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Abstract
A systematic study is reported on the effect of linker size and its chemical composition toward ligand
binding to a surface-immobilized aptamer, measured using surface plasmon resonance. The results,
using thrombin as the model system, showed that as the number of thymidine (T) units in the linker
increases from 0 to 20 in four separate increments (T0, T5, T10, T20), the surface density of the aptamer
decreased linearly from approximately 25 to 12 pmol•cm-2. The decrease in aptamer surface density
occurred due to the increased size of the linker molecules. In addition, thrombin binding capacity
was shown to increase as the linker length increased from 0 to 5 thymidine nucleotides; and then,
decreased as the number of thymidine residues increased to 20 due to a balance between two different
effects. The initial increase was due to increased access of thrombin to the aptamer as the aptamer
was moved away from the surface. For linkers greater in length than T5, the overall decrease in
binding capacity was primarily due to a decrease in the surface density. Incorporation of a hexa
(ethylene glycol) moiety into the linker did not affect the surface density, but increased the amount
of thrombin bound. In addition, the attachment of the linker at the 3′ versus the 5′-end of the aptamer
resulted in increased aptamer surface density. However, monolayers formed with equal surface
densities showed similar amounts of thrombin binding irrespective of the point of attachment.

Introduction
The use of aptamers as the affinity component in assays and sensors is beginning to rival
antibodies for these applications.1,2 A primary reason for this is that once the DNA or RNA
sequence of an aptamer is known for a protein or other target molecule, it can be produced
using automated synthetic approaches which may reduce cost and reliance on animal sources.
3 This has facilitated research on sensors, separations, and binding assay applications utilizing
aptamers in a number of readout formats including electrochemical,4,5 surface plasmon
resonance (SPR),6,7 quartz crystal microbalance (QCM)8,9 etc. For most of these applications,
aptamers must be immobilized onto a solid surface.10 In general, the surface density of
receptors and their ligand capture efficiency are two of the most important factors that
determine the sensitivity of the receptor-immobilized surface.7 For aptamer-based self-
assembled monolayers (SAMs), both of these factors are controlled primarily by the choice of
linker that connects the aptamer to the surface.11

Linkers are used to provide a “chemical” spacer between the solid surface and the receptor that
is anchored to the surface by an appropriate functional group; in the case of SAMs on gold,
this functional group is a thiol. The role of the linker is to spatially extend the receptor from
the surface to increase its accessibility by the solution ligand and to remove any non-specific
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adsorption. Although there are a few reports of random oligonucleotide linkers,10 the most
commonly used linker for aptamer immobilization on gold incorporates oligothymidine
groups10 that can be easily added to the aptamer sequence during solid phase synthesis.
Thymidine is the nucleotide of choice for linker design because it adsorbs less strongly on gold
surfaces compared to the other three nucleotides, providing the most inert linker of all possible
oligonucleotides.12 There are several literature reports of thymidine oligonucleotides in the
range of T1 - T20 that have been used as linkers for aptamer immobilization on gold.10

There have not been any systematic studies on the effects of linker length on aptamer
performance. Thus, to understand the effect of linker on surface immobilized aptamer
performance we choose thrombin binding aptamer, referred to as HD-1,13 as a model.6,7,9,
14-27 This aptamer, which binds to exosite-I on thrombin, was selected because its structure is
well-known28,29 (G-quartet) and it is relatively short (15-base sequence,
GGTTGGTGTGGTTGG) facilitating synthesis and purification. We prepared monolayers of
this aptamer containing different length of oligothymidine moieties, T1-T20, to do a systematic
investigation of length of oligothymidine linkers on the binding performance of surface
immobilized HD-1 to thrombin. Further, we have recently reported that the use of oligoethylene
glycol units incorporated into the linker can improve aptamer binding performance; thus a
parallel study was carried out using different oligothymidine linkers with the hexaethylene
glycol linker group (EG6).7 Further, studies in this paper were extended to determine if
attachment of the linker to either the 3′ or the 5′ terminus of the aptamer imparted a significant
factor in thrombin binding performance to surface immobilized aptamers.

Experimental Section
Materials

The gold sensor slides were obtained from Biacore (SIA kit Au, Biacore). Thrombin was
purchased from Haematologic Technologies, Vermont, USA; Bovine serum albumin (BSA)
was obtained from Sigma. All of the modified oligonucleotides were obtained from Eurogentec
North America, Inc. (San Diego, CA). These include 3′ thiol-modified oligonucleotide HS
(CH2)6-T-GGTTGGTGTGGTTGG-3′ (C6-T1-A1-3′); and the 5-thiol-modified
oligonucleotides: 5′-HS(CH2)6-GGTTGGTGTGGTTGG (5′-C6-T0-A1), 5′-HS(CH2)6-T-
GGTTGGTGTGGTTGG (5′-C6-T1-A1), 5′-HS(CH2)6-TTTTT-GGTTGGTGTGGTTGG (5′-
C6-T5-A1), 5′-HS(CH2)6-TTTTTTTTTT-GGTTGGTGTGGTTGG (5′-C6-T10-A1), 5′-HS
(CH2)6- TTTTTTTTTTTTTTTTTTTT-GGTTGGTGTGGTTGG (5′-C6-T20-A1). In addition,
the following 5′-thiol-modified oligonucleotides containing an additional hexaethylene glycol
unit were used: 5′-HS(CH2)6-OPO2-(CH2CH2O)6-GGTTGGTGTGGTTGG-3′ (5′-C6EG6-
T0-A1), 5′-HS(CH2)6-OPO2-(CH2CH2O)6-TTTTT-GGTTGGTGTGGTTGG-3′ (5′-C6EG6-
T5-A1), 5′-HS(CH2)6-OPO2-(CH2CH2O)6-TTTTTTTTTT-GGTTGGTGTGGTTGG-3′ (5′-
C6EG6-T10-A1) and 5′-HS(CH2)6-OPO2-(CH2CH2O)6-TTTTTTTTTTTTTTTTTTTT-
GGTTGGTGTGGTTGG-3′ (5′-C6EG6-T20-A1) for the formation of the SAMs. 2-
Mercapto-1-ethanol (MCE) was used as received from Fluka. HBS-EP buffer (10 mM HEPES
pH 7.4, 150 mM NaCl, 3 mM EDTA, 0.005% v/v Surfactant P20) was purchased from Biacore.
GR ACS grade potassium phosphate monobasic (KH2PO4) was obtained from Fischer
Chemicals. All the buffer solutions were prepared in DI water with resistivity greater than 18
MΩcm, obtained by passing water through a Barnstead reverse osmosis filter and then through
a Nanopure filtration exchange system.

SPR measurements
The SPR measurements were carried out with a Biacore X instrument. The gold sensor surface
(SIA kit Au, Biacore) was cleaned by UV-oxidation for 1 h and then rinsed with water, ethanol
and finally with water and dried in a stream of dry nitrogen.30 The clean gold cover slips were
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affixed to a plastic plate and the resultant assembly placed in a cassette, which was subsequently
introduced into the SPR instrument.

For aptamer monolayer formation, 100 μL of 2.0 μM solution of aptamer thiol in 1.0 M
potassium phosphate buffer (pH 3.5) was injected at a flow rate of 2 μL•min-1 followed by 20
μL of 2.0 μM solution of aptamer thiol. This was followed by 50 μL of a 0.1 M solution of
MCE at a flow rate of 5 μL•min-1. For aptamer monolayer formation, 1.0 M potassium
phosphate buffer (pH 3.5) was used as a running buffer.6 For protein binding studies, 10 μL
of thrombin at different concentrations was injected at a flow rate of 2 μL•min-1 (for 10 min).
SAMs were regenerated between experiments using 100 μL of a 2.0 M NaCl solution at a flow
rate of 100 μL•min-1.6 The running buffer used was HBS-EP (Biacore).

Results and Discussion
Effects of linker length on aptamer surface loading density and thrombin binding

Aptamer monolayers were formed in-situ in a Biacore X SPR instrument, which enabled real-
time monitoring of monolayer formation. From the SPR response (RU) for each of the aptamer
monolayers, the aptamer surface density was determined using the published conversion factor
of 10 RU = 1.0 ng•cm-2 for DNA.31 Although a number of conversion factors (from 0.73 to
1.25 ng•cm-2) have been reported in the literature, the value of 1.0 ng•cm-2 was used because
the refractive index of single stranded DNA is reported to be same as that for proteins, 1.45.
The conversion factor for proteins32 is known to be 10 RU = 1.0 ng•cm-2, and because the SPR
response is directly related to the refractive index, this value should be used for single stranded
DNA as well. The surface density of aptamer was calculated by methods described by
Georgiadis and co-workers, which takes into account desorption of aptamer during subsequent
blocking step by addition of mercaptoethanol.33 The surface density values for each aptamer
monolayer is reported in the third column of Table 1; moles are reported in the table after
conversion using the molecular weight of each thiol-linked aptamer. A plot of surface density
of the aptamer versus the number of bases, including both the linker and the aptamer sequence,
is shown in Figure 1. A linear dependence on surface density as a function of the total number
of nucleotides (including aptamer and linker) is observed, yielding a slope of -0.663
pmol•cm-2 per DNA base; therefore, each nucleotide in the linker decreased the surface density
of aptamer by 0.663 pmol/cm2. Steel et al. reported earlier that the surface density of
oligonucleotides decreased as the length of the oligonucleotide increases; however, the degree
of linearity in our case is much more pronounced.34 The high degree of linearity observed may
be useful for prediction of aptamer surface density for a given linker length. Moreover, the
aptamer surface density for linkers containing the same number of thymidine residues was
similar irrespective of whether or not the EG6 group was included in the linker structure. This
indicated that the low-molecular-weight EG6 group did not change the packing density of the
aptamer on the surface. The overall decreasing trend in Figure 1 is most likely due to the
increasing size of the molecule with increasing number of oligothymidine groups, which
caused each molecule to occupy more volume and therefore more surface area and thus,
lowering the surface concentration.35

Following aptamer monolayer formation, the films were washed with buffer, and binding
isotherms were obtained from SPR measurements of thrombin at different concentrations.
Figure 2 illustrates typical SPR responses of the aptamer monolayer (in this case, the linker
was 5′-C6-T0-A1) measuring thrombin binding at different concentrations that were used to
generate the binding isotherms. Procedurally, sequentially higher concentrations of thrombin
were successively measured with regeneration (i.e. removal of thrombin) of aptamer films
between each measurement by using 2 M NaCl.6 The SPR response for thrombin binding was
converted into pmol•cm-2 using the published conversion factor (10 RU = 1.0 ng•cm-2 for
proteins).36 Using this value, the maximum amount of thrombin bound to each film
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incorporating different linkers was determined at a solution concentration of 1.0 μM thrombin
(this has generally been found to be above the binding isotherm saturation level)7; this data are
shown in the fourth column of Table 1.37 A correlation between linker length and thrombin
binding capacity (column 4 of Table 1) exists for each class of linkers (i.e., linkers with and
without the EG6 spacer groups). For each class of linker, as the number of thymidine
nucleotides increased to 5, there was an increase in the total amount of thrombin bound; greater
than 5 thymidine residues in the linker resulted in a decrease in the amount of thrombin bound
to the aptamer surface.

There are two opposing effects responsible for these trends. First, as the number of thymidine
nucleotides in the linker increased, the surface density of aptamer decreased. This decrease in
the number of binding sites (per unit area) would be anticipated to result in a proportional
lowering of the amount of bound thrombin. However, an increase in the linker length moved
the aptamer away from the surface and into a more solvated environment. This resulted in
reduced steric hindrance for the protein to approach and bind to the aptamer, causing an
increased binding efficiency (i.e., less aptamer was required to bind a larger fraction of
thrombin). A balance between these two factors determined the maximum amount of thrombin
that could bind (per unit area) to the aptamer monolayer. For both classes of linkers, steric
hindrance to thrombin binding was the controlling factor for linkers with 0-5 thymidine
nucleotides. For linkers with greater than 5 thymidine residues, reduction of the surface density
was the controlling factor for determining the amount of thrombin bound to the aptamer
monolayer. Thus, it appeared that the critical point for these opposing effects occurred around
5 thymidine units in the linker, which afforded the highest capacity of thrombin binding to the
SAMs. This observation was true for both the linkers with or without the intervening EG6
group.

A consistent observation from the results displayed in Table 1 is that incorporation of the
EG6 spacer in the linker increased the amount of thrombin bound to the aptamer monolayer
without any changes of the surface density of the aptamer (see column 3 in Table 1). A possible
reason for this may have been that the EG6 spacer increased the overall linker length; however,
spatial compactness of this spacer (compared to oligothymidine spacers) did not reduce the
surface density of aptamer. This ultimately resulted in an increase in the binding efficiency of
the aptamer toward thrombin, measured by the ratio of thrombin bound divided by the amount
of aptamer on the surface as shown in the last column of Table 1. This data also showed that
for both classes of linkers, the binding efficiency increased with increasing number of
thymidine nucleotides. Similar aptamer monolayers prepared under static conditions by
immersing the gold slide in an aptamer-thiol solution, rather than under flow conditions in the
SPR instrument, also showed that inclusion of the EG6 spacer improved thrombin binding
efficiency.7 Control experiments to determine non-specific binding were carried out using BSA
(a representative sensogram is provided in the supplementary information, Figure S-3). A low
level of non-specific BSA adsorption to the thrombin aptamer monolayers was detected; the
typical values were 0.2 pmol•cm-2 or less, which corresponds to the range of 3.0 – 6.7%
depending on the amount of thrombin bound.

Effect of point of attachment of the linker: 5′ vs 3′
Comparison of the sensograms in Figure 2 to an earlier report on thrombin binding by aptamers
immobilized at the 3′ end (3′-C6-T1-A1), revealed a significantly higher binding response for
the 5′ attached aptamer (even in the absence of thymidine or EG6 spacers).6 To address this
difference, it was of interest to determine whether attachment to either the 5′ or 3′-end of the
aptamer had an effect on binding efficiency. Thus SAMs were formed using C6-T1-A1 linked
to thrombin aptamers at either the 5′ or the 3′ end (abbreviated 5′-C6-T1-A1 and 3′-C6-T1-A1
respectively), to match the conditions of the earlier report.6 Entries 1 and 2 in Table 2 show
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the comparison of aptamer surface density for both SAMs with the unexpected result that the
linker attached to the 3′-end of the aptamer created a significantly more densely packed
monolayer of DNA strands per unit area (41.0 pmol•cm-2) versus the aptamer thiol having the
same linker with point of attachment at the 5′-end (24.7 pmol•cm-2). To our knowledge, such
a significant effect by the point of linker attachment on the oligonucleotide monolayer
formation has not been previously reported.

The underlying reasons for differences in the surface loading of aptamers using either 5′ or 3′-
end attachment may be due to differences in aptamer structure. In the absence of thrombin, the
aptamer may exist in the folded G-quartet structure or the unfolded structure; however, the
presence of thrombin causes the aptamer to fold into the G-quartet structure via an “induced-
fit” mechanism.38 The higher surface density of aptamer attached at the 3′-position suggests
the equilibrium may be more shifted toward the folded G-quartet structure compared to 5′
attachment, enabling the aptamer film to pack more densely. While the surface density of the
aptamer was greater for the 3′ attachment, the data in Table 2 show that thrombin binding
decreased nearly 60% compared to the SAM with 5′ attachment. It should be noted that the
amount of thrombin bound here matched the value for the same SAM prepared using 3′-
attached aptamer reported by Baldrich et al.6 The difference in thrombin binding between the
5′- and the 3′-attached aptamers is much higher than the same comparison previously reported
for other surface immobilized aptamers.39 Other studies have shown that as the surface density
of ligands increases, an optimum value is reached after which protein binding decreases or
levels off.40,41 Thus, a second set of binding experiments were performed for the 3′ attached
aptamer with the aptamer surface density lowered to equal that of the 5′-attached aptamer.
Treating the gold surface with 70 μL of 2 μM 3′-attached aptamer-thiol solution at 2
μL•min-1 flow rate results in a monolayer with the surface density of 21.3 pmol•cm-2, which
is comparable to the 5′-attached aptamer (Table 2). Under these conditions, the 3′-C6-T1-A1
monolayer showed the maximum amount thrombin binding (6.1 pmol•cm-2); however, control
experiments using BSA showed a high level of non-specific BSA adsorption (2.7
pmol•cm-2). Therefore, after subtraction of non-specific binding from the maximum amount
of thrombin bound, the specific thrombin bound is 3.4 pmol•cm-2, which is nearly the same as
the 5′-C6-T1-A1 monolayer (Table 2). Thus, an optimum surface density is important for
maximizing protein binding by the aptamer, which can be affected by 5′ or 3′ attachment, as
well as linker length. Therefore, it can be concluded that differences between the current studies
using 5′ attached aptamers, and the previous report using the 3′ attached aptamer are most likely
due to differences in surface density.

Conclusions
Thymidine nucleotides are most commonly used as linker groups for the formation of aptamer-
based SAMs on gold. A survey of the literature indicated that the number of thymidine groups
utilized in these studies was arbitrarily chosen. Therefore, a systematic study was undertaken
to determine optimum thymidine linker lengths in terms of increasing the receptor surface
density and the accessibility of the receptor to the solution ligand. Furthermore, an oligo
(ethylene glycol) spacer group was also investigated for improving aptamer binding to its
recognition partner. The optimum aptamer binding was found using a linker that incorporated
5 thymidine nucleotides and an oligo(ethylene glycol) spacer group. From a fundamental point
of view, the reasons for this lie in a balance between surface density and distance of aptamer
from the immobilization surface, making it more accessible to its binding partner; both effects
are controlled by the length and chemical nature of the linker. Particularly noteworthy is the
incorporation of the oligo(ethylene glycols) into the linker, which did not change the surface
packing density of the aptamer, but increased the effective binding of the aptamer ligand. More
striking was that surface density is different for thrombin aptamers linked to the surface via
the 3′ versus the 5′ attachment point. However, when the surface density was held
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approximately constant for SAMs with aptamers attached at either end, the overall binding was
approximately equal. In conclusion, the data reported here will be useful for the rational
selection of linkers that promote enhanced performance of aptasensors and other DNA chip
technologies.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Plot of aptamer surface density versus the total number of bases of the aptamer and the oligo-
thymidine linker. (Slope = -0.663 ± 0.020 and R = - 0.996). Maximum standard deviation from
duplicate values was ± 0.03 pmol•cm-2.
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Figure 2.
Representative SPR sensograms for binding of different concentrations of thrombin onto a 5′-
C6-T0-A1 aptamer monolayer. Effective regeneration of the aptamer surface between analyses
was achieved by removal of bound thrombin with 2 M NaCl.
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Table 1
Aptamer surface density as a function of thrombin binding and efficiency for SAMs formed with different
thymidine linkers

Entry Thiol-linked aptamer Surface density of
aptamer in the mixed

SAM (pmol•cm-2)a

Maximum thrombin
bound to the mixed
SAM (pmol•cm-2)

Thrombin/
Aptamer ratio at
saturation (%)

1 5′-C6-T0-A1 25.3 2.96 11.7

2 5′-C6-T5-A1 21.0 4.10 19.5

3 5′-C6-T10-A1 18.2 3.89 21.4

4 5′-C6-T20-A1 12.23 3.39 27.7

5 5′-C6EG6-T0-A1 25.5 4.70 18.6

6 5′-C6EG6-T5-A1 21.5 6.49 30.2

7 5′-C6EG6-T10-A1 17.62 5.36 30.4

8 5′-C6EG6-T20-A1 11.95 4.82 40.4

a
Maximum standard deviation from duplicate values was ± 0.03 pmol•cm-2.
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Table 2
The amount of thrombin bound to C6-T1-A-3′ and 5′-C6-T1-A monolayers of comparable surface density

Entry Aptamer Surface density of aptamer
(pmol•cm-2)a

Maximum specific thrombin
bound to the mixed SAM

(pmol•cm-2)

1 5′-HS(CH2)6-T-A1-3′ 24.7 3.2

2 3′-HS(CH2)6-T-A1-5′ 41.0 1.3

3 3′-HS(CH2)6-T-A1-5′ 21.3 3.4

a
Maximum standard deviation from duplicate values was ± 0.03 pmol•cm-2.
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