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Abstract: Klebsiella pneumoniae (KP) is an important gram-negative zoonotic conditional pathogen. It can infect 

humans and a variety of farm animals, leading to infections such as pneumonia, meningitis and even sepsis. 

thereby posing a significant threat to public health. OmpX acts as a virulence protein that can participate in 

bacterial pathogenesis, mediates bacterial adhesion to and invasion of epithelial cells, and is involved in 

bacterial adaptation to the osmotic pressure of the external environment. In this study, MBs-SELEX was used 

as the main strategy for screening aptamers. Omp X was used as the target protein and Omp A as the counter-

screening target. qPCR and flow cytometry were used to determine the nature and specificity of the obtained 

aptamers for the Omp X protein. The analysis showed that among the obtained aptamers, three aptamers, Apt-

1, Apt-2 and Apt-3, were selected with Kd values of 62.50 nM, 22.05 nM and 7.9 nM, respectively. In addition, 

total internal reflection fluorescence microscopy (TIRFM) was used for the characterization of KP in complex 

with specific FITC-labeled aptamers (FITC-Apt-3) and AuNCs. The complexes were characterized by observing 

blue fluorescent dots from AuNCs and green fluorescent dots from FITC-labeled aptamers overlapping with 

bacterial presence. These results suggest that AuNCs and aptamers can specifically bind to target bacteria, 

forming complexes. Furthermore, in vitro results demonstrated that Apt-1, Apt-2 and Apt-3 inhibited bacterial 

growth, with Apt-3 having the most significant inhibitory effect. The results suggest that aptamers can 

selectively recognize membrane proteins, thereby disrupting bacterial cell membrane formation and effectively 

inhibiting bacterial growth. Aptamers have a potential mechanism to inhibit bacterial growth. 

Keywords: Omp X; DNA aptamers; Klebsiella pneumoniae; SELEX 

 

1. Introduction 

KP is an important gram-negative zoonotic conditional pathogen[1]. It can infect humans and a 

wide range of farm animals, leading to infections such as pneumonia, meningitis and even sepsis[2]. 

As a result, KP infections cause significant economic losses and pose a serious threat to public health. 

Omp X acts as a virulence protein that can participate in bacterial pathogenesis, mediates 

bacterial adhesion to and invasion of epithelial cells.  Additionally, it plays a role in bacterial 

adaptation to the osmotic pressure of the external environment[3,4]. A promising class of targeting 

molecules is represented by aptamers. Aptamers are short, single-stranded nucleic acid (ssDNA or 

RNA) molecular probes that bind the target molecule with high affinity and specificity, generated by 

the SELEX technology (Systematic Evolution of Exponentially Enriched Ligands)[5,6]. 

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.
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In this study, we used the proteins of Omp X and Omp A as targets for screening and counter-

screening, respectively. We successfully screened the OmpX aptamer using MBs-SELEX and 

confirmed its high specificity and affinity by flow cytometry and qPCR. In addition, complexes of 

Klebsiella pneumoniae with specific FITC-labeled aptamer (FITC-Apt-3) and AuNCs were 

characterized using total internal reflection fluorescence microscopy (TIRFM).The blue fluorescent 

dots of AuNCs and the green fluorescent dots of FITC-labeled aptamer overlapped with the presence 

of bacteria. These results indicate that AuNCs and aptamers can specifically bind to target bacteria 

to form complexes. In addition, in vitro results showed that Apt-1, Apt-2 and Apt-3 inhibited bacterial 

growth, with Apt-3 exhibiting the strongest inhibitory effect. The results suggest that the aptamers 

can specifically recognize membrane proteins and thus inhibit the formation of bacterial cell 

membranes, thereby effectively inhibiting bacterial growth. 

2. Material and Methods 

The ssDNA library containing a 40 nt central random region flanked by two primer binding 

sites(Table 1).Both the library and the primers were synthesized by Sangon Biotech (Shanghai, 

China). Carboxylated magnetic beads(MBs) were purchased from Thermo Fisher Scientific(USA). 

Omp X and Omp A proteins were purchased from MCE. KP strain(ATCC 21106) was purchased from 

China Industrial Culture Collection Center. Chloroauric acid (HAuCl4) was purchased from MERCK. 

random DNA sequence were synthesized by Sangon Biological Science and Technology Company 

(Shanghai, China). Particle size and zeta-potential were used by the Malvern Nano Z Zetasizer 

(Malvern, UK). The fluorescence images were recorded using a confocal laser scanning microscope 

(IX2-DSU, Olympus, Japan). 

Table 1. The ssDNA sequence in this experiment. 

ssDNA ID Sequences 

Random 

library 

5’-CTATAGCAATGGTACGGTACTTCC-N40-

CAAAAGTGCACGCTACTTTGCTAA-3’(P7) 

Forward 

primer 
5’-CTATAGCAATGGTACGGTACTTCC-3’(P11) 

Reverse prime 5’-Biotin-TTAGCAAAGTAGCGTGCACTTTTG-3(Biotin-P11) 

2.1. Bacterial Culture 

Bacteria were cultured in 20 mL of LB medium for 14 hours. The rough bacterial concentration 

was estimated by measuring the absorbance at 600 nm using a UV-Vis absorption spectrophotometer. 

The exact bacterial concentration was determined using the conventional agar plate counting method. 

2.2. SELEX Screening for Omp X DNA Aptamers 

The initial ssDNA library (10 nmol) was completely solubilized at 37 oC in 300 µL of binding 

buffer. Aptamers were prevented from intrastrand base pairing by heating at 95 oC for 5 min and 

then immediately cooling on ice for 10 min. to allow for better formation of specific spatial 3D 

structures. to provide rich binding spatial conformation for target binding[7]. In addition, to eliminate 

non-specific aptamers, ssDNA was incubated with MBs-Omp A complexes and shaken at 37 oC for 1 

h as a negative SELEX screen. The magnet separated unbound ssDNA. unbound ssDNA was 

incubated with MBs-Omp X complexes shaken at 37 °C for 1 h. After incubation, the supernatant 

containing unbound ssDNA was removed. Add 200 µL of ddH2O to the MBs-Omp X-ssDNA complex 

and heat denaturation at 95 oCfor 5 min, and collect the supernatant as the secondary ssDNA library 

for the next round of screening. 

The MBs-SELEX screening was performed through 7 rounds of selection, including the steps of 

binding, elution, PCR amplification, and ssDNA regeneration, as shown in Figure 1. 
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Figure 1. Diagram of SELEX screening process. 

2.3. Preparation of Secondary ssDNA Library by Streptavidin Magnetic Beads(SA-MBs) Method 

PCR amplification was conducted to generate double-stranded DNA (dsDNA). PCR reaction 

system: 5 µL ssDNA, 5 U TaqDNA polymerase, 1×PCR buffer, 1.5 mM MgCl2, 0.25 mM dNTP, 0.4 

µM Bio-P7 primer, 0.4 µM P11 primer, and nuclease-free water in a total volume of 100 µL. PCR 

reaction conditions: 95 oC for 2 PCR reaction conditions: 95 oC, 2 min, (95 oC for 30 s, 55 oC for 30 s, 72 
oC for 30 s, 15 cycles), 72 oC, 4 min, stored at 4 oC. Subsequently, 200 µL of Streptavidin-MBs were 

combined with 100 µL of PCR product and incubated at 37 oC for 30 min. 1 mL of 5% formamide was 

washed three times, each time for 3 min. 500 µL of BB were added to 95 oC heat denaturation for 10 

min, and the supernatant was collected to obtain the secondary ssDNA. The secondary ssDNA library 

was prepared.  

2.4. Real-Time Monitoring of the Screening Process by qPCR 

For each round, 50 µL of secondary ssDNA was incubated with 100 µL of MBs-Omp A complex 

and 100 µL of MBs-Omp X complex at 37 ℃ for 1 h. The MBs were collected separately, the 

supernatant was discarded, and the MBs complexes were collected separately and washed three 

times with 1 mL of BB, each time for 3 min. Subsequently, 100 µL of ddH2O was added to each of the 

MBs complexes, and the supernatants were thermally denatured  at 95 °C for 5 min. The supernatant 

was collected as qPCR template. qPCR reaction system: 5 µL ssDNA, 5 U TaqDNA polymerase, 

1×PCR buffer, 1.5 mM MgCl2, 0.25 mM dNTP, 0.4 µM Bio-P7 primer, 0.4 µM P11 primer, and 

nuclease-free water in a total volume of 100 µL. PCR reaction conditions: 95 ℃, 2 min, (95 ℃ 30 min), 

(95 ℃ 30 min). 2 min, (95 ℃ for 30 s, 55°C for 30 s, 72°C for 30 s, 35 cycles), 72 oC for 4 min. ΔCt values 

were monitored in real time for ssDNA enrichment. 

2.5. High Throughput Sequencing and Prediction of Secondary and Tertiary Structures and Molecular 

Docking Analysis 

The secondary ssDNA library of the 7th round was used as a template, and PCR amplification 

was performed with P7 and P11 primers. The amplified products were identified by 1 % agarose gel 
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electrophoresis, and the gel recovered and purified dsDNA of the target fragment was sent to 

Shanghai Biotech for high-throughput sequencing for comprehensive study. The aptamer sequences 

were analyzed for homology and sequence abundance using DNAMAN software. The most 

abundant ssDNA was selected as the candidate aptamer sequence(Table 2). The secondary structure 

and Gibbs free energy (ΔG) of the aptamer sequences were predicted using RNA Structure software. 

Molecular docking analysis was performed using the HDOCK SERVER 

(http://hdock.phys.hust.edu.cn/) to analyze the binding mechanism of Omp X to Apt-3. 

Table 2. Selected sequences identified by NGS analysis and their frequencies in DNA libraries 

obtained after 7 selection cycles. 

Apta

mer 

No. 

Sequences 
pool 

fraction 

Divers

ity 

Enrichme

nt 

Kd 

(nmol L-1 ) 

Apt-1 

5’-

CTATAGCAATGGTACGGTACTTC

CCAATGGTACTTTAGGGCAAGCT

AACCCGGGTCTGCGGCGCCAAA

AGTGCACGCTACTTTGCTAA -3’ 

9 % 59 327 62.50 

Apt-2 

5’-

CTATAGCAATGGTACGGTACTTC

CCCATGGCACGGGGGCAGTAGC

GCTCGGCGGGGGGCCCCGCCAA

AAGTGCACGCTACTTTGCTAA -3’ 

14 % 82 398 22.05 

Apt-3 

5’-

CTATAGCAATGGTACGGTACTTC

CCCGCGCTAACCCCCAAGTGCG

CGCTCCTGGGGAGCGCGGCCGC

CAAAAGTGCACGCTACTTTGCTA

A -3’ 

19 % 135 496 7.9 

2.6. Evaluation of Aptamer Binding Dissociation Constants(Kd) and Specificity 

To assess the affinity of candidate aptamers for Omp X. 100 μL of 500 ng/mL Omp X was 

incubated in 50 μL of MBs, and the reaction conditions were 37 °C for 2 h. After incubation, MBs-

Omp X complex was washed three times with BB. Similarly, Omp A served as a negative control. 

Then 200 μL of FAM-labelled aptamers(FITC-Apt-1,FITC-Apt-2 and FITC-Apt-3) were mixed with 

the MBs-Omp X complex mixtures at concentrations of 0, 25, 50, 100, 200, and 400 nM respectively 

for 30 min. After two washes with 1 mL of BB, Samples were eluted by heat denaturation with 100 

μL TE buffer at 100 oC for 10 min and the fluorescence intensity was analyzed by an 

MicroplateReader(λem=518 nm and λex=492 nm). The Kd value was derived by a non-linear regression 

equation Y = Bmax×X / (Kd + X) [8–10] between the concentration of the aptamer(X) and the fluorescence 

intensity(Y) using Prism software.  

The synthesized FITC-Apt-1, FITC-Apt-2 and FITC-Apt-3 were incubated with MBs-Omp A , 

MBs-Omp 37 and MBs-Omp 17, respectively, for 30 min at 37 ℃ in screening buffer (Cf = 200 nmol/L, 

Vf = 200 μL). The complexes were washed three times with screening buffer for 1 min each. The FITC-

labelled aptamers were determined by flow cytometry. 

2.7. Synthesis of AuNCs 

Streptavidin was synthesized and modified with streptavidin according to a previously reported 

procedure with minor modifications[11,12]. Glutathione (31 mM, 8 mL) and HAuCl4 solution (25 mM, 

1 mL) were mixed and the pH was adjusted to 8.0. sodium borohydride (1 mg/mL, 2 mL) was added 

to the mixed solution and reacted at room temperature for 24 h. In the next step, 20 mg of AuNCs 
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were washed three times with 10 mM PBS. The carboxyl terminus of glutathione-modified AuNCs 

was activated by EDC (10 mg/mL, 100 μL) and NHS (10 mg/mL, 100 μL) for 30 min[13–15]. 

streptavidin (1 mg/mL, 50 μL, pH 9.0) was added to the activated AuNCs solution and reacted at 

room temperature for 24 h. The obtained streptavidin-modified AuNCs were washed three times and 

redispersed in PBS at a concentration of 0.1 mg/mL and stored at 4 oC for subsequent experiments 

[16]. 

2.8. Characterization of Target Bacteria Recognition Based on AuNCs-Aptamers 

KP bacterial fluids (100 μL, 108 CFU/mL) were mixed with their specific FITC-Apt-3 aptamer (10 

μL, 20 μM) in the dark for 30 min. After centrifugation, the microspheres were washed three times 

with sterile water. Subsequently, the microspheres were resuspended in AuNCs solution in the dark 

for 30 min. Following three washes with PBS, the resulting FITC-labeled aptamers@bacteria@AuNCs 

complexes were resuspended in PBS and characterized using total internal reflection fluorescence 

microscopy. FITC-ssDNA library was used as a negative control.   

2.9. Inhibition of Bacterial Growth by In Vitro Aptamers  

200 μL of KP solution (108 CFU/mL) was divided into four parts in a 1.5 mL EP tube, and Apt-1, 

Apt-2, Apt-3 and ssDNA library (10 μM) were added respectively. After thorough mixing, the above 

liquids were spread evenly on LB culture plates respectively, and the number of colonies was counted 

after overnight incubation at 37 oC. 

2.10. Statistical Analysis  

All data were analyzed by calculating averages and standard deviations (SDs). No other 

statistical methods were used.  

3. Results and Discussion 

3.1. Screening of Omp X Aptamers 

The MBs and MBs-coupled proteins were tested for potentials before and after binding to 

aptamers. As shown in Figure 2. a-c, the particle size of the MBs is 122 nm, and the zeta potential 

value of the MBs is -26.8 mV, which indicates that the carboxyl group coupling rate is high. The zeta 

potential after binding to the protein is -1.6 mV, and the carboxyl group on the surface of the MBs 

binds to the amino group on the surface of the protein, which makes the zeta potential significantly 

smaller, and the zeta potential of the aptamer is -20 mV after binding to the protein, and the aptamer 

carries a negative charge, and therefore has a lot of phosphate groups on the surface.  

MBs-Omp X was used as the target for SELEX screening, and MBs-Omp A was used for counter-

screening. A total of 7 rounds of screening were performed. During the screening process, each round 

of ssDNA secondary library was incubated with MBs-Omp X, and then unbound or weakly bound 

ssDNA was removed by magnetic separation and washing. the MBs-Omp X-ssDNA complexes were 

heat denatured at 95 oC, and bound ssDNAs were eluted to obtain bound ssDNAs. as the number of 

rounds of the screening increased, the ssDNA libraries showed a constant increase in the binding to 

Omp X, indicating that the specific aptamers that can bind to Omp X were continuously enriched. 

The ΔCt values stabilized in rounds 6 and 7. By the 7th round, the binding of ssDNA library to Omp 

X had reached saturation, so the screening was terminated. The whole screening process was 

dynamically detected by real-time quantitative PCR, and the enrichment results of the screening are 

shown in Figure 2.d. The results of agarose gel electrophoresis of the secondary ssDNA libraries from 

the first to the seventh rounds show clear bands and band sizes that match the initial ssDNA 

libraries(Figure 2.e). 
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Figure 2. Characterization of physical and chemical properties of MBs and results of aptamer 

enrichment monitoring. (a) Transmission electron microscopy of MBs, (b) MBs size, (c) zeta potential, 

(d) each round of aptamer enrichment detection by qPCR, (e) 1 % agarose gel electrophoresis profiles 

of secondary libraries from rounds 1 to 7. 
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3.2. High Throughput Sequencing Analysis of the Enriched Pools  

We then performed high-throughput sequencing of the round 7 secondary library to identify 

aptamer candidate sequences. Fortunately, HTS has more sequences compared to Sanger sequencing, 

and the coverage allowed us to track changes in enrichment frequency across clusters during SELEX. 

Compared to copy number, enrichment rate is a more appropriate metric for selecting candidate 

aptamers with specific binding properties because it is a sensitive and direct reflection of target-

induced enrichment rather than other factors such as PCR amplification bias. Aptamer candidates 

were categorised in groups based on their sequence repeatability, secondary structure and homology. 

We selected three representative sequences from different groups and performed synthetic DNA 

sequences for further characterisation.  

As shown in Figure 3. a-c，the results of secondary structure simulations performed on the 

aptamer sequences of Apt-1, Apt-2 and Apt-3. The secondary structure of the aptamer was simulated 

using RNAstructure, and the results showed that the aptamer was dominated by stem-loop and 

pocket structures. This may be the structural basis of the aptamer binding to Omp X. In addition, 

docking simulations show that the binding of the Omp X to the candidate aptamer sequences is 

mainly dominated by hydrogen bonding. Thus, a stable complex structure is effectively formed. 

HDOCK SERVER simulates the binding of Omp X and the aptamer Apt-3. As shown in Figure 

3. d, Omp X is completely encapsulated by Apt-3. 
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Figure 3. Omp X candidate aptamer secondary structure prediction results. 

3.3. Binding Affinity and Specificity Studies  

To determine the affinity of the candidate aptamer for Omp X, we used fluorescence intensity to 

determine the equilibrium dissociation constant (Kd) between the candidate aptamer and the target, 

with the magnitude of the Kd value calculated according to a specific formula. The value of Kd of Apt-

1 was 62.50 nM, Apt-2 was 22.05 nM and of Apt-3 was 7.9 nM (Figure 4. a-c). The Kd value is a 

reflection of the degree of affinity between the aptamer and the target; the higher the Kd value, the 

lower the affinity, and vice versa[17,18]. 

The selected aptamer needs not only good affinity but also high specificity for Omp X. The 

specificity of the four candidate aptamers was determined by qPCR. Three different protein of Omp 

A, Omp 37 and Omp 17 were selected for testing. All three aptamers, Apt-1, Apt-2 and Apt-3, have 

high specificity to Omp X (Figure 4. d). 

Flow cytometry results showed that FITC-Apt-1, FITC-Apt-2 and FITC-Apt-3 did not bind to 

Omp A and only specifically recognised Omp X(Figure 5. a-c).  
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Figure 4. Results of affinity and specificity characterization of Omp X candidate aptamers. (a) Omp X 

Apt-1 aptamer affinity constants, (b) Omp X Apt-2 aptamer affinity constants, (c) Omp X Apt-3 

aptamer affinity constants, (d) Results of the specific characterization of the Omp X candidate aptamer. 

 

Figure 5. Flow cytometric identification of Omp X candidate aptamer specificity results. (a) Flow 

cytometric identification of Omp X Apt-1 aptamer specificity results, (b) Flow cytometric 

identification of Omp X Apt-2 aptamer specificity results, (c) Flow cytometric identification of Omp 

X Apt-3 aptamer specificity results. 

3.4. Results of the Recognition Characterization of Target Bacteria Based on AuNCs-Aptamers 

Prior to the bacterial assay, we demonstrated the specific recognition ability of the aptamer. The 

aptamer was labeled with fluorescein isothiocyanate (FITC) to characterize its recognition ability. 

Klebsiella pneumoniae was mixed with the specific FITC-labeled aptamer (FITC-Apt-3) and AuNCs, 

and the FITC-labeled ssDNA library served as a negative control. The complex was characterized 

using total internal reflection fluorescence microscopy (TIRFM). As shown in Figure 6, the blue 

fluorescent dots of AuNCs and the green fluorescent dots of FITC overlapped with the presence of 

bacteria in the dark environment. These results indicate that AuNCs and aptamers can bind 

specifically to target bacteria to form complexes, providing good practical support for this 

strategy[19,20]. 
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.  

Figure 6. Confocal fluorescence micrographs of Klebsiella pneumoniae based on incubation with 

AuNCs and FITC-Apt-3 aptamer. blue fluorescent dots for AuNCs and green fluorescent dots for 

FITC-aptamer. Scale: 10 μm. 

3.5. Results of the Inhibitory Effect of In Vitro Aptamers on Bacterial Growth  

The outer membrane proteins OmpA and OmpX can synergistically participate in the invasion 

of Enterobacter sakazakii from the intestinal basal lamina into ileal tissues, and the absence of ompX 

significantly reduced the bacterial invasive adhesion to Caco-II cells. The aptamer can specifically 

bind Omp X can inhibit the growth of bacteria. As shown in Figure 7, Apt-1,Apt-2 and Apt-3 could 

inhibit bacterial growth, among which Apt-3 inhibited the most obvious effect. The results suggest 

that the aptamer can specifically recognize membrane proteins, which may inhibit the formation of 

bacterial cell membrane and thus effectively inhibit bacterial growth. The aptamer has a potential 

mechanism of inhibiting bacterial growth. The mechanism of bacterial growth inhibition needs to be 

further verified by subsequent experiments. 

 

Figure 7. Experimental results of in vitro bacterial inhibition by Omp X candidate aptamers. (a) 

Results of in vitro bacterial inhibition by ssDNA library, (b) Results of in vitro bacterial inhibition by 

Omp X Apt-1 aptamer, (c) Results of in vitro bacterial inhibition by Omp X Apt-2 aptamer, (d) Results 

of in vitro bacterial inhibition by Omp X Apt-3 aptamer, (e) Results of the number of colonies inhibited 

in vitro by the Omp X candidate aptamer. 

4. Conclusions 

In this work, we isolated for the first time a highly specific and high affinity 88-nucleotide DNA 

aptamer that was able to recognize Omp X by MBs-SELEX. qPCR was used to detect the enrichment 
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of the ssDNA library. The affinity assay results showed that Apt-3 had the highest binding affinity 

and the lowest Kd value (7.9 nM). In addition, the results of flow cytometry experiments also indicated 

that Apt-3 had a high affinity for Omp X without binding to other targets. In addition, the secondary 

structures of these aptamers are able to fold into different secondary structures as predicted by the 

secondary structures. The stem-loop structure is common in the candidate aptamers. In addition, the 

primer regions of these sequences are also involved in the stem-loop structure. The binding 

mechanisms of the target molecules and aptamers will be further explored in subsequent work. 

KP complexed with a specific FITC-labeled aptamer (FITC-Apt-3) and AuNCs was characterized 

using total internal reflection fluorescence microscopy (TIRFM).Blue fluorescent dots of AuNCs and 

green fluorescent dots of the FITC-labeled aptamer overlapped with the presence of bacteria. These 

results indicate that AuNCs and aptamers can bind specifically to target bacteria to form complexes, 

providing good practical support for this strategy. In addition, the results of in vitro experiments 

showed that Apt-1, Apt-2 and Apt-3 inhibited bacterial growth, with Apt-3 having the most obvious 

inhibitory effect. The results suggest that aptamers can specifically recognize membrane proteins and 

thus inhibit the formation of bacterial cell membranes, thus effectively inhibiting bacterial growth. 

Aptamers have a potential mechanism to inhibit bacterial growth. It provides a new potential 

molecular tool for inhibiting the growth of KP. 
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