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Rapid and accurate diagnosis of Clostridium difficile infections (CDI) is crucial for 
patient treatment, infection control and epidemiological monitoring. As an important 
antigen, glutamate dehydrogenase (GDH) has been proposed as a preliminary screening 
test target for CDI. However, current assays based on GDH activity or GDH 
immunoassays have suboptimal sensitivity and specificity. To overcome these limitations, 
it is urgent to explore new biomolecular recognition and detection methods for CDI 
detection. Herein, we describe the selection and characterization of single-stranded DNA 
aptamers that specifically targeted GDH. After 10 rounds of selection, high-throughput 
sequencing was used to identify enriched aptamer candidates. Of 10 candidates, three 
aptamers for GDH were identified. Gel shift assays showed that these aptamers exhibited 
low nanomolar affinities. One aptamer was optimized based on structural analysis and 
further engineered into a structure-switching fluorescence signaling aptamer, wherein 
desorption from reduced graphene oxide (RGO) upon binding of GDH led to an increase 
in fluorescence emission. This method allowed for quantitative detection of GDH with a 
detection limit of 1 nM, providing great potential for its further application in CDI 
diagnosis. 
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ABSTRACT. Rapid and accurate diagnosis of Clostridium difficile infections (CDI) is crucial for 

patient treatment, infection control and epidemiological monitoring. As an important antigen, glutamate 

dehydrogenase (GDH) has been proposed as a preliminary screening test target for CDI. However, 

current assays based on GDH activity or GDH immunoassays have suboptimal sensitivity and 

specificity. Herein, we described the selection and characterization of single-stranded DNA aptamers 

that specifically targeted GDH. After 10 rounds of selection, high-throughput sequencing was used to 

identify enriched aptamer candidates. Of 10 candidates, three aptamers for GDH were identified. Gel 

shift assays showed that these aptamers exhibited low nanomolar affinities. One aptamer was optimized 

based on structural analysis and further engineered into a structure-switching fluorescence signaling 

aptamer, wherein desorption from reduced graphene oxide (RGO) upon binding of GDH led to an 

increase in fluorescence emission. This method allowed for quantitative detection of GDH with a 

detection limit of 1 nM, providing great potential for its further application in CDI diagnosis. 
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 1. Introduction 

In recent years, outbreaks of healthcare-associated infections resulting from toxin-producing 

Clostridium difficile (C. difficile) have been widespread and are associated with increased morbidity and 

mortality. C. difficile is responsible for 90-100% of cases of pseudomembranous colitis, 15-25% of 

antibiotic-associated diarrheas and 60-75% of antibiotic-associated colitis [1-4]. According to a recent 

Canadian study, the incidence of C. difficile infection (CDI) in Canada is 65 CDI cases per 100,000 

patient-days for adult patients admitted to hospitals, accompanied with a mortality rate of 5.7% [5]. In 

the United States, about 15,000-20,000 patients die annually from CDI [6]. Furthermore, the economic 

burden for taking care of CDI patients is significant: a hospital-acquired CDI increases the cost of 

otherwise matched hospitalizations by 4-fold, translating to over $1 billion in added cost annually [7]. A 

key to reducing the negative outcomes of CDI is rapid and accurate diagnosis so that the treatment of 

patients can be quickly implemented and the nosocomial spread of these infections effectively 

controlled. 

Traditionally, CDI can be diagnosed using the cell cytotoxicity neutralization assay, which detects the 

presence of toxin, and is often considered to be the clinical gold standard for the detection of C. difficile 

from fecal samples [8]. This method performs with superior sensitivity but is labor-intensive, time 

consuming (up to 4 days) and requires skilled technicians [9,10]. Since the pathogenicity of C. difficile 

is linked to the two large toxins, toxin A and toxin B, toxin enzyme immunoassays (EIAs) have proven 

to be a significant advancement. These assays are technically simple, fast and frequently used as stand-

alone assays, but have low sensitivity [11], which results in poor positive predictive values if the 

prevalence of TcdA/B in stool samples is relatively low (< 10%) [12]. Alternatively, the direct detection 

of genes encoding toxin A and/or toxin B has become a diagnostic target using polymerase chain 

reaction (PCR) technology. The main advantages of these molecular assays are high sensitivity and 

relatively short turnaround time [13]. However, several drawbacks, including intensive sample 

preparation, cost and potential for error limit their clinical utility [14]. 
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Recently, significant effort has been focused on the detection of a so-called common antigen for CDI, 

the glutamate dehydrogenase (GDH) enzyme, which is highly conserved and commonly produced by 

most isolates of C. difficile in large amounts [15,16]. Although GDH assays cannot discriminate 

between toxigenic and nontoxigenic strains, these assays have been proposed as initial screening tools 

for C. difficile in stool samples due to their high negative predictive values (>99%) [14,17,18]. To 

improve the accuracy and efficiency of CDI diagnosis, two-step or three-step testing algorithms have 

been utilized involving a preliminary screening via GDH assay followed by a confirmatory test for 

positive samples using the cell cytotoxin assay, EIAs or PCR for TcdA/B [14,19,20]. For example, the 

Society for Healthcare Epidemiology of America (SHEA) and the Infectious Diseases Society of 

America (IDSA) guidelines recommend such a two-step algorithm using EIAs for GDH as an initial 

screening and then the cell cytotoxicity assay or toxigenic culture as the confirmatory test for GDH-

positive stool samples [21]. In view of the role of GDH as a universal CDI marker, we can conclude that 

it is critical to develop a rapid, sensitive, accurate and cost-effective method for detection of GDH as a 

key step in diagnosing CDI.  

To date, the most commonly used tests for GDH are EIAs, which can provide rapid results, but 

demonstrate suboptimal clinical sensitivity, ranging from 79.2% to 98%, which varies significantly with 

the prevalence of CDI [15,22,23]. Furthermore, antibodies against GDH could cross-react with GDH 

produced by other anaerobic bacteria such as Clostridium sporogenes, Peptostreptococcus  anaerobius 

and Clostridium botulinum [24]. In addition, the limited stability and high cost of antibodies remain as 

challenges. To overcome these limitations, it is urgent to explore new biomolecular recognition and 

detection methods for CDI detection. Nucleic acid aptamers are synthetic single-stranded DNA or RNA 

molecules with a defined tertiary structure that can selectively bind to a target of interest. Remarkable 

progress has been made in aptamer research since the report of the first aptamers in 1990 [25,26]. To 

date, numerous high affinity and highly specific aptamers have been identified against a broad range of 

targets such as metal ions, small organics, peptides, nucleic acids, proteins, viruses and whole cells 
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[27,28]. In particular, aptamers possess several significant advantages over antibodies including low 

molecular weight, high stability, ease of synthesis and modification, and rapid folding properties [29]. 

Thus aptamers are promising alternatives to antibodies in many different applications, especially 

bioanalytical applications [30-32]. However, to the best of our knowledge, aptamers have not been 

reported for any GDH enzyme. Given the importance of GDH in the diagnosis of CDI and lack of anti-

GDH aptamers for the development of potential aptamer-based tests for C. difficile detection, in this 

study we made an effort to develop anti-GDH DNA aptamers via in vitro selection. Here we report the 

selection and characterization of aptamers as high-affinity specific recognition receptors for GDH, as 

well as the engineering of a fluometric aptasensor for sensitive detection of GDH. 

2. Materials and Methods 

2.1 Chemicals and Reagents 

All DNA oligonucleotides were obtained from Integrated DNA Technologies (IDT), and purified by 

standard 10% denaturing (8 M urea) polyacrylamide gel electrophoresis (dPAGE). The sequences of the 

random oligonucleotides and primers were as follows: DNA library, 5′-CAG GTC CAT CGA GTG 

GTA GGA-N40-TCG CAC TGC TCC TGA ACG TAC-3′; forward primer (FP), 5’-CAG GTC CAT 

CGA GTG GTA GGA-3′; reverse primer 1 (RP1), 5′-GTA CGT TCA GGA GCA GTG CGA-3′; 

reverse primer 2 (RP2), 5′-AAA AAA AAA AAA/iSpC3/GTA CGT TCA GGA GCA GTG CGA-3′; 

FAM-labeled anti-GDH1-T1: 5′-FAM-TAG GAG GAG GTA TTT AGT GCC AAG CCA TCT CAA 

ACG ACG TCT GAG TCG CAC TGC TCC TG-3′. Two versions of GDH proteins were used in this 

study: recombinant (his-tagged) glutamate dehydrogenase (rGDH; expressed and purified from E. coli 

cells with isoelectric point of 5.60), and native GDH (nGDH; directly purified from C. difficile cells), 

both of which were obtained from Pro-Lab Diagnostics (Toronto, Canada). TcdA and TcdB proteins 

from C. difficile were also provided by Pro-Lab Diagnostics. Human immunoglobulin G (IgG) and 

human thrombin were obtained from Sigma. Thermus thermophilus DNA polymerase was obtained 

from Biotools. γ-[32P]-ATP was purchased from Perkin Elmer. Adenosine 5′-triphosphate (ATP), 
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dNTPs and T4 polynucleotide kinase (PNK) were purchased from MBI Fermentas. Ni-NTA magnetic 

agarose beads were obtained from QIAGEN. All other chemicals and solvents were purchased from 

Sigma and used without further purification. Water was purified with a Milli-Q Synthesis A10 water 

purification system.  

2.2 Characterization 

Time-dependent fluorescence emission measurements were performed using a Cary Eclipse 

fluorescence spectrophotometer (Varian) with an excitation wavelength of 494 nm and emission 

wavelength of 518 nm. The bandpasses for excitation and emission were set at 5 nm/5 nm and 

photomultiplier tube voltage was 600 V. Fluorescence data was typically collected every 1 min over a 

period of 60 min. Both the phosphorimage and fluorimage of gels were obtained using a Typhoon 9200 

variable mode imager (GE Healthcare) and analyzed by ImageQuant software (Molecular Dynamics). 

2.3 In vitro selection of aptamers 

The SELEX procedure was performed according to a previously reported method with minor 

modifications [33], and is shown in Figure 1. rGDH-bound Ni-NTA magnetic beads were first prepared 

by incubating 100 µL of a 5% (w/v) suspension of Ni-NTA magnetic agarose beads (Qiagen) and 10 µL 

of rGDH (2.3 mg/mL) in 1× binding buffer (1× PBS, containing 150 mM NaCl and 0.02% Tween-20, 

pH 7.6) with a final volume of 500 µL. After mixing with rotation for 1 h at 4 °C, the rGDH-coated 

beads were washed three times with binding buffer, re-suspended and stored in 500 µL binding buffer at 

4 °C. 

For the initial round of SELEX, 20 µM of DNA library, which was denatured at 95 °C for 5 min and 

immediately cooled on ice for 10 min, was first counter-selected against 20 µL of a 5% suspension of 

Ni-NTA magnetic beads in 500 µL of 1× binding buffer in order to reduce non-specifically bound DNA 

molecules. Then the remaining unbound DNA library was exposed to 100 µL of bead-bound rGDH with 

rotation in 500 µL 1× binding buffer at room temperature. After incubating for 30 min, the beads were 

magnetically trapped and washed three times with binding buffer to remove the unbound DNA. 

Subsequently, target-bound aptamers were eluted by incubating the recovered beads with 300 µL of 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 7

elution buffer (1× binding buffer containing 500 mM imidazole) at 37 °C for 20 min with gentle shaking. 

After recovery by ethanol precipitation, the obtained DNA was amplified by PCR1. Each PCR mixture 

(50 µL) contained the DNA template prepared above, 1 µM FR, 1 µM RP1, 200 µM dNTPs, 1× PCR 

reaction buffer (75 mM Tris-HCl, pH 9.0, 2 mM MgCl2, 50 mM KCl, 20 mM (NH4)2SO4) and 2.5 U 

Thermus thermophilus DNA polymerase. Thermal cycles were typically performed as follows: 94 ºC for 

30 s; 16 cycles of 94 ºC for 30 s, 50 ºC for 45 s and 72 ºC for 40 s; 72 ºC for 5 min. An agarose gel (3%) 

electrophoresis was performed to check the PCR1 product. In order to separate the relevant DNA 

strands from the double-stranded PCR1 products, the above PCR1 product was used as the template for 

PCR2 using primers FR and RP2 while following the same protocol as for PCR1. During this process, 

the hexaethyleneglycol spacer in RP2 can prevent the amplification of the A12 fragment, thus making 

the nonaptamer-coding DNA strand 12 nucleotides longer than the coding strand. The DNA aptamers 

were separated and purified by 10% dPAGE (8 M urea), and used as the ssDNA library for the next 

round. After 10 rounds of selection, 100 nM of purified PCR1 product that contained a unique 6 nt 

barcode was subjected to deep sequencing using the MiSeq (Illumina) sequencing platform. 

2.4 Identification of High-Affinity Aptamers for rGDH 

To evaluate the binding characteristics of all sequenced aptamers, we performed the SELEX 

procedure as described above. Briefly, the aptamer candidates were first labeled with γ-[32P]-ATP at the 

5′ end by using T4 polynucleotide kinase according to the manufacturer’s protocol, and purified by 10% 

dPAGE (8 M urea). Then 100 nM aptamer candidate was incubated with 100 µL rGDH-coated beads at 

room temperature for 30 min in a total volume of 500 µL 1× binding buffer with gentle rotation. In 

parallel, negative controls consisting of the aptamer incubated with uncoated beads were included. 

Following several washing steps, the bound ssDNA in the reaction mixtures were analyzed by 10% 

dPAGE. 

To determine the binding affinity of identified aptamers towards rGDH, binding assays were 

conducted in 500 µL of 1× binding buffer containing a fixed number of bead-bound rGDH (100 µL) and 

radioactively-labeled aptamers in a range of concentrations (0 nM to 100 nM). Uncoated beads were 
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used as a negative control for nonspecific binding in each experiment. The apparent dissociation 

constants (Kd) of each aptamer were obtained by fitting the fractional bound DNA to the total aptamer 

concentration using a one-site binding model. 

2.5 Electrophoretic mobility shift assays (EMSA) 

Binding reactions were performed in 20 µL of 1× binding buffer containing 3 nM 32P-labeled anti-

GDH1-T1 aptamer and various concentrations of rGDH (0 to 1000 nM). After incubation for 30 min, 

the reaction mixtures were spiked with 6× loading buffer, and then loaded into the wells of a non-

denaturing polyacrylamide gel (8%) at 4 °C. Visualization of DNA bands was done using a Typhoon 

9200 imager and the resulting bands were quantified with ImageQuant software. 

2.6 Procedure for nGDH Assay 

In a typical assay, 20 µL of 5× binding buffer (5× PBS, containing 750 mM NaCl and 0.1% Tween-

20, pH 7.6), 2 µL of FAM-labeled (5′ end) aptamer probe (7 µM), 30 µL of reduced graphene oxide 

(RGO) solution (100 µg/mL) and 48 µL of water were first mixed and incubated in a micro-centrifuge 

tube for 30 min. Then, 10 µL of 1% BSA was added to block the surface. After incubating for 20 min, 5 

µL of nGDH with different dilutions was added to the mixture and time-dependent fluorescence 

emission measurements were performed at λex /λem = 494/518 nm.  The emission intensity obtained at a 

reaction time of 60 min was plotted against nGDH concentration to obtain a limit of detection.  A 

similar experiment was carried out using non-target proteins (BSA, human thrombin, human IgG, TcdA 

and TcdB from C. difficile) to evaluate aptamer selectivity. 

3. Results and Discussion 

GDH testing has been used as an effective diagnostic tool for CDI, with a negative predictive value as 

high as 99% [14,17,18]. In the current study, using recombinant GDH (rGDH; the C. difficile GDH 

expressed and purified from E. coli) as a target, we performed the SELEX method to identify short 

synthetic DNA aptamers that could selectively bind this target with high affinity. The overall SELEX 

process is illustrated in Figure 1. The initial ssDNA library contained a central random sequence of 40 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 9

nucleotides (N40) flanked on each side by a constant sequence of 21 nucleotides that can function as 

primer binding sites for PCR. rGDH (46.8 KDa) containing a C-terminal (His)6-tag was immobilized 

onto Ni-NTA magnetic beads to yield a selection matrix. To eliminate the non-specific DNA, the 

denatured DNA pool was first exposed to bare magnetic beads. In this counter-selection, DNA 

molecules that bound to beads were separated and discarded. The unbound DNA molecules were then 

collected and incubated with the selection matrix. After removal of the unbound sequences, the rGDH-

bound DNA were eluted and amplified by PCR. The sense DNA was separated and purified by gel 

electrophoresis due to the fact that PCR products contained a primer with a spacer and an extension of 

12 nucleotides. The recovered DNA (~ 100 pmol) was then used as input DNA for the next round of 

selection. A total of 10 selection rounds were completed, after which we analyzed the sequences from 

the DNA pools by high-throughput sequencing.  

The sequencing results indicated an enrichment of aptamer candidate sequences. The total number of 

sequencing reads was about 6 million. Among these, the top 10 highest multiplicity sequences for rGDH 

represented 17% of the selected pools (Table S1). To rapidly identify the selected sequences with high 

affinities, we labeled each of the 10 sequenced aptamer candidates with γ-[32P]-ATP, and tested each for 

its ability to bind to rGDH immobilized on magnetic beads using the original SELEX conditions. 

Binding assays carried out for each sequence against uncoated beads were used as negative controls. As 

shown in Figure 2A, the initial DNA library did not yield any obvious signal above background levels 

(S/B). However, anti-GDH1, anti-GDH3 and anti-GDH7 showed high binding affinity for rGDH. By 

performing rGDH binding assays we calculated the equilibrium dissociation constants (Kd) in the low 

nanomolar range (Figure 2B). The lowest Kd of 3.1 ± 1.2 nM was obtained for anti-GDH1. For anti-

GDH3 and anti-GDH7, the Kd values were determined to be 5.6 ± 2.4 nM and 4.6 ± 1.6 nM, 

respectively. These affinities were in accordance with previous studies on aptamers targeting diverse 

proteins, such as thrombin [34], PDGF [35], IgE [36], and streptavidin [37], with Kd values in the low 

nanomolar range. To understand the structural differences between the aptamers, we estimated the 
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theoretical secondary structures using a dynamic programming algorithm of lowest free energy [38]. 

Typical stem-loop motifs were found in their secondary structures (Figure S1).  

It is well-known that not all of the nucleotides play an important role in the aptamer-target binding 

reaction. An aptamer usually contains nucleotides that either bind to the target or facilitate the binding 

[39]. To determine the key nucleotides in the anti-GDH aptamer, truncated versions were produced 

based on the secondary structure of the anti-GDH1 aptamer, in which stem-loop structure (I) at the 5′ 

end and a non-pairing region at the 3′ end were removed to yield the 59 nucleotide variant -T1. This 

variant could bound rGDH-coated beads with a bound percentage of 90 ± 4% (Figure S2), similar to the 

full-length aptamer. We further shortened T1 by deleting the primers region, leaving the random 

sequence of 40 nucleotides in variant T2. However, this truncation resulted in a significant loss of 

binding ability (10 ± 6%), implying that the stem formed between the random sequence and part of the 

primer region was essential for maintaining the binding conformation. Removing the G-rich part at the 

5′ end of the T1 variant decreased the binding ability (T3; 78 ± 7%), indicating that the G-rich region 

could be of importance for protein binding through the formation of advanced tertiary structures. If we 

deleted the CCTG sequence at the 3′ end of T3, it was observed that this truncated version (T4) retained 

similar binding affinity for rGDH (70 ± 7%). However, further removal of the GCT sequence at the 3′ 

end of T4 causes a change in the secondary structure (T5) and decreased its binding affinity (56 ± 9%), 

indicating the primary role of the non-pairing region in T4 for binding. Furthermore, there was no 

obvious binding for T6 (4 ± 3%) if we deleted the overhanging motif at the 5′ end of T5. Strikingly, in 

construct T3 we deleted the non-pairing region to obtain variant T7. This resulted in the complete loss 

of the binding ability (5 ± 4%), confirming that the recognition between anti-GDH1 and rGDH was 

dominantly controlled by the non-pairing region in T3. Finally, we removed the entire motif II and 

closed the remaining loop in T3. It was observed that this variant lost its binding affinity to rGDH (3 ± 

1%), suggesting that the terminal stem-loop section of T3 was critical for keeping the secondary 

structure for binding. 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 11

The truncated aptamer, anti-GDH-T1, was then radioactively labeled at the 5’ end and tested for 

binding to the rGDH target by EMSA assays [40,41]. A typical image of an EMSA result is shown in 

Figure 3A. We observed that the electrophoretic mobility of the protein-aptamer complex was typically 

less than that of the free aptamer. The fractional saturation of bound aptamer was calculated as a 

function of rGDH concentration (Figure 3B). A Kd value of 4.5 ± 2.2 nM was determined for the anti-

GDH1-T1 aptamer, indicating its high-affinity. The specificity was also tested by EMSA. No obvious 

band was observed when using proteins such as BSA, thrombin and IgG (Figure S3). 

The anti-GDH1-T1 aptamer was then used to produce a fluorescence-based biosensor for detecting 

native GDH from C. difficile (nGDH). Biosensing by fluorescence has attracted much attention in the 

design of various aptasensors, largely due to its simplicity and sensitivity [42,43]. Our group has 

previously reported a structure-switching approach for engineering signaling aptamers that functioned 

by switching structures from DNA-DNA duplex to aptamer-target complex [44]. The presence of target 

triggers the release of a quencher-labeled complementary DNA strand from the fluorophore-labeled 

aptamer, accompanied by an increase of fluorescence intensity because of fluorescence dequenching. In 

spite of the general utility of the strategy, fine-tuning of the complementary DNA remains a major 

challenge as many sequences must be rationally designed and tested to make sure that the signaling 

aptamers undergo a significant conformational change upon target binding. Therefore, we sought to 

overcome this problem by coupling the aptamer to graphene-based nanomaterials, due to the fact that: (1) 

the π-rich conjugation domains allow graphene to directly interface with DNA through non-covalent π-π 

stacking interaction [45,46]; (2) graphene produces highly efficient fluorescence quenching based on 

energy transfer or electron transfer mechanisms [47,48].  

The working principle and key functionalities of the aptamer-graphene biosensor are schematically 

illustrated in Figure 4A. Reduced graphene oxide (RGO) was used to reduce the background 

fluorescence signal [49]. First, the structure-switching signaling aptamer-graphene construct was 

obtained by non-covalent self-assembly of a fluorophore-labeled anti-GDH-T1 aptamer onto the surface 

of RGO in solution. Then the free sites in RGO were blocked by BSA in order to minimize the 
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nonspecific binding of GDH onto the RGO surface. Upon recognition and binding of specific targets by 

the adsorbed aptamers, the conformational switch of the bound aptamers occurred in conjunction with 

the desorption of the weakly binding aptamer-target complex from the RGO surface [50], which 

immediately recovered the fluorescence signal. Thus the target recognition event was efficiently 

converted into a measurable signal, providing a powerful analytical sensing system.  

To validate the feasibility of the proposed sensing method, a kinetic study was carried out to record 

the time-dependent fluorescence changes of aptamers upon introduction of the GDH target (Figure 4B). 

As expected, the fluorescence intensity was initially quenched upon addition of the aptamer to RGO (it 

is noteworthy that an experiment with varying concentrations of RGO was conducted to ensure the 

complete fluorescence quenching of aptamers; see Figure S4). In direct contrast, when nGDH was 

added, the fluorescence intensity was restored, and increases as a function of reaction time. This result 

suggested a conformational change of the aptamer upon binding to target, which would weaken the 

interaction between the aptamer probe and RGO, thereby causing desorption and/or causing the 

fluorescence probe in weakly bound aptamers to move away from the RGO surface, hindering the 

energy transfer or electron transfer process. After 1 h incubation, a fluorescence enhancement of more 

than 14-fold was obtained. 

Since graphenes can also function as a scaffold for binding protein through electrostatic interactions, 

hydrophobic interactions or aromatic π-π stacking [51], it was crucial to minimize the free surface 

binding sites to avoid the nonspecific binding of nGDH on RGO surface. With the aim of studying the 

effect of blocking agent on the sensor response, a treatment of the system was carried out with different 

concentrations of BSA. The signal response quantified as signal-to-background (S/B) ratios increased 

with increased amount of BSA from 0.05% to 0.5% (Figure S5). This result suggested that the blocking 

procedure was necessary to remove the unspecific binding sites on the RGO surface, thus improving the 

sensor sensitivity [52]. As noted, this method presented here could open new opportunities for 

improving the performance of graphene-aptamer based fluorescent biosensors [53-55]. 
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To demonstrate the sensitivity of the proposed biosensor for the detection of nGDH, a kinetic study 

was carried out to record the time-dependent fluorescence changes upon the addition of various amounts 

of nGDH. As shown in Figure 4C, the kinetics of the fluorescence enhancement and the endpoint 

intensity (at 60 min) was dependent on the nGDH concentrations. The detection limit (defined as 

3σ/slope, with σ being the standard deviation of the blank samples) of the sensor was determined to be 1 

nM (Figure 5A). The selectivity of the aptamer-graphene biosensing system was also evaluated by using 

non-target proteins (BSA, thrombin, IgG, TcdA and TcdB).  As shown in Figure 5B, no significant 

response was observed even when the concentration of each non-target protein was in 10-fold excess of 

nGDH, indicating the high selectivity of the developed aptasensor.  

4. Conclusions 

In summary, for the first time, anti-GDH DNA aptamers with high affinity and specificity were 

selected using SELEX technology. Furthermore, a structuring-switching signaling aptamer was 

developed through the direct non-covalent attachment of the aptamer to the surface of RGO, which 

enabled the real-time, sensitive and selective detection of GDH, thus making it a promising candidate 

for an initial GDH screening test in clinical diagnosis of CDI. 
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FIGURE CAPTIONS.  

 

Figure 1. Schematic illustration of the aptamer selection procedure.  
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Figure 2. (A) Binding affinity assay to identify aptamer sequences. The signal-to-background ratio 

(S/B) was defined as S/B = I1/I0, where I1 and I0 were the measured radioactive signal in the presence 

and absence of target rGDH. (B) Determination of the dissociation constants (Kd) for the identified 

aptamers against rGDH. The fraction of radioactivity in the shifted DNA band is calculated and plotted 

against the concentration of protein. 
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Figure 3. (A) Typical EMSA result for anti-GDH1-T1 aptamer binding to rGDH, and the corresponding 

binding curve (B).  
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Figure 4. Functionalization of RGO with aptamers. (A) Schematic illustration of the RGO-aptamer 

system for nGDH detection. (B) The kinetic response of RGO-aptamer sensor to sequential addition of 

30 µg/mL RGO and nGDH (100 nM) in binding buffer. (C) Time-dependent fluorescence response with 

varying concentrations of nGDH. λex/λem = 494/518 nm. 
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Figure 5. (A) Calibration curve of the aptasensor. The curve was plotted with the fluorescence intensity 

vs nGDH concentration. (B) Selectivity of the sensor for nGDH over other non-targeted proteins. The 

concentration of nGDH was 30 nM, and others were 300 nM each. The error bars represent the standard 

deviations of three parallel tests. 
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1. DNA aptamers were isolated from a random-sequence DNA pool to recognize 
glutamate dehydrogenase (GDH) from Clostridium difficile bacterium. 
2. Three anti-GDH DNA aptamers with high affinity and specificity were identified. 
3. A structuring-switching aptamer sensor was developed for the detection of GDH. 
 

 


