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Abstract

:

This study investigated the development of aptamer-based molecular probes to detect Methicillin-Resistant Staphylococcus aureus (MRSA) and evaluated the antibacterial activity. Early detection of MRSA infection will improve patients’ recovery and reduce the cost for treating patients. S. aureus can become resistant to methicillin and other β-lactam antibiotics through the expression of PBP2A protein, which is resistant to the action of methicillin. We have developed two aptamer molecular probes against PBP2A protein and whole bacterial cell (MRSA) under optimized in vitro conditions using SELEX approach. Target aptamer sequences were identified, and chemically synthesized aptamer probes were evaluated using fluorescently-labelled aptamer probes using flow cytometry and confocal imaging. Antibacterial activities of those aptamers were also evaluated using a bacterial killing assay. The results showed that high specific aptamers were developed against purified PBP2A protein. However, these aptamers showed less specificity to detect MRSA under in vitro condition. These aptamers showed no cytotoxic effect on 3T3 cells and no antibacterial activity against MRSA. The results suggested that the specific aptamer development and the in vitro selection methodology require further refinement to improve the diagnostic and therapeutic utility of these aptamers.
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1. Introduction


Aptamers are short, single-stranded oligonucleotides (DNA or RNA) discovered in the early 1990s. They have found diverse applications in biotechnology [1,2]. Aptamers are isolated through a process called Systematic Evolution of Ligands by Exponential Enrichment (SELEX) [3,4] in which a starting library of oligonucleotides are screened for sequences that can bind specifically and with high affinity to a target of choice. The process itself is very versatile and the choice of targets to obtain aptamers can vary from small molecules (nucleotides, vitamins, amino acids, carbohydrates, dyes, antibiotics) [5,6], peptides, and proteins to whole cells [2,7]. Aptamers are also described as chemical versions of antibodies and can inhibit their targets through specific and strong interactions that are superior to those of biologics and small molecule therapeutics. They also avoid the toxicity and immunogenicity concerns of these traditional agents due to their nucleic acid compositions [2].



The library contains aptamers that have a variable or randomised region in the middle flanked by two constant regions called primer-binding regions [3,4]. The number of rounds required to drive a selection to completion depends on both the target and how much stringency is increased in each round; selection can be completed in 8–18 rounds [8]. The counter-SELEX method was introduced to increase the efficiency of aptamer selection by traditional SELEX [9]. Compared to traditional SELEX, counter-SELEX has a pre-clearing step using closely related structural analogs of the target to effectively discard a non-specific aptamer. This allows improvement in aptamer selection and can also be applied to other modified SELEX methods. Aptamers have great potential in optical imaging as a cost-effective imaging method that typically uses fluorescent or bioluminescent molecules. Aptamer-based optical imaging can be divided into direct targeting and activatable probes [10]. Direct conjugation with an aptamer and a fluorescent molecule has been widely studied [11,12,13,14,15,16].



The simplest way to image via a visualized aptamer is by using fluorescence probes. Aptamer probes have been used in therapy [17], diagnosis [18], in vitro bioanalysis [19], and in vivo imaging [10,20]. The combination of aptamers with nanotechnology is also an actively studied field [21]. Aptamers can bind to their cognate protein and efficiently inhibit the function of target as an antagonist. Many therapeutic studies using aptamers have been conducted to treat certain diseases by inhibiting therapeutic target activity and decreasing the partner binding property [22,23]. The first FDA-approved aptamer drug for age-related macular degeneration is a typical antagonistic aptamer [24]. Macugen (pegaptanib) is a 28-base RNA oligonucleotide with two branched 20 kDa PEG moieties [25]. It selectively binds to the vascular endothelial growth factor (VEGF)165 isoform when introduced intravitreally.



Staphylococcus (from the Greek; grape-berry) were first described and classified in 1882 by the Scottish surgeon Sir Alexander Ogston [26]. S. aureus is a commonly isolated human microorganism that can colonise the anterior nares and other skin regions of healthy individuals [27]. It is one of the main causes of hospital- and community-acquired infections, and can result in serious consequences. S. aureus is an important cause of skin and soft tissue infections, endovascular infections, pneumonia, septic arthritis, endocarditis, osteomyelitis, foreign body infections, and sepsis [28,29,30,31]. In addition, S. aureus causes infections of surgical wounds and prosthetic implants [32].



Methicillin was introduced by Beecham in 1959. However, one year later, methicillin-resistant S. aureus (MRSA) was detected in the United Kingdom [33]. Unlike resistance to penicillin, the mechanism underlying methicillin resistance protects the bacteria from the entire class of β-lactam antibiotics, including penicillin, cephalosporins, and carbapenems. The mortality rate from severe MRSA infections is about 20% and it has been estimated that MRSA infections are the leading cause of death by a single infectious agent in the US, exceeding deaths caused by HIV/AIDS [34,35]. MRSA carries the mecA gene that codes for an alternative penicillin binding protein, PBP2A, with low binding affinity to all β-lactams [36].



PBP2A belongs to the group of high molecular mass (78 kDa) family of PBPs and consists of a transpeptidase domain and a non-penicillin binding domain of unknown function [37]. PBP2A is known to possess a low affinity for β-lactams that allows MRSA strains to grow in antibiotic concentrations that inactivate all native PBPs [38]. PBP2A is a poorly active enzyme when compared to other native PBPs that synthesize highly cross-linked peptidoglycan [39]. Even when the transpeptidase activity of all native PBPs is inhibited by the presence of methicillin, PBP2A has been shown to rely on the transglycosylase, β-lactam-insensitive domain of the native PBP2 to confer resistance in MRSA [40].



S. aureus specific ssDNA aptamer panels are developed by a whole bacterium-based SELEX procedure. After several rounds of selection with S. aureus as the target and Streptococcus pneumoniae and S. epidermidis as counter targets, a panel of aptamers to detect S. aureus was developed using cell-based SELEX by [41]. They demonstrated that the simultaneous probing of several targets by a set of specific aptamers proved to be more efficient than probing by an individual aptamer in detection of S. aureus. Unlike single target SELEX, which generates an enriched pool of aptamers to the single target, the complex SELEX ends up with an enriched pool of aptamers to various targets on the cells [42,43]. In another study, a novel and sensitive fluorescence bioassay for the simultaneous detection of S. typhimurium and S. aureus was developed. This technique used aptamer-conjugated magnetic nanoparticles for both recognition and concentration elements and using nanoparticles as highly sensitive dual-colour labels [44]. The luminescent signal was effectively amplified with the help of both magnetic separation and concentration. This method demonstrates the first use of aptamer-conjugated magnetic nanoparticles as the capture and concentration element and the use of up-conversion nanoparticles as the fluorescence element for the simultaneous detection of two types of pathogenic bacteria. According to published literature, several studies have focused on developing S. aureus specific aptamers in in vitro.



However, MRSA-specific aptamer molecules have not yet been developed and currently we do not have reliable and sensitive techniques to detect in vivo MRSA over other Staphylococcus species. Hence, this study focused on developing bacterial cell MRSA aptamer and PBP2A aptamer molecular probes to detect MRSA and generate therapeutic applications.




2. Materials and Methods


2.1. Bacterial Culture and Reagents


All bacterial strains used in this study were log-phase cultures of bacteria grown in Miller’s Luria–Bertani (LB) broth, and bacterial titers were estimated by optical density. The following bacterial strains were used in this study: Staphylococcus aureus (MRSA-ATCC 252), Staphylococcus aureus (MSSA-ATCC 25923), Escherichia coli (ATCC 25922), Pseudomonas aeruginosa (PAO1), Staphylococcus epidermidis-clinical strain, Klebsiella pneumoniae (ATCC BAA 1706), Burkholderia cepacia (ATCC 25416), and E. coli BL21 (DE3).




2.2. PBPA2A Protein Overexpression


mecA gene was cloned and PBP2A protein was over-expressed and purified according to Haghighat et al. [45].




2.3. SDS-PAGE Protein Gel


Purified protein PBP2A was run on pre-cast 4–12% Bis-Tris polyacrylamide gels NuPAGE-Novex from Life technologies (Cat# NP0321BOX, Invitrogen, Waltham, MA, USA) in order to visualize the protein purity and to determine the size of the protein.




2.4. Latex Agglutination Test for Penicillin Binding Protein (PBP2A)


This test is a rapid latex agglutination assay to detect PBP2A protein in MRSA. The Oxoid PBP2A Latex Test (Cat# DR0900) was performed according to the manufacturer’s instructions in order to detect purified PBP2A protein.




2.5. Designing of Aptamer Libraries


Aptamer libraries were designed according to Sefah [46] and ordered from Integrated DNA Technologies (IDT). The ‘antisense’ strand was functionalised at the 5′ end with biotin. All oligonucleotide sequences were purified by high-performance liquid chromatography (HPLC) in 1 μM scale. Fluorescein isothiocyanate (FITC) labelled forward primers were used to monitor the progress of selection by flow cytometry.




2.6. PCR Amplification of Aptamer Libraries


Aptamer libraries were amplified by 10 PCR cycles using the following amplification conditions: hot start at 95 °C for 2 min, denaturation at 95 °C for 30 s, annealing at 60 °C for 30 s, and elongation at 72 °C for 30 s, followed by final extension for 4 min at 72 °C.




2.7. Agarose Gel Electrophoresis


A 4% agarose gel was prepared with Tris-borate-EDTA (TBE) buffer (Promega-Cat No.: V4251, Madison, WI, USA) and GelRed (Cambridge Bioscience-Cat No.: BT41003, Cambridge, UK) (1:10,000) added to visualize the ssDNA. After making the gel, 5 μL of DNA sample was loaded with gel loading dye (1:6) and electrophoresis was performed at 100 V for 40 min in TBE buffer. The bands were observed under UV light and images of the gels captured.




2.8. Experimental Design and SELEX Procedure


The ssDNA library pool was prepared by adding 50 μL of 100 μM (5 nmol) DNA libraries to 500 μL of PBS, mixed and heated at 95 °C for 5 min. The resulting mixture was snap-cooled on ice and kept on ice until ready to use later the same day.



The aptamer library and the target molecules (bacteria and PBP2A) were incubated in 1 mL PBS for 30 min at 37 °C on a rotary shaker. After incubation, unbound aptamer was removed by washing three times in PBS and centrifuged at 13,000× g for 1 min at 4 °C. Then we discarded the supernatants. The pellet mixture was mixed in DNase-free water and heated at 95 °C for 10 min, centrifuged at 13,000× g for 5 min, and supernatant containing eluted DNA was collected for PCR amplification.



MRSA-aptamer:



The SELEX procedure was carried out independently against MRSA (ATCC252), MSSA (ATCC 25923), PAO1-Pseudomonas aeruginosa, Kebsiella pneumoniae (ATCC BAA1706), E. coli (ATCC 25922), and alveolar epithelial cell line (A549) for five rounds without counter selection. These ssDNA aptamers were sequenced using an Ion Torrent sequencing method. We attempted to eliminate non-specific aptamers at the sequence level; the sequenced data were carefully analysed and common sequences shared with the other bacteria were eliminated.



PBP2A-aptamer:



SELEX was carried out against PBP2A protein (0.1 mg/mL) coated Ni-NTA Agarose beads (Qiagen-Cat No.: 30210, Hilden, Germany) and 15 SELEX rounds were carried out before Ion Torrent sequencing with counter selection against BSA and FBS.




2.9. Preparation of ssDNA from PCR Products


Next, 200 μL of Streptavidin Sepharose beads (GE Healthcare Life Sciences-Cat No.: 17-5113-01, Buckinghamshire; UK) were mixed with 1 mL of PCR products in a 1.5 mL Eppendorf tube and incubated for 5 min at room temperature on a rotary shaker and washed three times with water. Single stranded aptamers (non-biotinylated strand) were separated from the immobilized complementary strand with a 5 min incubation of 50 μL of fresh 200 mM NaOH. Supernatant was taken after centrifugation at 13,000× g for 1 min (ssDNA aptamer). The supernatant was diluted into 1 mL of PBS-T, containing 10 μL of 200 mM monobasic phosphate buffer to adjust the pH to 7.5. Finally, the material was heated to 95 °C for 10 min then immediately placed at 4 °C until the next round of SELEX.




2.10. Ion Torrent Sequencing and Data Analysis


Seven aptamer DNA samples were sequenced at The Institute of Genetics and Molecular Medicine, Western General Hospital, Edinburgh, UK. The sequenced data was analysed using TextWrangler, a text editor software, which generated two probable aptamer probes called PBP2A specific and MRSA specific. The hairpin structures of MRSA and PBP2A aptamer probes were determined using the website at Integrated DNA Technologies (IDT), the OligoAnalyzer 3.1. To evaluate the binding efficacy of the aptamer probes, they were re-synthesised with 5′ FITC modification by SIGMA-ALDRICH, UK.




2.11. Evaluation of PBP2A-Aptamer Probe Binding In Vitro; Ni-NTA Beads Assay


Ni-NTA agarose beads were incubated with 100 μg/mL of PBP2A, BSA, FBS, and trypsin separately at room temperature for 1 h on a rotary shaker, and the unbound proteins were washed. These protein coated beads were used as target substrates for the FITC labelled PBP2A-aptamer probe to evaluate the efficacy of binding by using plate reader, confocal microscopy, and fibre-based confocal microendoscopy (FCM-Cellvizio) after incubation for 30 min at 37 °C. Before analysis, the beads were washed three times with PBS in order to remove excess aptamer probes. For the plate reader analysis, 100 μL of labelled beads were loaded into 96-well plates (three wells) and fluorescence-measured at 488/520 nm. The beads were also visualised with live confocal microscopy (Zeiss LSM510meta) and FCM-Cellvizio).




2.12. Evaluation of MRSA and PBP2A-Aptamer Probe Binding In Vitro Bacterial Binding Assay


A panel of bacteria were grown overnight and washed three times in PBS. A concentration of 108 cfu/mL bacteria and the FITC labelled aptamer probes at 100 nM was co-incubated in 1 mL PBS for 30 min at 37 °C on rotatory shaker. Excess unbound aptamer was washed off and analysed using flow cytometry.




2.13. Study of Aptamer as a Therapeutic Agent for Bacterial Infection


The assay was carried out in 96-well plates with aptamers at 1 μM concentration in 100 μL of Mueller-Hinton broth (MHB). In test wells, 50 μL of bacterial inoculum (2 × 106 cfu/mL) in MHB was added to 50 μL of aptamer solution in MHB. Controls contained 50 μL of inoculum and 50 μL of MHB without aptamer. Bacterial growth was measured by recording the optical density (O.D.) at 600 nm over 16 h of incubation at 35 °C. The O.D. was measured every 15 min using a spectrophotometer. Growth inhibition was determined as the concentration of aptamer that completely inhibited bacterial growth after incubation. Experiments were conducted in triplicate on three separate occasions [47,48].




2.14. Aptamer Cytotoxicity Studies on 3T3 Cells


To evaluate the potential cytotoxicity of the aptamers, the CellTiter-Glo® Luminescent Cell Viability Assay (Promega—Cat No.: G7570, Madison, WI, USA) was carried out according to the manufacturer instructions.




2.15. Statistics


All statistical analyses were performed on GraphPad Prism (version 5). The results were represented as the mean ± SEM. Data sets were compared using a two-tailed unpaired Student’s t-test. Statistical significance was set at p < 0.05.





3. Results and Discussion


3.1. Designing of Aptamer Libraries


In this study two DNA aptamer libraries have been developed to test, as shown in the Table 1 below, and we used the SELEX protocol to develop specific aptamer probes. The table below shows that each library has different lengths of variable regions of 30 and 40 nucleotides.




3.2. Agarose Gel Electrophoresis to Visualize Naïve Aptamer Libraries


An agarose gel was run to determine the length of the naïve aptamer libraries as a quality control of the naïve aptamer library (Figure 1). The libraries were PCR-amplified using specific primers to determine the optimum PCR conditions for the full amplification of the libraries.




3.3. Over-Expression and Purification of PBP2A Protein


PBP2A protein was over-expressed and purified according to [45]. Purified proteins were visualized by running an SDS-polyacrylamide protein gel and staining with coomassie brilliant blue (Figure 2). The BCA assay was performed to quantify the over-expressed protein, and the PBP2A protein concentrations was achieved above 1 mg/mL of 10 mL.




3.4. Penicillin Binding Protein (PBP2A) Latex Agglutination Test


To confirm the activity of the over-expressed PBP2A protein, a Latex Agglutination test was carried out. The PBP2A latex agglutination test is a 20-min phenotypic test that detects PBP2A in isolated colonies [49]. The test results show that the purified PBP2A protein is biochemically similar to the active proteins in the MRSA but not in MSSA (Figure 3).




3.5. Experimental Design of the SELEX Procedure


SELEX assays were performed on bacterial cells and PBP2A protein using ssDNA aptamer libraries using PBS as a buffer. We used 10 PCR cycles to amplify the bound ssDNA from the target molecules. An agarose gel was run to quantify and visualise the seven samples of dsDNA before sending for sequencing (Figure 4).




3.6. Sequence Alignment between Two Aptamer Probes


Sequences of two aptamer probes are shown below indicating that they have 50% identity. Underlined sequences are the primer binding sites of the aptamer probes. Red color indicates the common nucleotides shared between two aptamer probes.



PBP2A-aptamer:



5′CTACACGACGCTCTTCCGATCTCGCGGTGTGGAATGGAAAGGCAGAGGGGGTAGACGGAGAAGATCGGAAGAGCGGTTCAGCA



MRSA-aptamer:



5′CTACACGACGCTCTTCCGATCTGGCGGCGGGGGATGGTGGCGGAATGGTGGTGGTGAGCTGGAGATCGGAAGAGCGGTTCAGCA



Red color indicates the common nucleotides shared between two aptamer probes.




3.7. The Hairpin Structures of MRSA and PBP2A Aptamer Probes


Figure 5 shows the hairpin structures of the aptamer probes. Their minus Gibbs free energy (ΔG) indicates higher stability and higher melting temperatures, and also indicates that they are very stable aptamer probes at room temperature.




3.8. Evaluation of PBP2A-Aptamer Probe Binding In Vitro; Ni-NTA Beads Assay


The two lead aptamer probes were re-synthesised with 5′ FITC modification from SIGMA-ALDRICH. For the assays, an FITC modified PBP2A-aptamer probe was used to evaluate the specificity of the aptamer candidate on different proteins including PBP2A protein. These protein coated beads were used as target molecules for the PBP2A-aptamer probe and the efficacy of binding was evaluated by using a plate reader, confocal microscopy, and confocal laser endomicroscopy (Figure 6). The images clearly indicate that only the PBP2A coated Ni beads are fluorescently labelled with the PBP2A-aptamer probe showing the expected protein specificity of the probe.



The laser endomicroscopy (Cellvizio) experiments were carried out to prove that the FAM labelled aptamer can be used in parallel with the clinically approved Cellvizio imaging platform. To achieve this, Ni beads were visualised using the Cellvizio mini probe and data were analysed using proprietary image analysis tools (Cellvizio Viewer) (Figure 7).




3.9. Evaluation of MRSA-Aptamer Probe Binding In Vitro Ni-NTA Bead Assay


The Ni-NTA beads assay was carried out to evaluate probe binding capacity to other proteins including PBP2A protein (Figure 8). The results indicated that the MRSA-aptamer probe also binds to PBP2A protein. This is not unexpected as the two aptamer probes share 50% sequence homology.




3.10. Evaluation of MRSA and PBP2A-Aptamer Probe Binding In Vitro Bacterial Binding Assay


The ultimate objective in developing these probes was to detect MRSA specifically over other bacterial species. To assess the specificity of these probes, bacterial binding assays were carried out and bacterial cells were analysed using flow cytometry (Figure 9). A panel of bacteria were used at 108 cfu/mL bacteria and probes at 100 nM in PBS. The PBP2A-probe showed no specificity towards MRSA, though it shows very high specificity to PBP2A protein in Ni-NTA beads binding assay. This may be due to the fact that the aptamer has been developed against the whole protein and it may share similar binding sites with the other bacterial proteins as well.



These probes show no specificity towards MRSA in the bacterial binding assays described above. This is due to the non-specific binding of the probes towards the other bacteria tested. In addition, the in silico counter selection has not been successful. During ion torrent sequencing, far fewer short reads were observed and that may lead to lose some data for in silico counter selection. These sequences may have important and key potential aptamer sequences. Similarly, there are several other factors that may contribute to the unsuccessful SELEX and the development of aptamer probes [50,51].



Turek et al. [52] indicate that all MRSA clinical strains do not share similar surface properties. MRSA, S. aureus, and Enterococcus are all gram-positive bacteria. Based on their similarities, some common binding can be expected by the commonality of proteins among the strains, whereas others are more specific to each type of bacterium. However, they have not been tested with gram negative bacterial strains to study the efficacy of binding of these aptamers.



Modifying and optimising the selection buffer conditions may counteract or otherwise stabilise the interactions between the target and the unselected aptamer pool. With a negatively charged target, decreasing the pH below a target’s isoelectric point (pI) will neutralise the negative charge and encourage the binding of the negatively charged pool [53].



The SELEX buffer conditions may also vary with monovalent salt(s) identity, monovalent salt(s) concentration, and divalent salt identity, divalent salt concentration, buffer identity, buffer concentration, and pH. The optimised buffer conditions likely increase the probability of a successful selection and therefore promote higher ratios of successful aptamer selections against a variety of targets. Therefore, different buffer conditions were selected and tested on two different aptamer libraries with and without bacteria. The best buffer condition was selected as PBS [54,55], with Ca2+ and Mg2+ to eliminate the nonspecific binding and PCR amplification. Throughout the experimental protocol, this study used DNA low binding Eppendorf tubes to eliminate non-specific binding of DNA onto the wall of tubes. The BSA concentration in the selection buffer (PBS with Ca2+ and Mg2+) was increased to 1% to minimise the non-specific binding and increase the stringency of the selection.




3.11. Aptamer Cytotoxicity Studies on 3T3 Cells


This assay was carried out to investigate aptamer toxicity on mammalian cell lines in order to study the feasibility of using these probes in vivo in murine models. The 3T3 cells have been used as a standard cell line to study the cellular toxicity of potential drug targets. The aptamers demonstrated no cellular toxicity at the concentrations used (Figure 10). However more extensive studies are necessary before a conclusion could be made concerning the in vivo safety or toxicity of these aptamer.




3.12. Study of Aptamer as a Therapeutic Agent for Bacterial Infection


A 242 bp fragment of mecA gene was amplified by PCR from S. aureus, expressed, purified, and used to stimulate humoral immune response in a murine model. This investigation revealed PBP2A as a potential to develop a vaccine against MRSA infection [45]. Therefore, a bacterial killing assay was carried to investigate them as a potential therapeutic agent if they bind to bacterial essential cell division proteins leading to killing of bacteria (Figure 11). The protein PBP2A is an essential cell division protein in MRSA, and it is a potential antibacterial drug target. Blocking its function will prevent bacterial cell division and leading to death.





4. Conclusions


The PBP2A and MRSA aptamer molecular probes were able to show high specificity in in vitro Ni-NTA beads assay with 50% identical aptamer sequence. However, both PBP2A and MRSA aptamer probes were not specific enough to detect MRSA over other bacterial species in bacterial binding assays. These aptamers showed no toxicity towards 3T3 cells and had no antibacterial effects. The results suggested that the specific aptamer development and the in vitro selection methodology require further refinement to improve aptamers as diagnostic and therapeutic agents.
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Figure 1. Agarose (4% TBE) gel electrophoresis image showing the products of the naïve aptamer libraries (1 μL/lane). G1 and G2 contained 30 and 40 nucleotides in the variable region respectively. 
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Figure 2. SDS-polyacrylamide protein gel showing the purified protein Lanes 1 (1-sample) and 2 (2-sample) represent the purified PBP2A proteins from two different clones. 
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Figure 3. Latex beads agglutination assay for purified PBP2A protein (a) MRSA and MSSA bacterial strains showing the positive and negative results respectively for the latex beads agglutination test. (b) Two samples of PBP2A over-expressed protein (34 and 35) respond to the test as MRSA. This indicates that the over-expressed PBP2A protein is showing the same functional properties to its native protein present in MRSA but not in MSSA. 
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Figure 4. Agarose (4% TBE) gel electrophoresis image showing the final PCR products before sending for Ion Torrent sequencing. Two bands of DNA represent the combination of 74 bp and 84 bp aptamer G-libraries also indicate the concentrations of DNA present in the sample. MR-MRSA; MS-MSSA; PA-PAO1 Pseudomonas; EC—E.coli; KL—Kebsiella pneumoniae; 15-PBP2A 15 rounds of SELEX; A5-A549 eukaryotic cells. 
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Figure 5. The hairpin structures of MRSA and PBP2A aptamer probes. The minus Gibbs free energy (ΔG) indicates that the hairpin structures of aptamer probes are stable, and the melting temperatures are well above room temperature. 
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Figure 6. PBP2A coated Ni-NTA protein binding assay shows that the PBP2A-aptamer is more specific to PBP2A protein compared with the BSA, FBS and Trypsin. (A). Transmitted image of PBP2A protein coated beads; (B). Fluorescent image of PBP2A coated beads; (C). Transmitted image of FBS coated beads; (D). Fluorescent image FBS coated beads. ***: p < 0.001. 
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Figure 7. PBP2A coated Ni-NTA protein binding assay; Cellvizio image analysis. Fluorescent image of the sample and the fluorescent intensity of the image. The reduced fluorescent shift to the right on the histogram indicates that the FBS beads are not labelled with the PBP2A-aptamer probe. 
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Figure 8. PBP2A coated Ni-NTA protein binding assay shows that the MRSA-aptamer binds to PBP2A protein at a higher rate compared to FBS and BSA. The confocal image shows that the PBP2A coated Ni beads are labelled with MRSA-probe. ***: p < 0.001. 
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Figure 9. Flow cytometry data showing percentage increased in mean fluorescence intensity. The top graph shows the results of MRSA-probe, and the bottom graph shows the PBP2A-probe. MRSA probe shows higher binding to MRSA bacteria compared to the rest of the bacteria. However, PBP2A-probe shows no specificity (Panels represent mean values ± SEM for n = 3). *: p < 0.05; **: p < 0.01; ns: Not significant. 
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Figure 10. Aptamer toxicity assay: The graph shows the ATP derived luminescence after incubation for 24 h. Below are the light microscopy images of healthy and non-viable 3T3 cells (Panels represent mean values ± SEM for n = 3). (Magnification ×40). ***: p < 0.001. 
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Figure 11. MRSA growth inhibition assay in MHB. 1 μM of aptamer has been used for this assay in MHB (100 μL) and 106 cfu/mL bacterial. The growth of bacteria was assessed by measuring the absorbance at 600 nm for 16 h. The data shows that there is no effect on MRSA growth from aptamer probes. 
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Table 1. Two aptamer libraries used in this study.
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	Variable Region
	Library G

Primer Binding Sites





	
	5′ CTACACGACGCTCTTCCGATCT (-NNN-) AGATCGGAAGAGCGGTTCAGCA 3′



	-(30N)-
	G1 (74 bp)



	-(40N)-
	G2 (84 bp)
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