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Aim: Aptamers are oligonucleic acid or peptide molecules that bind to a specific target molecule in cells, thus may act as effective 
vehicles for drug or siRNA delivery.  In this study we investigated the DNA aptamers that target human glioblastoma multiforme (GBM) 
cells overexpressing epidermal growth factor receptor variant III (EGFRvIII), which was linked to radiation and chemotherapeutic 
resistance of this most aggressive brain tumor.
Methods: A 73-mer ssDNA library containing molecules with 30 nt of random sequence flanked by two primer hybridization sites was 
chosen as the initial library.  Cell systematic evolution of ligands by exponential enrichment (Cell-SELEX) method was used to select the 
DNA aptamers that target EGFRvIII.  The binding affinity of the aptamers was measured using a cell-based biotin-avidin ELISA.
Results: After 14 rounds of selection, four DNA aptamers (32, 41, 43, and 47) that specifically bound to the EGFRvIII-overexpressing 
human glioma U87Δ cells with Kd values of less than 100 nmol/L were discovered.  These aptamers were able to distinguish the U87Δ 
cells from the negative control human glioma U87MG cells and HEK293 cells.  Aptamer 32 specifically bound to the EGFRvIII protein 
with an affinity similar to the EGFR antibody (Kd values of aptamer 32 and the EGFR antibody were 0.62±0.04 and 0.32±0.01 nmol/L, 
respectively), and this aptamer was localized in the cell nucleus.
Conclusion: The DNA aptamers are promising molecular probes for the diagnosis and treatment of GBM. 
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Introduction
Glioblastoma multiforme (GBM) is the most aggressive form 
of brain tumor in adults, and its median survival time is less 
than 12 months[1].  The intrinsic ability of GBM tumor cells to 
invade normal brain tissue prevents complete surgical eradica-
tion and results in early local recurrence and mortality in GBM 
patients.  Epidermal growth factor receptor (EGFR) is the first 
cell-surface tyrosine kinase receptor that has been shown to 
be amplified and mutated in GBM.  The most common form 
of EGFR mutation is variant III (EGFRvIII), which has an in-
frame deletion of 801 bp.  EGFRvIII has also been detected in 

other cancers, such as lung cancer, but has not been detected 
in the corresponding nonmalignant tissues[2–4].  EGFR amplifi-
cation is often accompanied by the up-regulation of EGFRvIII 
expression, which is associated with poor overall survival in 
GBM patients[5].  Additionally, the expression of EGFRvIII 
promotes GBM cell motility in vitro[6].  Immunohistochemi-
cal and reverse transcription polymerase chain reaction (RT-
PCR) analyses have demonstrated that increased expression of 
the constitutively active EGFRvIII occurs in 30%–60% of GBM 
patients, while no expression of this mutant is observed in the 
normal adult brain or any other normal tissues[7, 8].  Therefore, 
EGFRvIII is a good therapeutic target for the treatment of 
GBM.  

Antibodies that specifically recognize EGFR and induce 
rapid apoptosis have been designed and can efficiently kill 
tumor cells when coupled to cytotoxic reagents[9, 10].  How-
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ever, these antibodies can also lead to many unpleasant and 
unavoidable side effects.  Given the limitations of antibody 
techniques, DNA aptamers may be a good alternative therapy.  
Aptamers selected by adherent cell systematic evolution of 
ligands by exponential enrichment (Cell-SELEX) exhibit very 
high selectivity for their targets[11–13].  Liu and colleagues[14] 
reported that aptamers can directly target the biogenesis and 
maturation of proteins, suggesting that aptamers may be 
potent inhibitors of stable proteins.  Graham and Zarbl[15] vali-
dated the ability of aptamers to preferentially recognize highly 
tumorigenic cancer cell lines from non-tumorigenic cancer 
cell line revertants.  A nuclease resistant RNA-aptamer that 
specifically binds EGFR has also been reported, and when this 
aptamer is applied to EGFR-expressing cancer cells, it inhibits 
EGFR-mediated signaling pathways, resulting in selective cell 
death[13].  The ability of aptamers to distinguish small differ-
ences in cell-surface antigens indicates the great potential of 
using the Cell-SELEX approach for the selection of new bio-
markers to identify and isolate subpopulations of various can-
cer stem cells.  In addition to specific target recognition[16, 17], 
aptamers can be designed to target a desired region or in a 
sequential manner to refine their functions[18, 19].  They also pos-
sess several advantages over naturally occurring antibodies[20], 
including the ease of synthesis, their stability under standard 
conditions, a lack of immunogenicity, rapid tissue penetration, 
and the ease of immobilization and modification on chemical 
devices.

In this study, we selected aptamers from live cell lines 
overexpressing a target receptor.  DNA aptamers targeting 
the U87Δ cell line, which expresses EGFRvIII, were further 
investigated to determine whether these anti-EGFRvIII aptam-
ers could specifically recognize and bind to EGFRvIII on the 
surface of U87Δ cells.  A biotin-avidin enzyme-linked immu-
nosorbent assay (BA-ELISA) method was used to measure the 
binding affinity of the aptamers.  

Materials and methods
Cell culture
Human glioma U87MG, U87Δ, and HEK293 cell lines were 
cultured in Dulbecco’s modified Eagle’s medium (DMEM) 
supplemented with 10% fetal bovine serum (FBS) and were 
grown in a 95% air, 5% CO2 incubator at 37 °C.  The U87Δ cell 
line was obtained from Dr Webster CAVENEE (Ludwig Can-
cer Institute, San Diego, CA, USA), and this cell line has been 
previously described[21].

Random library and primers 
The synthetic ssDNA library consisted of random 30 nt 
sequences flanked by the following primer hybridization 
sites[22]: 5′-GCAATGGTACGGTACTTCC-(N30)-CAAAAGTG-
CACGCTACTTTGCTAA-3′.

Double-stranded DNA (dsDNA) was synthesized using 
the sense and antisense strand primers P1 (5’-GCAATGG-
TACGGTACTTCC-3’) and P2 (5’-TTAGCAAAGTAGCGTG-
CACTTTTG-3’), respectively.  The ssDNA was synthesized 
by using the sense strand primer (P1 5’-GCAATGGTACG-

GTACTTCC-3’) and the structured 3’ antisense strand primer 
(P3 5’-GCTAAGCGGGTGGGACTTCCTAGTCCCACCC-
GCTTAGCAAAGTAGCGTGCACTTTTG-3’).  All sequences, 
including the fluorescein isothiocyanate- (FITC-) and biotin-
labeled ssDNA, were synthesized by Invitrogen (Carlsbad, 
CA, USA).

Cell-SELEX procedures 
The subtractive SELEX strategy was performed as previ-
ously described[23], with a few modifications (Table 1).  From 
the fourth round of selection, ssDNA that did not bind to the 
U87MG cells were incubated with the U87Δ cells.  Prior to 
each round, ssDNA was denatured by incubation at 95 °C for 
5 min, then rapidly cooled on ice for 10 min.  The denatured 
ssDNA library (2500 pmol for the initial round) was incubated 
with 2×106 adherent cells at 37 °C for 1 h in binding buffer (0.1 
mg/mL salmon sperm DNA, 5 mmol/L MgCl2, 0.45% glucose, 
and 1% bovine serum albumin [BSA] in phosphate-buffered 
saline [PBS]).  Unbound ssDNA was washed away with wash-
ing buffer (5 mmol/L MgCl2 and 0.45% glucose in PBS), and 
the bound ssDNA was scraped and incubated at 95 °C for 15 
min; the supernatant was then obtained by centrifugation at 
8000×g for 10 min.

Preparation of ssDNA 
ssDNA molecules of unequal length were produced by PCR 
using primers P1 and P3.  The PCR mixture (100 µL) contain-
ing 10 µL 10×PCR buffer, 0.2 mmol/L dNTPs, 1 µmol/L each 
primer, 20 nmol/L template, and 2.5 U Taq DNA polymerase 
was incubated at 95 °C for 1 min, 37 °C for 30 s, and 58 °C for 
40 s for 30 cycles, followed by a final extension at 58 °C for 5 
min.  The PCR products of unequal length were analyzed by 
electrophoresis in a 10% polyacrylamide-7 mol/L urea gel, and 
the lower band of interest was purified from the gel for the 
next round of selection[24].  Following the addition of elution 

Table 1.  The screening conditions about cell-SELEX.

 Cycle	  Cell         ssDNA pool   Salmon sperm     Incubate         Washing
                 density	   (pmol)	      DNA (µg/µL)    time (min)	     times 
 
	   1	 2×106	 3000	 0.05	 60	 1 min×3 
	   2	 1×106	   800	 0.1	 40	 2 min×3
	   3	 4×105	   200	 0.1	 40	 3 min×3
	   4	 4×105	   150	 0.1	 40	 2 min×4
	   5	 4×105	   150	 0.1	 30	 2 min×4
	   6	 4×105	   100	 1	 30	 2 min×5
	   7	 4×105	     80	 1	 30	 2 min×5
	   8	 4×105	   100	 1	 30	 2 min×5
	   9	 4×105	   100	 1	 30	 2 min×5
	10	 4×105	   100	 1	 30	 2 min×5
	11	 2×105	   100	 1	 30	 2 min×5
	12	 2×105	   100	 1	 30	 2 min×6
	13	 2×105	   100	 1	 30	 2 min×6
	14	 2×105	   100	 1	 30	 2 min×6
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buffer [0.5 mol/L ammonium acetate, 0.2% sodium dodecyl 
sulfate (SDS), 1 mol/L EDTA (pH 8.0)], ssDNA was recovered 
from the solution by ethanol precipitation (3 mol/L sodium 
acetate, 1 mol/L MgCl2 in 100% ethanol) and allowed to settle 
for 24 h at -20 °C.  The resulting sample was centrifuged, and 
the pellet was rinsed twice with 70% ethanol and allowed to 
dry.  
 
Observation of the interactions between aptamers and cells by 
fluorescence microscopy
The cells were cultured in 48-well plates and grown for 24 h.  
The cells were then rinsed once with PBS and incubated with 
5′-FITC-labeled ssDNA from the initial library in binding buf-
fer (0.1 mg/mL salmon sperm DNA, 5 mmol/L MgCl2, 0.45% 
glucose, and 1% BSA-PBS) at 37 °C for 40 min on a shaker at 
30–40 r/min.  The attached cells were fixed with 4% parafor-
maldehyde (PFA) for 15 min, and the fixed cells were then 
rinsed three times with PBS and incubated with 4’,6-diamid-
ino-2-phynylindole (DAPI).  The cell-bound aptamers were 
imaged using a fluorescence microscope (Olympus, Japan) 
with a 40×objective.

Imaging of cell-aptamer complexes
The cells were cultured in chamber slides and grown for 24 h.  
The cells were then rinsed once with PBS and incubated with 
the 5′-FITC-labeled aptamers in binding buffer at 37 °C for 
40 min on a shaker at 30–40 r/min.  The attached cells were 
rinsed with PBS, fixed with 4% PFA, rinsed with PBS, and 
then incubated with VECTASHIELD mounting medium con-
taining DAPI (Vector Laboratories Inc, Burlingame, CA, USA).  
The cell-bound aptamers were then imaged using a confocal 
microscope with a 40×objective.

Flow cytometry assays 
The 5′-FITC-labeled aptamer candidates were incubated with 
5×105 cells at 37 °C for 40 min on a shaker at 30–40 r/min.  The 
attached cells were washed twice with 500 μL washing buffer 
(0.1 mg/mL sperm DNA, 5 mmol/L MgCl2, 0.45% glucose, 
PBS) and resuspended in 300 μL binding buffer.  The fluo-
rescence intensity was determined by counting 10 000 events 
using a FACScan cytometer (Becton Dickinson, Franklin 
Lakes, NJ, USA).  The experimental data were analyzed with 
the Flowjo 7.6.1 software (TreeStar Inc, Ashland, USA).

Biotin-avidin enzyme-linked immunosorbent assay (BA-ELISA) for 
binding affinity analysis
ssDNAs from each round were labeled with biotin by PCR.  
The U87Δ cells were plated in 96-well plates (Corning, Corn-
ing, NY, USA) at a density of 1×104 cells per well.  The wells 
were then washed with PBS and fixed with 4% PFA for 15 
min.  The cells were washed three times with PBST (0.01% 
Tween 20 in PBS, pH 7.4) and blocked with 3% BSA in PBST at 
room temperature for 2 h.  After washing, various concentra-
tions of 5′-biotinylated aptamers were denatured at 95 °C for 
10 min, immediately put on ice, and added to the wells of the 
96-well plate; the cells were incubated at 37 °C for 40 min.  The 

bound aptamers were detected using streptavidin-conjugated 
horseradish peroxidase (Streptavidin-HRP, 1:1000 in PBS; 
Sigma, St Louis, MO, USA).  The color-developing reaction 
was initiated by the addition of TMB solution and terminated 
by the addition of 2 mol/L H2SO4.  The absorbance of each 
well was measured at 450 nm using a VICTORX3 multilabel 
plate reader (Perkin Elmer, Waltham, MA, USA).  The appar-
ent equilibrium dissociation constant (Kd) for each aptamer 
were determined by nonlinear regression for one-site binding 
according to the equation: Y=Bmax*X/(Kd+X).  This analysis 
was performed using the SigmaPlot 12.0 software.  The mean 
absorbance of the duplicate samples for each aptamer concen-
tration was used to plot the binding curve.

Pull-down assays using streptavidin-magnetic beads
The U87Δ cell lysates were quantified using the bicinchoninic 
acid assay with 600 μg of total protein per sample.  Strepta-
vidin-coated magnetic beads (Promega, Madison, WI, USA) 
were incubated with the 5′-biotinylated aptamers for 1 h.  
The negative control was incubated without aptamers.  After 
washing, the protein was added to the bead-biotin-aptamer 
mixture, and the beads were separated from the solution using 
a magnetic shelf.  To eliminate nonspecific protein adsorp-
tion, the beads were washed with PBS five times for 5 min 
each.  After washing, the resulting samples were dissolved in 
approximately 50 μL of 2×SDS loading buffer and were evalu-
ated by Western blot analysis.

Western blot analysis
After washing, the resulting samples were dissolved in 
approximately 50 µL of 2XSDS loading buffer and were sepa-
rated by 8% SDS-polyacrylamide gel.  Separated proteins in 
the gels were electrophoretically transferred onto polyvinyli-
dene fluoride (PVDF) membrane at 320 mA for 3 h.  Then 
the PVDF membrane was blocked with 5% skim milk in TBS 
containing 0.05% Tween 20.  After washing the membrane 
with TBS-T, EGFR antibody diluted in TBS-T containing 0.5% 
BSA, was added and incubated for overnight at 4 °C.  The 
bound antibodies were detected by horseradish peroxidase-
conjugated anti-rabbit Ig secondary antibody followed by ECL 
detection system. 

Statistical analysis
Date are reported as mean±SEM. The differences among 
groups were determined by one-way ANOVA using SPSS13.0.

Results 
Aptamer candidates for U87Δ cells selected by cell-SELEX
Cultured U87Δ cells were used as the target for the aptamer 
selection while U87MG cells were used as a negative control 
(Figure 1).  U87MG cells were from the fourth round to reduce 
the collection of DNA sequences that could bind to common 
surface molecules present on both cell types.  After multi-
round selection, target-cell-specific aptamer candidates were 
enriched.  The progress of the selection process was moni-
tored using a biotin-avidin based ELISA method (BA-ELISA).  
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ssDNA from each round were labeled with biotin by PCR 
and incubated with the U87Δ and U87MG cells.  Significant 
increases in the optical density of the U87Δ cells indicated that 
the DNA probes specifically recognized unique surface tar-
gets on the U87Δ cells, and these aptamers were then selected 
(Figure 2).  However, apparent enrichment of DNA binding to 
the control cells was also observed; this may be due to the lack 
of specific adsorption of the U87MG cells.  We chose to clone 
and sequence the 14th round ssDNAs.  Of the 18 aptamer can-
didates, 9 sequences appeared twice.  Among these 9 different 
sequences, 4 were randomly chosen for further studies (under-
lined in Table 2).  Additionally, the base group T was enriched 
in the random regions, perhaps because the T base can main-
tain the stability of DNA.

Specificity of the aptamers for the U87Δ cells 
Binding assays using flow cytometry and BA-ELISA were 
performed to assess the affinity of the selected sequences for 
the target cells.  FITC-tagged or biotin-labeled DNA sequences 
were incubated with U87Δ, U87MG, or HEK293 cells, and 
the aptamers that specifically bound to the U87Δ cells were 
observed by fluorescence microscopy (Figure 3A).  Addition-
ally, confocal imaging was use to observe the cellular local-
ization of the aptamers (Figure 3B).  We found that the FITC 
fluorescence of aptamers 41, 43, and 32 appeared to be local-
ized within the nuclei, whereas aptamers 41 and 43 were also 

present in the cytoplasm.  The transportation of the aptamers 
into the cells may have occurred through endocytosis[25, 26]; 
therefore, we hypothesized that some of these aptamers may 
recognize EGFRvIII.  Aptamer 47 also localized to the cell 
surface.  Flow cytometry analysis demonstrated that all four 
aptamers specifically bound to the U87Δ cell line (Figure 3C).

The cell-SELEX method generated high-affinity molecular probes 
for the target cells
BA-ELISA showed that the Kd value of the initial library was 
higher than the other aptamers, meaning that aptamers 41, 43, 
47, and 32 were specific for the U87Δ cell line and bound with 
a high affinity.  Aptamer 32 (Kd=0.62±0.04 nmol/L, R=0.9957) 
had an affinity similar to the EGFR antibody (Kd=0.32±0.01 
nmol/L, R=0.9989), which was used as a positive control.  The 
Kd values of all four aptamers were less than 100 nmol/L, 
proving that the selected aptamers had high binding affinities 
for the U87Δ cells (Figure 4A).

Table 2.  Sequences of aptamer candidates.

            No	                             Aptamer sequences (random region) 
 
	 29/76	 5′-TCTATCTTTTTTTCGTTGATGTTTTGTTCT-3′
	 32/71	 5′-TGAATGTTGTTTTTTCTCTTTTCTATAGTA-3′
	 43/88	 5′-GTCATCAGCTTGTGATGTGGATGCGAACTG-3′
	 22/41	 5′-TTTTGTTGTTTTTTTTCTGTATTTATCGAT-3’
	   9/10	 5′-CTACTTATTGTTATTATGATTGGTAGTGTT-3′
	 37/62	 5′-TTATTTATTTCTGGAAGTAATGATTGTTTG-3’
	 40/45	 5′-ATTTGTCTTCTTATGATTTGTTTGTTCCTT-3′
	 55/58	 5′-TTTGTGATTTTTTGGTTGTTATTTTTTTTC-3′
	 47/13	 5′-TCTATTCAATGTTTAATTTTGTGATTTGTA-3′

Figure 1.  Schematic representation of adherent cell-based aptamer 
selection.  Briefly, the ssDNA pool was incubated with U87MG cells 
(negative control) for counter selection.  Unbound DNA was then 
incubated with U87Δ cells (target cells).  After washing, the bound DNA-
cell complexes were scraped and eluted by heating to 95 °C.  Following 
centrifugation, the supernatant was collected, and the selected DNA was 
amplified by PCR.  PCR products were separated into ssDNA for next-round 
selection or cloned and sequenced for aptamer identification in last-round 
selection.

Figure 2.  ELISA to monitor the binding of selected pools to U87Δ cells 
and U87MG cells.  The optical density was measured at 450 nm using a 
VICTORX3 Multilabel plate reader.  For U87Δ cells, there was an increase 
in binding capacity of the pool as the selection progressed (n=3) (bP<0.05 
vs the primary library), while little change was observed in the control 
cells.  The data was analysed by one-way ANOVA.  
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Aptamer 32 targeted EGFRvIII
To determine whether the aptamers targeted the EGFRvIII 
molecule, pull-down assays were performed using the bio-
tinylated aptamer 32.  We observed that EGFRvIII from the 
U87Δ cells was able to interact with aptamer 32.  As a control, 
cell lysates were incubated with the initial library or without 
aptamers to eliminate the possibility of nonspecific binding of 
the streptavidin-magnetic beads (Figure 4B).  

Discussion
Recently, many groups have reported that aptamers selected 
using live cells can be used to identify a specific cell type.  
However, the number of aptamers that can bind a defined 
receptor within a complex target can be very small.  By using 
the cell-SELEX method with an appropriate target cell and 
control cell populations (eg, cells with different protein expres-
sion levels or protein conformations), multiple aptamers that 
recognize a specific membrane protein on the target-positive 
cells can be selected.  We found that DNA aptamer 32 can 
bind EGFRvIII, which suggests that aptamer 32 could be used 
as an alternative to an antibody in the detection of EGFRvIII.  
Because aptamers can bind to specific target proteins with high 
affinity, they have been referred to as “chemical antibodies”[27].  
It is worth noting that DNA aptamers are easily synthesized, 

while antibody generation relies on animal immune systems.  
Additionally, aptamers are more stable than antibodies, which 
makes them useful in disease diagnosis, including cancer[28] .

Recently, researchers have developed a series of aptamers 
through whole-cell SELEX that tightly bind to human glioma 
cells.  Among these aptamers, GBM128 and GBM131 that 
targeted the cultured human glioblastoma cell line U118-MG 
were selected by Kang[11].  Clinical tissues were also tested, 
and the results showed that these two aptamers can bind to 
different clinical glioma tissues but not to normal brain tis-
sues.  It has been reported that the GMT-8 aptamer has the 
highest binding affinity for U87 cells[29].  Aptamers that target 
GBM cells may serve as effective ligands for GBM targeted 
therapy that may improve drug accumulation and enhance 
tumor penetration.  In this study, we chose the GBM cell line-
U87Δ, which overexpresses EGFRvIII, as a positive target, and 
aptamers that specifically bound U87Δ cells were screened by 
cell-SELEX.  Some aptamers identified U87Δ cells by binding 
the EGFRvIII protein, which is overexpressed on the cell mem-
brane.

Aptamers 41, 43, and 32 were found to localize in the nuclei.  
However, the localization mechanism by which these aptam-
ers localize to the nuclei remains unclear.  It is possible that 
these aptamers could be used as carriers to deliver chemical 

Figure 4.  Aptamers had high binding affinities with U87Δ cells specifically.  (A) Binding curves of aptamers 43, 41, 47, and 32.  The Kd values of all 
four aptamers were less than 100 nmol/L.  This result proved that the selected aptamers had high binding affinities for U87Δ cells.  (B) Identification of 
binding affinity between biotin-aptamer 32 and EGFRvIII protein by Western blot analysis.  Lanes (left to right): (1) no aptamer control; (2) biotin-aptamer 
32; (3) initial library control.  Samples were incubated with streptavidin-magnetic beads respectively, and the complexes were incubated with U87Δ cell 
lysates.  EGFR antibody was used to detect whether the complex could bind EGFRvIII protein.
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drugs or siRNAs to the target cells[30, 31].  Chu and colleagues[32] 
performed an experiment in which the anti-prostate-specific 
membrane antigen aptamer A9, which binds to prostate 
tumor cells, was coupled to siRNA via a modular streptavidin 
bridge, and they showed that the attached siRNA molecule 
could inhibit gene expression.  Chu and colleagues demon-
strated that aptamers can mediate the delivery of siRNA if 
these aptamers can be endocytosed by a cell-surface marker 
receptor.  In conclusion, our aptamers may be useful for the 
treatment of GBM, and we are currently conducting additional 
studies to investigate this possibility.
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