) analysis using a BODIPY-labeled macrocyclic 

heptaoxazole, which is a fluorescence probe that interacts specifically with Gq structures (Tera et al. 

2010). When aptamers were incubated with the probe, broad fluorescence bands were observed by 

PAGE analysis (Fig. S4A, B), suggesting the formation of polymerized Gq structures. This finding 

indicated SMa#G11-5 and SMa#G11-6 form polymerized parallel Gq structures. Although the core 

sequence itself was found to form similar structures, it did not display appreciable binding to S. mutans 

(Fig. S3C, Fig. S4A, B). These suggested the variable termini of the aptamers are required for specific 

binding to S. mutans and the core sequence of an aptamer determines its three-dimensional 

conformation. It is known that a polymerized Gq structure can change its nano-structure depending on 

sequence and structure of other parts of the sequence (Morita et al. 2011). We considered that the 

appropriate combination of the core sequence and its variable termini was necessary for folding into a 

binding structure of aptamers showing high affinity and specificity for S. mutans. Therefore, we 

believe ISM successfully identified such optimal sequence through successive rounds of GA 

operations. We have suggested aptamers with Gq-structures tend to preferentially bind to β-structures 

of proteins (Tsukakoshi et al. 2012; Yoshida et al. 2013). Thus, the aptamers identified in this study 

may interact with a β-structure of membrane associated protein of S. mutans, although it requires 

further studies to identify the target molecule of aptamer binding. 
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Detection of S. mutans using aptamer immobilized beads and gold colloid 

We constructed a biosensing platform for detection of S. mutans using the evolved aptamers. First, we 

demonstrated the microscopic detection of S. mutans using 5′-biotin-modified SMa#G6-25 

immobilized on avidin agarose beads to confirm the possibility of selective detection of S. mutans over 

L. acidophilus. The aptamer-immobilized beads selectively captured S. mutans (Fig. 4A, B). This 

indicated that aptamers with improved affinity and specificity have potential for specific detection of S. 

mutans. We accordingly constructed a flow-through detection platform using the evolved aptamer 

SMa#G11-5 immobilized on gold colloid. S. mutans incubated with gold-colloid-labeled SMa#G11-5 

were applied to flow-through tests using a membrane with pore size of 0.45 µm able to capture S. 

mutans cells. We performed colorimetric detection of gold colloids that bound to target cells and 

remained on the membrane (Fig. 5A). The assay demonstrated detection of S. mutans cells at a 

concentration range of 1 × 105–108 CFU/mL (Fig. 5B). The colorimetric assays using gold-colloid-

labeled aptamers do not require sophisticated detection apparatus (Balamurugan et al. 2008), and the 

detection can be performed in solution, avoiding the disadvantages of platform immobilization. This 

aptamer based flow-through test would ultimately be an effective sensing platform for detection of S. 

mutans. 

Conclusions 

In conclusion, we succeeded in improvement of affinity and specificity of aptamers against S. mutans 

using ISM. This is the primary study of the development of aptamers recognizing S. mutans cells and 

also the simultaneous improvement of binding specificity and affinity of aptamers by a directed 

evolutionary approach. In silico sequence modifications facilitated a large space searching of aptamer 

sequences to yield a sequence group that favors for specific binding. The discovery of a core sequence 

accelerated the improvement process. This is the first report of aptamer improvement based on a core 
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sequence discovered during in silico sequence modification. The use of an evolution-mimicking 

algorithm in ISM that fixes specific sequence blocks facilitated the convergence of aptamer sequences 

with a specific structural topology and optimized aptamer sequences for target binding. Moreover, we 

demonstrated specific detection of S. mutans by flow-through tests at a concentration range of 1 × 105–

108 CFU/mL using the evolved aptamer. These results indicate the potential of ISM for aptamer 

development for biosensing applications. We believe that the ISM will advance selection of aptamers 

with functions of interest such as high specificity and affinity with parental sequences selected by 

SELEX or other techniques. 
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Table and Figure legends 

Table 1. Each top-five aptamer sequences showing highest binding ability and specificity for S. 

mutans. 

Fig. 1. Schematic of in silico sequence modification that produces each generation of sequences in in 

silico maturation. The G1–G6 generation sequences were produced by crossover and point mutations 

to explore a wide sequence space, G7–G9 were produced by shuffling with fixing conserved sequence 

blocks to optimize aptamer sequences and to discover a core sequence, and G10–G12 were produced 

by shuffling with the core sequence fixed to optimize variable regions for the discovered core 

sequence. All sequences in this figure are just schematic representations. 

Fig. 2. In silico maturation of DNA aptamers for improving binding affinity and specificity for S. 

mutans. Evolution of (A) binding ability to S. mutans and (B) specificity over L. acidophilus. (C) 

Correlation of binding ability and specificity of parent aptamers ( ), G1–G10 sequences (○) and G11 

sequences (●). Binding ability to S. mutans and L. acidophilus of each sequence was evaluated by 

aptamer blotting assays. Relative binding ability was normalized by binding signal of a parent aptamer 

SMa#3-6-P1 as 1.00.  Relative binding specificity represents a ratio of binding signal for S. mutans to 

that for L. acidophilus of each aptamer. 

Fig. 3. Aptamer blotting assay for binding of SMa#G11-5 and SMa#G11-6 to S. mutans and other 

Streptococcus species and L. acidophilus cells. 1 × 1010 CFU of each bacterial species were spotted on 
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nitrocellulose membrane. After incubation with 5′- fluorescein-modified SMa#G5-11 or SMa#11-6 

(f.c. 50 nM), aptamer binding was detected using anti-FITC antibody HRP conjugate. 

Fig. 4. Microscopic assay for binding of SMa#G6-25-immobilized agarose avidin beads to (A) S. 

mutans and (B) L. acidophilus. 5′-Biotin-modified SMa#G6-25 was immobilized on avidin agarose 

beads and incubated with S. mutans or L. acidophilus. After washing, cells captured on the beads were 

analyzed by microscopy at a magnification of 1000×. 

Fig. 5. Detection of S. mutans by flow-through test using SMa#G11-5 modified gold colloid. (A) 5′-

Thiol-modified SMa#G11-5 was immobilized on colloidal gold and incubated with S. mutans cells 

following a flow-through test with the PES membrane. (B) Spot intensity was assessed using 

ImageQuant TL software and plotted against S. mutans concentration. Error bars show standard 

deviations (n = 3).  
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Table 1. Each top-five aptamer sequences showing highest binding ability and specificity for S. 

mutans.  

 

Name Generation 

Relative 
binding 
ability 
(A.U.) 

Relative 
binding 

specificity 
(A.U) 

Sequence 

SMa#G11-6 11 16.4  12.3  
ATACTATCGCATTCCTTCCG
AGGGGGGAGGGGGGGGTG
GGGGTCGGT 

SMa#G11-5 11 14.0  10.7  
ATACATCTTAAGTCTCGTGG
GGGGAGGGGGGGTTGGTG
GGCTTT 

SMa#G11-20 11 8.86  5.29  
CTACGTCTAGATTCCAGTCG
AGGGGGGAGGGGGGGTTT
TGGATCGGT 

SMa#G10-6 10 8.39  6.72  
ACACCAGCGTATTCTCTTG
GGGGGAGGGGGGGTTGGG
GGTCGGT 

Top 5 

(Binding 
ability) 

SMa#G10-11 10 7.03  2.62  
CAACCTGCTTATCTAAGGG
GGGGAGGGGGGGTTGTGG
GTAGGT 

SMa#G11-6 11 16.4  12.3  
ATACTATCGCATTCCTTCCG
AGGGGGGAGGGGGGGGTG
GGGGTCGGT 

SMa#G2-1 2 0.96  11.5  
CTAGCAGTTCATTCAATAGG
GGGGACGGGGGGTTAGGCT
AGACTATGTCTAATCA 

SMa#G11-5 11 14.0  10.7  
ATACATCTTAAGTCTCGTGG
GGGGAGGGGGGGTTGGTG
GGCTTT 

SMa#G5-5 5 1.59  10.2  
ATACACGTAAGTACCATTG
GGCGGGGGGGGTGTTGTTT
TCTACTATGTGCAATCG 

Top 5 
(Binding 

specificity) 

SMa#G11-8 11 6.94  8.26  
ACACCACTTAATTCCATGC
GAGGGGGGAGGGGGGGTT
CGGGGACGGC 
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Binding ability and specificity were assessed by aptamer blotting assays. Relative binding ability was 

normalized by binding signal of a parent aptamer SMa#3-6-P1 as 1.00.  Relative binding specificity is 

a ratio of binding signal for S. mutans to that for L. acidophilus of each aptamer. 
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Figure 1 
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Figure 2 
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Figure 4 
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Figure 5 

 

 


