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ABSTRACT 

Platelet-derived growth factor-BB (PDGF-BB), a multifunctional growth factor secreted 

by platelets, endothelial and cancer cells, functions as an efficient and accurate 

biomarker. PDGF- BB has been employed in various therapeutic applications. Tuning its 

bioactivity via a specific binding ligand could enhance the PDGF-BB functionality. 

Aptamer, a single-stranded oligonucleotide that exhibits a selective binding to PDGF-BB, 

is the molecule of our interest. This research aims to evaluate the PDGF-BB aptamer 

binding by growth factor-coated particles. PDGF-BB-coated particles were confirmed by 

enzyme-linked immunosorbent assay (ELISA), and aptamer binding evaluation was 

investigated by flow cytometry. To optimize the condition for binding evaluation, the 

washing cycle and concentration of PDGF-BB, polystyrene particle (PS) and aptamer 

were studied using flow cytometer. Based on the flow cytometry results, the 

concentration of PDGF-BB showed an optimal level on the number of fluorescent 

particles. The percentage of fluorescent particles increased when the washing cycle was 

reduced, and the particle concentration was decreased. The percentage of fluorescent 

particles also increased proportionally with the aptamer concentration. Using a flow 

cytometer to detect fluorescent signal from growth factor-coated particle is a promising 

strategy to study biomolecular binding. 

  

 

 

 

 

 

 
 

 
INTRODUCTION 

Angiogenesis, the formation of new blood vessels, plays an important role in many 

normal and pathological conditions such as during the growth and healing of tissues 

[1]. However, there are certain conditions where angiogenesis is unbalanced, and 

causes abnormal blood vessel growth. This unbalanced process leads to diseases and 

disorders such as solid and hematological tumors, atherosclerosis, rheumatoid arthritis 

and psoriasis [2]. One of the growth factors that contributes to the progression of 

angiogenesis is the platelet-derived growth factor (PDGF) [3]. Major sources of PDGF 

are platelets, endothelial and cancer cells. This growth factor regulates cell division, 

proliferation, and survival by interacting with receptor tyrosine kinase called platelet-

derived growth factor receptor (PDGFR) [4]. In abnormal conditions, PDGF promotes 

tumor growth by autocrine stimulation of malignant cells, through overexpression or 

overactivation of PDGFR [5, 6]. Therefore, altering the bioactivity of PDGF using a 

specific binding ligand could be a strategy for treating cancer as well as other related 

disorders. Platelet-derived growth factor BB (PDGF-BB) is a member of PDGF. It 

exhibits a mitogenic activity that promotes cell division in a variety of cell types via its 
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receptor, PDGFR-. Both PDGF-BB and PDGFR-β are part of a ligand-tyrosine kinase 

receptor system that plays a significant role in angiogenesis [7, 8].  

The specific ligands that recently have drawn much attention are aptamers. Aptamers 

are single-stranded oligonucleotides that bind tightly and specifically to their targets; 

small molecules, biomacromolecules, viruses, and cells [9]. They are used as a 

recognition element in several systems [9]. Aptamer sequences are screened by a 

strategy named systematic evolution of ligands by exponential enrichment (SELEX) [10]. 

Aptamers carry many beneficial properties including high affinity, ease of modification, 

stable molecule, low immunogenicity, and target variety [11]. Furthermore, aptamers 

are used for several biological and biomedical applications such as cell labeling, cell 

separation, bio-related materials, and drug delivery systems [12-14].  

To effectively interrupt the binding interaction between PDGF-BB and its 

corresponding receptor, a platform for evaluating the specific binding ligands needs to 

be developed. In this regard, an aptamer that binds to PDGF-BB was chosen as a model 

molecule since it has been studied extensively. PDGF-BB aptamer shows promise in a 

variety of applications including biosensors and diagnostic tools and therapeutic agents 

[15, 16]. Recently, PDGF-BB aptamer has been developed to find applications in cancers 

such as breast [17], colon [18], and prostrate [19] cancer. In addition, the interaction of 

PDGF-BB aptamer has been characterized by computational simulation [20, 21], 

immunoassay [22], microcantiver [23],  and radiolabeled assay [20]. This research 

focused on developing PDGF-BB-coated particles for use in the evaluation of PDGF-BB 

aptamer binding. The binding was characterized by flow cytometry. The overall 

concept is presented in Figure 1. The effect of aptamer concentration, growth factor 

concentration, particle concentration, and washing step on binding signal were 

investigated. 

 

 

Figure 1. Concept for evaluation of aptamer binding. Polystrene particles (PS) are incubated with growth 

factor (PDGF-BB) to yield PDGF-BB-coated particles. The particles are further treated with fluorescence-

labeled aptamer (PDGF-BB aptamer). Then fluorescent signals from the treated particles are measured by a 

flow cytometer. 
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MATERIALS AND METHODS 

Materials  

Fluorescence-labeled PDGF-BB aptamers listed in Table 1 were purchased from 

Integrated DNA Technologies (Asia Pacific Production, Singapore). PS with an average 

diameter of 1.04 m were purchased from Spherotech (Lake Forest, Illinois). ELISA 

development kit for human platelet-derived growth factor subunit B (PDGF-BB) was 

purchased from R&D Systems (Minneapolis, Minnesota). Phosphate buffered saline 

(PBS) was purchased from Sigma-Aldrich (Saint Louis, Missouri). Tween 20 was 

purchased from Bio-Rad laboratories (Singapore). Fetal bovine serum (FBS) collected in 

South America was purchased from Capricorn Scientific (Ebsdorfergrund, Germany). 

 

Table 1. The sequence of fluorescence-labeled aptamers. 

Name Sequence (5’ → 3’) 

T32 AGG CTA CGG CAC GTA GAG CAT CAC CAT GAT CC 

T34 AGG CTA CGG CAC GTA GAG CAT CAC CAT GAT CCT G 

T36 ACA GGC TAC GGC ACG TAG AGC ATC ACC ATG ATC CTG 

T38 ACA GGC TAC GGC ACG TAG AGC ATC ACC ATG ATC CTG TG 

 

Characterization of polystyrene particles by flow cytometry  

To minimize the amount of PS used in flow cytometry, the particles were serially 

diluted by PBS ranging from 0.0078-0.25 mg/mL. Then the obtained particle 

suspensions were characterized by a flow cytometer (DxFLEX, Beckman Coulter). 

Signals from 10,000 counts were recorded.  

 

Feasibility of PDGF-BB coating    

PS (0.0050 mg/mL) was incubated with 1,000 pg/ml PDGF-BB at room temperature for 

30 minutes. After incubation, the mixture was centrifuged at 5,000 rpm for 5 minutes. 

PDGF-BB remained in supernatant was quantified by ELISA following the 

manufacturing’s protocol. In brief, 100 µL of capture antibodies with the concentration 

of 400 ng/mL were incubated in each well of ELISA strips for 2 hours. The well surfaces 

were further blocked by 300 µL of 0.05% w/v BSA for 2 hours. The wells were washed 

with 300 µL of PBS containing 0.05% Tween 20 for 3 times. Then, 100 µL of the 

solutions containing PDGF-BB standard, freshly prepared PDGF-BB, and the 

supernatant were transferred into the ELISA strips and then incubated for 2 hours. The 

strips were washed 3 times. After that, 100 µL of detection antibodies (400 ng/mL) were 

added, incubated for 2 hours, and then discarded. Thereafter, 100 µL of streptavidin-

horseradish peroxidase (HRP) were added to the wells, incubated for 30 minutes, and 

then discarded. Consequently, 100 µL of the substrate was added and incubated for 30 

minutes. Finally, 50 µL of stop solution was added. Subsequently, the optical density 

(OD) of the solutions was measured by the plate reader (Chameleon, Hidex). The λmax 

was set at 472 nm. The experiments were done in triplicate.  

 

Preparation of PDGF-BB-coated particles 

PS with the concentrations of 0.0078, 0.0039, and 0.0019 mg/mL were incubated with 

PDGF-BB at designated concentrations for 30 minutes. Next, the surface of polystyrene 

particles was blocked by incubating the particles with 0.075% w/v FBS for 60 minutes. 
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To obtain PDGF-BB-coated particles, the mixture was then centrifuged to separate, and 

the particles were washed with PBS twice.  

 

Investigation of PDGF-BB aptamer binding  

PDGF-BB-coated particles with the designated concentrations were incubated with 50, 

100, and 200 nM fluorescence-labeled PDGF-BB aptamer (T38) for 30 minutes. The 

suspensions were centrifuged to separate the particles from the buffer twice. Finally, 

the fluorescent signal from the particle was determined using the flow cytometer. The 

detected fluorescence was set at 525 nm (FITC channel). For control experiments, T38 

sequence was replaced by T32 sequence serving as a non-binding molecule. The 

experiments were done in triplicate. The percentage of fluorescent particles was 

determined by setting the gating line at fluorescence intensity greater than 700 arbitrary 

units (au). 

 

Statistical analysis 

The means and standard deviation (SD) of each experiment were calculated based on 

triplicate datasets. Student’s t-test was used to determine a significant difference 

between the means of two datasets. Statistical significance was set at *P <0.05. 

 

RESULTS 

Characteristics of polystyrene particle investigated by flow cytometry 

Flow cytometric analysis is achieved by moving particles through a laser beam, and 

light that emerges after each pass is captured. When acquiring data on the flow 

cytometer, a forward scatter (FSC) and side scatter (SSC) signal from the particles are 

recorded. FSC describes the size of particles and SSC describes the granularity of 

particles [24]. 2D scatter plots of polystyrene particles at different concentrations 

showed no change upon decreasing the particle concentration (Figure 2A). To gather 

more detailed information, histograms of fluorescent signals (Figure 2B) which 

described the fluorescence intensity of the particles were collected. The x-axis shows 

fluorescence intensity, and the y-axis shows the count or number of particles in the 

sample. Similarly, with the scatter plot, different concentrations of polystyrene did not 

affect the fluorescence histogram. Hence, to save costs, the minimum concentration of 

polystyrene particles for further investigation was 0.0078 mg/mL as there was no 

difference in the signal.  

To test the hypothesis that PDGF-BB could be coated onto PS, the growth factor was 

incubated with the particles for 30 minutes.  After the incubation, the amount of PDGF-

BB left in the solution was quantified by ELISA.  The results showed that PDGF-BB in a 

freshly prepared solution was approximately four times higher than that in the 

supernatant (Figure 3). The majority of PDGF-BB was therefore coated on PS. After 

coating, the binding recognition of this growth factor toward PDGF-BB aptamer was 

further investigated.  As reported in previous studies the coating of proteins onto 

polymeric substrates such as polystyrene, polyvinyl chloride, and polypropylene shows 

successful applications in ELISA since the coated proteins which are antigens or 

antibodies maintain their binding functionality to a specific target [25, 26]. 
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Figure 2. Unmodified PS investigated by flow cytometry A) 2D scatter plot demonstrates FSC and SSC 

signals from PS and B) A histogram demonstrates fluorescence signal acquired from PS. The concentrations of 

PS are 1) 0.25, 2) 0.125, 3) 0.0625, 4) 0.03125, 5) 0.0156, and 6) 0.0078 mg/mL. 

 

http://www.bsmiab.org/jabet


248 

 

www.bsmiab.org/jabet 

 

Sukcharoen et al., J Adv Biotechnol Exp Ther. 2023 Jan; 6(1): 243-253 

 

Figure 3. Quantified amount of PDGF-BB in freshly prepared solution (PDGF-BB) and the post incubated 

solution (supernatant) after the separation of PDGF-BB-coated particles. 

 

Effect of washing step  

PDGF-BB-coated particles were incubated with T38 and T32 aptamer and then washed 

with buffer solution for 2, 5 and 7 cycles before collecting flow cytometry data. Flow 

cytometry histogram (Figure 4A) presented fluorescent signals from tested particles at 

different washing cycles. The particles treated with T38 aptamer showed a fluorescence 

shift toward the right-hand side of the horizontal axis, in comparison to the control 

experiments which were untreated and T32 aptamer-treated particles. The fluorescence 

shift indicated the binding ability of T38 aptamer. As depicted in Figure 4B, the 

percentage of fluorescent particle intensity decreased when increasing the washing 

cycle, because the fluorescence-labeled aptamers that bind specifically to the particles 

were washed away in each washing cycle. Therefore, the particles treated with the T38 

aptamer with 2 cycles of washing exhibited the highest percentage of fluorescent 

particles.  

 

 

Figure 4. Effect of washing step on detected fluorescence intensity. A) flow cytometry histogram. A legend 

indicates number of washing cycle and aptamer sequences applied in each tested particle.   B) Percentage of 

fluorescent particle. The values are presented as mean ± SD, n = 3, *P < 0.05. 

 

Effect of PDGF-BB concentration on aptamer binding ability 

The concentration of PDGF-BB was another parameter that had an impact on aptamer 

binding ability. Flow cytometry histogram (Figure 5A) presented a fluorescence 

intensity on varying concentrations of PDGF-BB: 50, 100, and 500 ng/mL. The particles 

treated with T38 aptamer exhibited fluorescence shift in comparison to the untreated 

and particles treated with T32 aptamer. Thus, T38 aptamer has binding ability toward 

PDGF-BB-coated particles. The percentage of fluorescent particles for the samples that 
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had been treated with 50, 100, and 500 ng/mL of PDGF-BB was shown in Figure 5B. The 

PS treated with 100 ng/ml of PDGF-BB emitted more fluorescence than the particles 

treated with 50 and 500 ng/mL of the growth factor. This indicated the optimal level of 

PDGF-BB for coating. At 50 ng/mL of PDGF-BB, the PS was not coated by this growth 

factor efficiently resulting in less detected fluorescent signal. Whereas a higher amount 

of PDGF-BB used for PS coating could result in either unbound or detached growth 

factors remaining in the particle suspension, leading to fewer available aptamers on the 

PS. Consequently, the detected fluorescent signal was low.  

 

 

Figure 5. Effect of PDGF-BB concentration on detected fluorescence intensity. A) flow cytometry histogram. A 

legend indicates PDGF-BB concentration and aptamer sequences that have been used to treat the particles.   B) 

Percentage of fluorescent particle. The values are presented as mean ± SD, n = 3, *P < 0.05. 

 

Effect of particle concentration  

After aptamer incubation, fluorescent signals of PS at concentration of 0.0078, 0.0039 

and 0.00195 mg/mL was recorded (Figure 6A). In comparison to the control 

experiments, PS treated with T38 aptamer exhibited a shift in fluorescent signals 

indicating the aptamer binding. By fixing the amount of PDGF-BB and varying the 

amount of PS, the mean percentage of fluorescent particles increased as the 

concentration of PS decreased (Figure 6B). This indicated less availability of PDGF-BB 

coated on PS upon increasing the number of particles. Moreover, the 0.00195 mg/ml PS 

had the highest fluorescence intensity percentage, and this PS concentration would be 

suitable for verification of PDGF-BB aptamer binding in further experiments.  

 

 

Figure 6. Effect of PS concentration on detected fluorescence intensity. A) flow cytometry histogram.  A 

legend indicates the particle and aptamer sequences applied in each tested sample.  B) Percentage of 

fluorescent particle. The values are presented as mean ± SD, n = 3, *P < 0.05. 
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Effect of aptamer concentration 

The histogram (Figure 7A) demonstrated a fluorescence intensity of PS at designated 

concentrations of aptamer: 50, 100, and 200 nM. When compared to the untreated and 

T32-treated particles, PS treated with T38 aptamer exhibited a fluorescence shift.  The 

percentage of fluorescent particles increased proportionally with the aptamer 

concentration (Figure 7B). At 200 nM T38 aptamer, the fluorescence percentage was the 

highest level for the experiment condition. This led us to use the 200 nM aptamer for 

the evaluation of the aptamer binding since it might yield a distinguishable fluorescent 

signal. 
 

Figure 7. Effect of aptamer concentration on detected fluorescence intensity. A) flow cytometry histogram. A 

legend indicates aptamer concentration and aptamer sequences that have been used to treat the particles. B) 

Percentage of fluorescent particle. The values are presented as mean ± SD, n = 3, *P < 0.05. 

 

Investigation of PDGF-BB aptamer binding 

The experiment was further carried out to examine the binding of four aptamer 

sequences reported in our previous work. The optimal conditions of the washing cycle, 

concentration of PDGF-BB, concentration of polystyrene particles, and concentration of 

aptamer for the experiment were 2 cycles, 100 ng/mL, 0.0078 and 0.00195 mg/mL, and 

200 nM, respectively. At both concentrations of PS, the percentage of fluorescent 

particles treated with T34, T36 and T38 aptamer was greater than that treated with T32 

aptamer and untreated particles (Figure 8). This indicated that T34, T36 and T38 

aptamer inherited binding ability toward PDGF-BB. Moreover, the binding ability of 

T36 and T38 sequences was distinctive, while that of T34 sequence was moderate, and 

T32 sequence showed no binding. The findings agreed with the previous works. 
 

 

Figure 8. Percentage of fluorescent particles determined from PS that has been treated with designated 

aptamer sequences; T32, T34, T36 and T38. The values are presented as mean ± SD, n = 3, *, **P < 0.05.  
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DISCUSSION 

The molecule of our interest is PDGF-BB aptamer which originally contains 86 

nucleotides. It demonstrates specific binding with a dissociation constant (KD) of 10-10 M 

[27]. This aptamer shows promise in several applications. For cancer application, 

PDGF-BB aptamer had an anti-proliferation effect on colorectal cancer cells, since the 

aptamer could down-regulate ERK1/2 signaling pathway [16].  Combinational 

treatment of PDGF-BB aptamer and Taxol, a chemotherapy drug, could enhance 

antitumor effect of chemotherapy in tumor stroma [6]. Afterward, a molecular hybrid 

composed of PDGF-BB aptamer, nucleolin aptamer, cholesterol, and doxorubicin 

exhibited key characteristics from each integrated species. It is a promising platform for 

colon cancer treatments [18]. In diagnosis, PDGF-BB aptamer has been used to be a 

probe for highly sensitive and selective detection [28]. In drug delivery systems, 

programmable protein release systems utilizing aptamer-functionalized hydrogel have 

been reported [29, 30]. In addition, our previous work has demonstrated that ELISA 

coupled with DNA hybridization was a promising strategy for studying the binding 

interaction of PDGF-BB aptamer [22]. This inspired us to extend the usage of 

polystyrene material for growth factor immobilization and use it for aptamer binding 

characterization. The characterization platform was designed to detect a signal from 

growth factor-coated particles using a flow cytometer. 

A wide range of research including immunology, cell biology, pathology, and 

microbiology, use flow cytometry to accomplish cellular investigations such as 

immunophenotyping, DNA analysis, apoptosis, and cell sorting [31-33]. The flow 

cytometer has the capability to characterize suspended particles. In literature, the flow 

cytometer was used to screen aptamers binding to ciprofloxacin. The procedures were 

carried out by immobilizing DNA library onto PS and sorting the particles by the flow 

cytometer [34]. In addition, flow cytometry was used to confirm that PS was 

successfully functionalized with PDGF-BB aptamer [35, 36]. Furthermore, a magnetic 

nanogel comprising of liposome, cholesterol-bearing pullulan, and iron oxide 

nanoparticles was developed for drug delivery application, and one of the key 

characterizations for this nanogel system was a flow cytometer. The flow cytometric 

results indicated that the formation of the nanogel was reversible [37]. 

 

CONCLUSION 

To conclude this work, PDGF-BB-coated particles were successfully prepared. The 

conditions for optimization including washing cycle, and concentration of PDGF-BB, PS, 

and aptamer were studied. Based on the flow cytometry results, the number of 

fluorescent particles increased when decreasing PS concentration and the washing cycle. 

The PDGF-BB concentration showed optimal value on the fluorescent signals. The 

number of fluorescent particles increased proportionally with the aptamer 

concentration. Aptamer binding investigation confirmed that T34, T36, and T38 

aptamer had the binding ability to PDGF-BB. The growth factor-coated particle coupled 

with flow cytometry is a promising and alternative strategy for evaluating biomolecular 

binding. 
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