
Elucidation of the effect of aptamer
immobilization strategies on the interaction
between cell and its aptamer using atomic
force spectroscopy
Qing Wang, Bianxia Luo, Xiaohai Yang*, Kemin Wang*, Lin Liu,
Shasha Du and Zhiping Li

The immobilization strategy of cell-specific aptamers is of great importance for studying the interaction between a
cell and its aptamer. However, because of the difficulty of studying living cell, there have not been any systematic
reports about the effect of immobilization strategies on the binding ability of an immobilized aptamer to its target
cell. Because atomic force spectroscopy (AFM) could not only be suitable for the investigation of living cell under
physiological conditions but also obtains information reflecting the intrinsic properties of individuals, the effect
of immobilization strategies on the interaction of aptamer/human hepatocarcinoma cell Bel-7404 was successively
evaluated using AFM here. Two different immobilization methods, including polyethylene glycol immobilization
method and glutaraldehyde immobilization method were used, and the factors, such as aptamer orientation,
oligodeoxythymidine spacers and dodecyl spacers, were investigated. Binding events measured by AFM showed
that a similar unbinding force was obtained regardless of the change of the aptamer orientation, the immobilization
method, and spacers, implying that the biophysical characteristics of the aptamer at the molecular level remain
undisturbed. However, it showed that the immobilization orientation, immobilization method, and spacers could al-
ter the binding probability of aptamer/Bel-7404 cell. Presumably, these factors may affect the accessibility of the
aptamer toward its target cell. These results may provide valuable information for aptamer sensor platforms includ-
ing ultrasensitive biosensor design. Copyright © 2015 John Wiley & Sons, Ltd.
Additional supporting information may be found in the online version of this article at the publisher’s web site.
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INTRODUCTION

Sensitive and specific identification of cancer cells is of great
importance to achieve early diagnosis and accurate therapy for
cancer (Balic et al., 2013; Schwarzenbach et al., 2014). Recently,
owing to their high binding affinity, high specificity, non-toxicity,
easily modified chemical structure, and wide range of targets,
aptamers have shown great potential for the application of can-
cer cell recognition (Fang and Tan, 2009; Tan et al., 2013). As rec-
ognition probes, aptamers are usually immobilized on a solid
surface. To maintain the binding affinity and specificity that
the aptamer displays in solution, immobilization strategy of
aptamer is very important (Balamurugan et al., 2008; Walter
et al., 2008). Some technologies, such as surface plasmon reso-
nance (SPR) ( Baldrich et al., 2004; Balamurugan et al., 2006),
quartz crystal microbalance (QCM) (Bini et al., 2007; Zhang and
Yadavalli, 2011), and fluorescent method (Cho et al., 2006;
Katilius et al., 2007; Lao et al., 2009), were used to explore the
effect of the immobilization parameters of aptamer on the bind-
ing ability of aptamer to its target. It was found that optimizing
those simple but sometimes easily neglected steps, such as orien-
tation and spacer, was of paramount importance and could obtain
significant improvements in analytical performances (Guo et al.,
1994; Lao et al., 2009). However, because of the difficulty of

studying living cell, systematic studies about the effect of immobi-
lization strategies on the binding ability of the immobilized
aptamer to its target cell have not been reported.

Compared with the aforementioned methods, such as SPR or
QCM, atomic force spectroscopy (AFM)-based single-molecule
force spectroscopy (SMFS) could obtain information reflecting
the intrinsic properties of individuals that might be hidden in
the measurements by traditional ensemble techniques (Shan
and Wang, 2015; Wang and Yadavalli, 2014; Wang et al., 2015;
Zhao et al., 2012). Generally, for those researches that the
effects of immobilization parameters of aptamers were investi-
gated using SPR or QCM technology, the influence of the
surface density of an aptamer has to be considered, resulting
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in an increased complexity in studying the effect of aptamer
immobilization strategies. As for SMFS, the effect of the surface
density of an aptamer is negligible because the information
about intrinsic properties of individuals was obtained. That is,
the biophysical differences of an aptamer immobilized by dif-
ferent strategies can be observed using SMFS (Zhang and
Yadavalli, 2011). Furthermore, SMFS could not only obtain the
biomolecular interaction with nanometer positional accuracy
and piconewton force sensitivity (Jin et al., 2004; Yang et al.,
2007; Steffens et al., 2012) but also be suitable for the investiga-
tion of living cell under physiological conditions (Formosa et al.,
2015; Wang and Yadavalli, 2014; Wang et al., 2014). Therefore,
SMFS has the potential to become a powerful tool to evaluate
aptamer immobilization strategies at the living cell level.

Here, an aptamer against human hepatocarcinoma cell line
Bel-7404, which was selected by our groups (Guo et al., 2013;
Shi et al., 2013), was used as a model, and a systematic study
about the effects of immobilization strategies on the interaction
of aptamer/Bel-7404 cell was investigated by SMFS at the living cell
level. The influence of aptamer orientation on the interaction of
aptamer/Bel-7404 cell was investigated by using polyethylene gly-
col (PEG) or glutaraldehyde as the cross-linker, and then the effects
of two types of spacers including oligodeoxythymidine (oligo(dT))
spacers (T10, T20, and T30) and dodecyl spacers (carbon12, carbon24,
and carbon36) on the interaction of aptamer/Bel-7404 cell were
evaluated. This workmay provide valuable reference for the immo-
bilization of aptamers in diagnostic and therapeutic applications.

MATERIALS AND METHODS

Materials

RPMI-1640 culture medium and fetal bovine serum were ob-
tained from Gibco BRL Corporation (USA). (3-Mercaptopropyl)-
trimethoxysilane and (3-aminopropyl)triethoxysilane were obtained
from Sigma-Aldrich (USA). Glutaraldehyde was obtained from
Sinopharm chemical reagent limited corporation (China). N-
hydroxysuccinimide-polyethylenglycol-maleimide (NHS-PEG-
MAL, MW 3400) was purchased from Nanocs (USA). Human
hepatocarcinoma cell line Bel-7404, human normal liver cell line

L-02, and human cervical carcinoma cell line HeLa were pur-
chased from Shanghai Institutes for Biological Science (China).
Human hepatocellular carcinoma cell line SMMC-7721 and
human cholangiocarcinoma cell line QBC-939 were purchased
from Xiangya School of Medicine, Central South University
(China). The aptamer with the highest affinity (i.e. the dissocia-
tion constant was 44.4 ± 3.1 nM) was used according to our pre-
vious work (Guo et al., 2013), and aptamers listed in Table 1 were
synthesized by Shangon Biotech (Shanghai, China). All reagents
used in the experiments were analytical grade.

Cell culture

According to our previous work (Wang et al, 2014), all cells were
cultured in RPMI 1640 medium containing 15% fetal bovine
serum and then were maintained in an incubator at 37 °C with
5% CO2. Next, the cells were seeded on 35mm dish at a final cell
density of 5 × 104 cells per milliliter for 24–36 h. Before experi-
ments, the subconfluent cells (about 80–90%) were rinsed four
times using 2ml 0.01M phosphate-buffered saline (PBS) buffer
(pH 7.4), and then 2.5ml RPMI 1640 medium without fetal
bovine serum was added.

Modification of atomic force spectroscopy tips

The AFM tips (Si3N4, Benyuan Nano Instrument Co., China) were
first cleaned according to the previous work (Wang et al., 2015).
Then aptamers were modified on the AFM tips using two con-
ventional immobilization methods, that is, using PEG (Kienberger
et al., 2006; Zhao et al., 2013) or glutaraldehyde (Khezrian et al.,
2013; Luo et al., 2013) as the cross-linker (Figure 1(A)).

(1) PEG immobilization method. The cleaned tips were silanized
with 1.0% (v/v) (3-Mercaptopropyl)trimethoxysilane in toluene
for 2 h at room temperature and then rinsed thoroughly with
toluene. The silanized tips were activated by incubating with
1mg/ml of NHS-PEG-MAL in dimethylsulfoxide for 3 h at room
temperature, followed by thoroughly rinsing with
dimethylsulfoxide to remove any unbound NHS-PEG-MAL.
The activated tips were incubated with 100nM aptamer for
1 h at room temperature. After rising with 0.01M PBS

Table 1. Aptamer sequence

Name Sequence

5′-ls2n 5′-NH2-ATG GAA TGT GGG AGG GGG ACT CAG GAC AGT CAC GGG A-3′
3′-ls2n 5′- ATG GAA TGT GGG AGG GGG ACT CAG GAC AGT CAC GGG A-NH2-3′
5′-T10-ls2n 5′-NH2-T10-ATG GAA TGT GGG AGG GGG ACT CAG GAC AGT CAC GGG A-3′
5′-T20-ls2n 5′-NH2-T20-ATG GAA TGT GGG AGG GGG ACT CAG GAC AGT CAC GGG A-3′
5′-T30-ls2n 5′-NH2-T30-ATG GAA TGT GGG AGG GGG ACT CAG GAC AGT CAC GGG A-3′
3′-T10-ls2n 5′-ATG GAA TGT GGG AGG GGG ACT CAG GAC AGT CAC GGG A-T10-NH2-3′
3′-T20-ls2n 5′-ATG GAA TGT GGG AGG GGG ACT CAG GAC AGT CAC GGG A-T20-NH2-3′
3′-T30-ls2n 5′-ATG GAA TGT GGG AGG GGG ACT CAG GAC AGT CAC GGG A-T30-NH2-3′
5′-carbon12-ls2n 5′-NH2-(CH2)12-ATG GAA TGT GGG AGG GGG ACT CAG GAC AGT CAC GGG A-3′
5′-carbon24-ls2n 5′-NH2-(CH2)24-ATGG AAT GTG GGA GGG GGA CTC AGG ACA GTC ACG GGA-3′
5′-carbon36-ls2n 5′-NH2-(CH2)36-ATG GAA TGT GGG AGG GGG ACT CAG GAC AGT CAC GGG A-3′
3′-carbon12-ls2n 5′-ATG GAA TGT GGG AGG GGG ACT CAG GAC AGT CAC GGG A-(CH2)12-NH2-3′
3′-carbon24-ls2n 5′-ATG GAA TGT GGG AGG GGG ACT CAG GAC AGT CAC GGG A-(CH2)24-NH2-3′
3′-carbon36-ls2n 5′-ATG GAA TGT GGG AGG GGG ACT CAG GAC AGT CAC GGG A-(CH2)36-NH2-3′
Random DNA 5′-NH2-(N)37-3′

a

aN was random base.
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(pH7.4), the aptamer-modified tips were stored in 0.01M PBS
at 4 °C until use.

(2) Glutaraldehyde immobilization method. The cleaned tips were
silanized with 1.0% (v/v) (3-aminopropyl)triethoxysilane in
toluene for 2 h at room temperature and then rinsed thor-
oughly with toluene. The silanized tips were activated by
incubating with 10% glutaraldehyde solution in 0.01M PBS
buffer (pH 7.4) for 1 h at room temperature, followed by thor-
oughly rinsing with 0.01M PBS buffer (pH 7.4). The activated
tips were incubated with 100 nM aptamer for 1 h at room
temperature. After rinsing with 0.01M PBS (pH 7.4), the
aptamer-modified tips were stored in 0.01M PBS (pH 7.4) at
4 °C until use.

Atomic force spectroscopy measurement

All force measurements were performed in freshly prepared RPMI
1640 medium at room temperature using the JPK biological
atomic force microscopy (JPK Instruments AG, Germany). The
spring constants of the tips were in the range of 0.085–0.087N/m,
determined by the thermal fluctuation method (Butt and
Jaschke, 1995). The force curves were recorded and analyzed
by JPK NANOWIZARD® SPM software.
As shown in Figure 1(A), the amino-modified aptamer was first

immobilized on the AFM tip through different immobilization
strategies. Then, aptamer-functionalized AFM tip was used to
approach the Bel-7404 cell, allowed to dwell on the substrate
and then retracted from the substrate. The surface density of the
aptamer on the AFM tips was adjusted by altering the concentra-
tion of aptamer to ensure that statistically only one binding pair
could be formed in the contact area. For statistical evaluation,
more than 1000 force–distance cycles were collected from each
experiment. Well-defined force–distance curves were recorded
with configurations displayed in Figure 1(B). The first peak that
occurred randomly was caused by the nonspecific force between
the tip and substrate, whereas the second peak represented the
specific force between the putative receptor and aptamer. The sec-
ond peak appeared at about 1–3.5μmaway from the separation of
tip and cell (Panorchan et al., 2006). It was also verified using
blocking experiment. Bel-7404 cells were first blocked using
500nM aptamer, and then the force–distance curves between
aptamer-functionalized AFM tip and the blocked Bel-7404 cell

were recorded. The results showed that the first peak did not
change but the second peak disappeared (the inset of Figure 1
(B)). It was implied that the second peak resulted from the specific
interaction of the aptamer and Bel-7404 cell. Therefore, the second
peak was counted for the following analyses. The detected binding
events of Bel-7404 cell and its aptamer were analyzed to obtain the
average binding forces and the binding probabilities, which were
determined as the probability for observation of unbind events
in all force–distance cycles.

RESULTS AND DISCUSSIONS

The dependence of single-molecular force between the
aptamer and A549 cell on loading rate

According to the Bell model (Bell, 1978), the most probable
unbinding force (F) is dependent on the logarithm of the loading
rate (r) as the following (Equation 1):

F ¼ kBT
χβ

ln
rχβ

koff 0ð ÞkBT
� �

¼ kBT
χβ

lnr þ kBT
χβ

ln
xβ

koff 0ð ÞkBT
� �

(1)

where koff(0) is the dissociation rate constant at zero force, χβ is the
distance from the energy minimum of the bound state to the acti-
vation barrier, kB is the Boltzmann constant, and T is the absolute
temperature. Here, we first measured the unbinding forces be-
tween the Bel-7404 cell and aptamer (5′-1s2n) at the loading rates
ranging from 8.5 × 104 to 3.4 × 106 pN/s. As shown in Figure 2(A),
the unbinding force of 5′-1s2n/Bel-7404 cell interaction varied in
the range of 60–120pN and linearly increased with the logarithm
of the loading rate. From the slope and intercept of the fit linear
force region, koff(0) and χβ were calculated to be 50.37 s�1 and
0.298 nm, respectively. In addition, the binding lifetime τ (=1/koff)
was estimated to be 0.02 s.

The dependence of binding probability on interaction time

The interaction time (the time of tip resting on the surface) is
another parameter that may affect the unbinding force. As
shown in Figure 2(B), the binding probability increased expo-
nentially with surface interaction time in the range of 5–30%
at the loading rate of 3.4 × 105 pN/s and reached a plateau after
0.6 s. Here, 0.3 s was chosen as the interaction time in the

Figure 1. (A) Schematic diagram of single-molecule force measurements on Bel-7404 cells with different aptamer-modified atomic force spectroscopy
tip. (B) Typical force–distance curves with aptamer-modified atomic force spectroscopy tip and Bel-7404 cells. The specific unbinding events vanished
as Bel-7404 cell was blocked using 500 nM aptamer (insert). NHS-PEG-MAL, N-hydroxysuccinimide-polyethylenglycol-maleimide.
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following experiments because the suitable binding probability
could be obtained at 0.3 s.

Effect of immobilization orientation on the interaction of
aptamer/Bel-7404 cell

The effect of immobilization orientation on the interaction
between the aptamer and Bel-7404 cell was first investigated.
The amino-modified aptamer was immobilized on the AFM tip
through its 5′-end or 3′-end, then the interaction of 5′-end or
3′-end amino-modified aptamer/Bel-7404 cell was explored by
SMFS at the loading rate of 3.4 × 105 pN/s. The results were
shown in Figure 3 and Table S1. As shown in Figure 3, a single
maximum in the histogram by Gaussian fitting indicated that
the single-molecule forces were measured. Similar force distri-
butions were obtained for 5′-end immobilization and 3′-end
immobilization. Take PEG immobilization for example, for 5′-end
amino-modified aptamer, the unbinding force was 81.73
± 5.63 pN and the binding probability was 22.89± 0.61% for
aptamer/Bel-7404 cell at the loading rate of 3.4× 105 pN/s (Curve
1 in Figure 3(A)). For 3′-end amino-modified aptamer, similar
unbinding force (82.90± 2.87pN) was obtained. However, the
binding probability (14.17± 3.16%) was much lower than that of
5′-end amino-modified aptamer/Bel-7404 cell (22.89± 0.61%)
(Figure 4). Similar results could be obtained when glutaraldehyde
was used as the cross-linker (Figure 4). Because similar unbinding

force distributions were obtained regardless of 3′-end or 5′-end
immobilization, it can be concluded that the biophysical character-
istics of the aptamer at the molecular level were not influenced by
the immobilization orientation. Furthermore, the results showed
that immobilization through the aptamer 5′-end improved
the binding of aptamer to Bel-7404 cell compared with immo-
bilization through the 3′-end. It suggested that either 3′-end
modification/immobilization interfered with the correct folding
of this aptamer, thus influencing its ability to bind Bel-7404
cell, or, alternatively, that 5′-end modification improved struc-
tural stability (Baldrich et al., 2004).
In addition, for immobilization through 3′-end or 5′-end amino-

modified aptamer, the binding probability of aptamer/Bel-7404
cell using PEG as the cross-linker was higher than that of using glu-
taraldehyde as the cross-linker (shown in Figure 4 and Table S1). It
may have resulted from the property of PEG. The average length of
PEG was ~30nm (Eckel et al., 2005), which was longer than that of
glutaraldehyde. It could enhance the steric flexibility as to improve
the folding of aptamer for cell recognition, resulting in the increase
of the binding probability.

Effect of oligodeoxythymidine spacer on the interaction of
aptamer/Bel-7404 cell

The effect of oligo(dT) spacer on the interaction of aptamer/
Bel-7404 cell was then investigated. When three kinds of oligo(dT)

Figure 2. (A) Plot of the unbinding force for the interaction between aptamer and Bel-7404 cell against the logarithm of the loading rate. (B) Depen-
dence of the binding probability on the surface interaction time (constant loading rate of 3.4 × 105 pN/s).

Figure 3. Force distribution of different aptamers functionalized atomic force spectroscopy tip toward Bel-7404 cell at the constant loading rate of
3.4 × 105 pN/s. (A) Using polyethylene glycol as the cross-linker; (B) using glutaraldehyde as the cross-linker. (1) 5′-1s2n; (2) 5′-T10-ls2n; (3) 5′-T20-ls2n;
(4) 5′-T30-ls2n; (5) 3′-1s2n; (6) 3′-T10-ls2n; (7) 3′-T20-ls2n; (8) 3′-T30-ls2n.
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spacers (T10, T20, and T30) were respectively incorporated into the
aptamer at its 3′-end or 5′-end, the interaction between the
aptamer and Bel-7404 cell was measured by SMFS. In comparison
with those aptamers without spacer, similar unbinding force dis-
tributions (Figure 3) were obtained for the aptamers with oligo
(dT) spacers, implying that the biophysical characteristics of the
aptamer at the molecular level remain undisturbed. But, the bind-
ing probability of aptamer/Bel-7404 cell increased (shown in
Figure 5 and Table S1) along with the increase of oligo(dT)
spacers, especially for aptamer immobilized through 3′-end.
Take the immobilization of aptamer through its 3′-end using
PEG as the cross-linker for example, the binding probability
of aptamer/Bel-7404 cell increased from 14.17 ± 3.16% to
27.04 ± 1.27% as the length of oligo(dT) spacer increased to T30
(Table S1). These results demonstrated that the addition of
oligo(dT) spacer could improve the affinity of the aptamer to
Bel-7404 cell. Moreover, the result implied that the incorpora-
tion of an oligo(dT) spacer did not interfere with the folding of

the binding motif through undesired intramolecular T–A base
pairing. Presumably, the anchored aptamer molecules with a
negatively charged oligo(dT) spacer were likely to repel each other
to create room for target-induced folding. That is, an oligo(dT)
spacer can facilitate more anchored aptamer molecules to fold into
binding motifs. Thus, the oligo(dT) spacer resulted in the increase
of the binding probability of aptamer/Bel-7404 cell.

In comparison with immobilization through 5′-end, the binding
probability of aptamer/Bel-7404 cell dramatically increased with
the increase of oligo(dT) spacers for immobilization through 3′-
end (Figure 5). Presumably, it might be ascribed to the longer
spacer required in the 3′-end immobilization, which facilitates the
structural folding of aptamer. In comparison with PEG immobiliza-
tion, incorporation of oligo(dT) spacer could dramatically improve
the binding probability of aptamer/Bel-7404 cell for glutaralde-
hyde immobilization (Figure 5). Because the length of glutaralde-
hyde was shorter than that of PEG molecule, the addition of
oligo(dT) spacer kept the aptamer staying far from the immobiliza-
tion surface, resulting in the decrease of steric hindrance. Subse-
quently, it could improve the folding of aptamer for cell
recognition, thereby increasing the binding probability obviously.

Effect of dodecyl spacer on the interaction of
aptamer/Bel-7404 cell

Besides oligo(dT), dodecyl spacers have been used for improving
the aptamer-based detection (Ali and Pichon, 2014; Lao et al.,
2009). In this work, three kinds of dodecyl spacers (carbon12,
carbon24, and carbon36) were respectively incorporated into the
aptamer at its 3′-end or 5′-end, then the interaction between the
aptamer and Bel-7404 cell was measured by SMFS. The results
were shown in Figure 6 and Table S1. As shown in Figure 6, similar
histograms representing interaction forces distributions of
aptamer with dodecyl spacer/Bel-7404 cell were obtained for
PEG immobilization and glutaraldehyde immobilization methods,
implying that the biophysical characteristics of the aptamer at
themolecular level remained undisturbed. For PEG immobilization,
the binding probability of aptamer/Bel-7404 cell almost kept
unchanged when dodecyl spacer was incorporated into the
aptamer (Figure 7). For glutaraldehyde immobilization, the binding

Figure 4. Effect of immobilization orientation on the binding probability
of 3′- or 5′-amino-modified aptamer/Bel-7404 cell. The constant loading
rate was 3.4 × 105 pN/s. PEG, polyethylene glycol.

Figure 5. Effect of oligodeoxythymidine spacer on the binding probability of 3′- or 5′-amino-modified aptamer/Bel-7404 cell. The constant loading rate
was 3.4 × 105 pN/s. PEG, polyethylene glycol.
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probability of aptamer/Bel-7404 cell slightly increased along with
the length of dodecyl spacer increasing. As the length of dodecyl
spacer increased up to carbon12, the binding probability value
almost reached the maximum (Figure 7). Moreover, an oligo(dT)
was more effective than a dodecyl spacer and could improve the
binding probability obviously. Take the immobilization of aptamer
through its 3′-end using glutaraldehyde as the cross-linker for
example, the T20 spacer with a length of 6.80nm resulted in the
binding probability increasing from 10.73± 4.20% to 20.83±
3.85%, whereas the carbon36 spacer with a length of 6.74 nm only
resulted in the binding probability increasing from 10.73±4.20%
to 15.56± 5.04% (shown in Table S2 and Figure S1). It suggested
that the length is not the most predominant factor in aptamer
spacer design.

Evaluation of the specificity of immobilized aptamer

Besides affinity, the specificity of aptamer is also of great
importance. According to the previous results, the binding
probability of aptamer/Bel-7404 cell was relatively high when
T20 spacer was incorporated into the aptamer at its 5′-end
and PEG was used as the cross-linker. Therefore, such aptamer

Figure 6. Force distribution of different aptamers functionalized atomic force spectroscopy tip toward Bel-7404 cell at the constant loading rate of
3.4 × 105 pN/s. (A) Using polyethylene glycol as the cross-linker; (B) using glutaraldehyde as the cross-linker. (1) 5′-1s2n; (2) 5′-carbon12-ls2n; (3) 5′-car-
bon24-ls2n; (4) 5′-carbon36-ls2n; (5) 3′-1s2n; (6) 3′-carbon12-ls2n; (7) 3′-carbon24-ls2n; (8) 3′-carbon36-ls2n.

Figure 7. Effect of dodecyl spacer on the binding probability of 3′- or 5′-amino-modified aptamer/Bel-7404 cell. The constant loading rate was
3.4 × 105 pN/s. PEG, polyethylene glycol.

Figure 8. Force distribution of 5′-T20-ls2n functionalized atomic force
spectroscopy tip toward (1) Bel-7404 cell, (2) SMMC-7721 cell, (3) QBC-
939 cell, (4) L-02 cell, and (5) HeLa cell. Polyethylene glycol was used as
the cross-linker here. The constant loading rate was 3.4 × 105 pN/s.
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was chosen to assess the specificity of aptamer toward Bel-7404
cell. Four kinds of cells including SMMC-7721 cell, QBC-939 cell,
L-02 cell, and HeLa cell were chosen as control cells, and the in-
teraction between control cells and 5′-amino-modified aptamer
with T20 spacer was measured. As shown in Figure 8, in contrast
to the binding probability of aptamer/Bel-7404 cell (28.95 ±
1.52%), the binding probability of aptamer/control cells
decreased obviously, which were nearly in accordance with
the binding probability between aptamer-functionalized AFM
tip and blank substrate. Similarly, the binding probabilities of
random DNA/Bel-7404 cell and random DNA/control cells were
also low. The significant decrease of the binding probability
and the random force distribution of these control experiments
system demonstrated the specific interaction between aptamer
and Bel-7404 cell. It suggested that such immobilization strat-
egy did not influence the specificity of aptamer.

CONCLUSIONS

In conclusion, the effect of aptamer immobilization strategies on
the interaction between immobilized aptamer and Bel-7404 cell
has been systematically investigated using SMFS at the living cell
level. Because SMFS explores the information about intrinsic
properties of individuals, the effect of the surface density of
aptamer can be negligible, thus resulting in the decreased com-
plexity in studying the effect of aptamer immobilization strate-
gies. The results showed that the biophysical characteristics of

the aptamer at the molecular level remain undisturbed regard-
less of the change of immobilization strategies because similar
unbinding force was maintained. However, the immobilization
orientation, immobilization method, and linker could affect the
binding probability of aptamer to its target cell. For
aptamer/Bel-7404 cell, immobilization through 5′-end was supe-
rior to immobilization through 3′-end. Incorporating oligo(dT)
spacer into aptamer at its 3′-end or 5′-end could dramatically im-
prove the binding probability of aptamer/Bel-7404 cell when ei-
ther PEG or glutaraldehyde was used as the cross-linker, whereas
a dodecyl spacer could slightly improve the affinity of aptamer to
Bel-7404 cell only for glutaraldehyde immobilization. Thus, a
negatively charged oligo(dT) spacer was much more effective
than a dodecyl spacer. In addition, PEG immobilization was supe-
rior to glutaraldehyde immobilization regardless of immobiliza-
tion orientation and different spacers. These results are
expected to provide essential information for further aptamer
application in cell research.
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