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Abstract 

Discovery of DNA aptamers that bind biomolecular targets has enabled significant innovations in 

biosensing. Aptamers form secondary structures that exhibit selective, high-affinity interactions 

with their binding partners. Binding of its target by an aptamer is often accompanied with 

conformational changes, where sensing by aptamers often relies on these changes to provide 

readout signals from extrinsic labels to detect target association. Many biosensing applications 

involve aptamers immobilized to surfaces, but methods to characterize conformations of 

immobilized aptamers and their in-situ response have been lacking. To address this challenge, we 

have developed a structurally informative, Raman spectroscopy method to determine 

conformations of the 15-mer thrombin-binding aptamer (TBA) immobilized on porous silica 

surfaces. TBA is of interest because its binding of alpha-thrombin depends on the aptamer forming 

an anti-parallel G-quadruplex, which is thought to drive signal changes that allow thrombin-

binding to be detected. However, specific metal cations also stabilize the G-quadruplex 

conformation of the aptamer even in the absence of its protein target. To develop deeper 

understanding of the conformational response of TBA, we utilize Raman spectroscopy to quantify 

the effects of the metal cations, K+ (stabilizing) and Li+ (non-stabilizing), on G-quadruplex versus 

unfolded populations of TBA. In K+ or Li+ solutions, we then detect association of alpha-thrombin 

with the immobilized aptamer, which can be observed in Raman scattering from the bound protein. 

The results show that association of alpha-thrombin in K+ solutions produces no detectable change 

in aptamer conformation, which is found in G-quadruplex form both before and after binding its 

target. In Li+ solutions, however, where TBA is unfolded prior to alpha-thrombin association, 

protein binding occurs with formation of a G-quadruplex by the aptamer.  
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INTRODUCTION 

In addition to being the biopolymer that encodes genetic information, DNA has also had 

significant impacts in biotechnology.1-6 One innovation is the discovery and applications of 

aptamers;7-9 DNA aptamers are short sequences of non-genomic, single-stranded DNA that, like 

antibodies, selectively bind a range of target molecules including proteins,10 carbohydrates,9,11 and 

small molecules.12-14 Because of their broad range of molecular targets, stability, and ease of 

synthesis and amplification,15 DNA aptamers offer opportunities and distinct advantages1,16 over 

antibodies in certain biosensing applications. 

 Critical in development and application of DNA aptamers in biosensing is to understand 

the relationship between aptamer secondary structure and its binding of a target molecule.17-20  

Although some aptamers have been shown to adopt an association-state conformation prior to 

binding,21,22 other aptamers undergo conformation changes in response to interactions formed with 

a target molecule.23,24 A major development in aptamer-based sensing technologies has been to 

harness conformational changes as a means of detecting aptamer-bound analytes.25-28 By 

modifying aptamers with either redox probes25,28 or combinations of fluorophores and 

quenchers,21,27 a measurable signal change (current or fluorescence, respectively) can be detected 

in response to analyte binding. The measured responses of these aptamers, however, provide only 

indirect evidence of a change in conformation upon target binding and are not directly informative 

of structure.  

The aptamer response, in addition to being sensitive to primary sequence, can be 

confounded by interactions with off-target molecules14,29 and by conformational changes that are 

sensitive to ionic strength21 or the presence of specific ions in solution.30 Experimental approaches 

to investigate the molecular basis for a target-binding response should thus provide insight into the 

many factors that govern the aptamer conformation. Spectroscopic methods such as circular 

dichroism (CD)19,23,24,31 and NMR29,32,33 have been used to investigate aptamer structures in free-

solution. These methods can reveal structural information and conformational changes, but neither 

method is suitable for investigating surface-immobilized aptamers. Recent advances in aptamer-

based biosensing are based on DNA tethered to solid supports, allowing a response to targets that 

bind from solution.34,35 Unfortunately, information acquired about aptamer structure in free 

solution may not apply to aptamers immobilized on solid surfaces, whose structure and target 



3 
 

binding can differ from free solution due to surface-immobilization,19 interfacial electrostatics,36 

entropic effects,37 and local crowding,38 interactions that are not present in free-solution.19 

Despite the need for quantitative, structurally informative methods to investigate 

immobilized aptamers and their binding response at interfaces, few surface-sensitive techniques 

can provide the structural insights to characterize these interactions. Infrared-reflection39-41 and 

sum-frequency generation42-45 spectroscopies have been previously applied to characterize 

immobilized DNA, but these methods have not been used to quantify conformational changes 

when targets bind to immobilized aptamers. Although Raman spectroscopy has been applied to 

investigate the structure of DNA in free-solution,46-50 its application to investigating DNA 

aptamers immobilized at surfaces is challenged by the fact that Raman scattering cross sections 

are small (σ ≈ 10-28 cm2). This sensitivity challenge can be overcome by enhancement of scattering 

cross sections at plasmonic substrates, which has allowed surface-enhanced Raman spectroscopy 

(SERS) to detect DNA aptamers and binding of protein targets at coinage-metal surfaces.51-54 

Despite the success of SERS in detecting surface-bound aptamers, there are significant challenges 

with employing this method to investigate aptamer structure at interfaces. The quantitative 

response and reproducibility of SERS spectra of DNA can vary with differences in orientation55,56 

and distance from the plasmonic-metal surface,57,58 factors that can depend on surface-density of 

bound aptamers, leading to irreproducibility in response upon binding of a target protein.51  

Recently, we have reported an alternative means of overcoming sensitivity limitations of 

Raman scattering by immobilizing DNA onto the interior surfaces of porous silica particles and 

detecting the internal composition of these particles with confocal-Raman microscopy. Due to the 

high specific surface areas of these materials, densities of DNA immobilized on their internal 

surfaces can produce within-particle DNA concentrations as high as ~30 mM,59 exceeding 

concentrations required for Raman scattering detection. Because silica is a purely dielectric 

material and the internal surfaces of the porous material are randomly oriented, Raman scattering 

is independent of both orientation and proximity of the oligonucleotide relative to the silica 

surface.  This attribute allows the Raman scattering intensities to report the surface-density of 

immobilized DNA,59 to determine hybridization efficiency of fully- and partially-complementary 

DNA,60 and to quantify molecules from nanomolar solutions that bind to immobilized DNA 

strands.61  

In the present work, we apply this method to investigate the folding response of an 

immobilized 15-mer thrombin-binding DNA aptamer, its conformations in solutions of different 
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metal-ion composition, and how these metal ions impact changes in conformation upon binding of 

its target, alpha-thrombin. The thrombin-binding aptamer (TBA) is a guanine-rich sequence that 

forms a pair of stacked anti-parallel G-quadruplexes in the presence of stabilizing cations 

(potassium and sodium) while in lithium-ion solutions the aptamer remains in an unfolded 

state.30,62,63 High-resolution crystal structures of the thrombin-TBA complex crystallized in the 

presence of sodium or potassium ions show the aptamer in a G-quadruplex conformation bound to 

its target protein.64  The influence of metal-cation solution composition on immobilized-aptamer 

conformation upon binding of thrombin is an interesting question. The electrochemical response 

of a redox-modified TBA indicates that in low ionic-strength solutions, thrombin can induce 

folding of the aptamer generating a two-fold greater response than at high ionic strengths where 

the aptamer is already folded even in the absence of thrombin.65 Because aptamer-based biosensors 

generally rely on conformation changes for read-out, it is valuable to have spectroscopic 

information of aptamer structure to help interpret the origins of their response. Using confocal-

Raman microscopy, therefore, we determine the conformations of immobilized TBA while varying 

the metal-cation solution composition, quantifying the fraction of aptamer in G-quadruplex form 

from the vibrational frequencies and intensities of its Raman scattering. Association of alpha-

thrombin with the immobilized aptamer can also be detected in Raman scattering from bound 

protein. Conformation changes in the aptamer upon binding of thrombin from solutions containing 

either lithium or potassium ions are compared, which allows one to quantify how binding of alpha-

thrombin impacts folding of the aptamer under these conditions. 

EXPERIMENTAL SECTION  

Reagents and materials.  Spherical chromatographic silica particles were purchased from 

YMC America (Devens, MA) with an average particle diameter of 5-um, a pore diameter of 31-nm, 

and a specific surface area of 117 m2/g, as specified by the manufacturer. The thrombin-binding 

aptamer with a 5’ disulfide group was prepared by solid-phase synthesis at the University of Utah 

DNA Synthesis Facility, using the 5’-hexyl disulfide-phosphoramidite modifier (C6 SS) from Glen 

Research (Sterling, VA). DNA sequences were the 15-mer thrombin-binding aptamer with a 5’ T9 

spacer and disulfide linker: (C6 SS)-5’-TTT TTT TTT GGT TGG TGT GGT TGG-3’, an 

equivalent TBA sequence having a 5’ T16 spacer for immobilization, a 15-mer complement to the 

TBA  sequence:  5’-CCA ACC ACA CCA ACC-3’, and a 15-mer control whose 3’ terminus is a 
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sequence that has been shown not to bind thrombin,25 (C6 SS)-5’-TTT TTT TTT GGT GGT GGT 

TGT GGT -3’. Standard reagents are listed in Supporting Information. 

Thiol functionalization of silica. Functionalization of porous silica particles with thiol 

groups has been previously described.59 Briefly, a 20-mg sample of silica particles was washed 

with acid piranha (Caution: corrosive, strong oxidizer, can react explosively with organics) to 

remove carbon-based contaminants. Particles were then rinsed twice by centrifugation and 

resuspension with deionized water and ethanol, and five-times in anhydrous dichloromethane 

(DCM).  Particles were suspended in DCM and then reacted with 2,2-dimethoxy-1-thia-2-

silcyclopentane for 1 hour. Excess silane was quenched with ethanol, and the sample washed with 

ethanol and deionized water.  Particles were stored in deionized water at 2°C and were stable for 

months.  

Coupling thiol-DNA to the thiolated silica surface.  Samples of 5’-disulfide-conjugated 

DNA were prepared by the University of Utah DNA and Peptide Core Facility. As described in 

detail elsewhere,59  the DNA-disulfide was reduced in a solution of 50-mM DTT, 1-mM EDTA, 

and 2% trimethylamine, and purified by precipitation upon addition of ethanol, followed by 

centrifugation and ethanol washing to remove excess DTT. The thiol-DNA was then reacted with 

>10-fold molar excess of 1,11-bismaleimido-triethyleneglycol in 50/50 DMF/Tris buffer pH 7.4 

containing 200-mM NaCl and 500-µM TCEP.  The maleimide-conjugated DNA was purified by 

precipitation by addition of ethanol (-20 C), centrifuged, and washed with ethanol, DMF, and 

ethanol. Ethanol was removed by evaporation, and the maleimide-conjugated DNA was rehydrated 

in aqueous 400-mM NaCl solution (not buffered) and reacted with thiol-functionalized silica 

particles for 12-hours. For producing full monolayer coverage of DNA, the rehydrated solution 

was diluted with an equal volume of DMF prior to reaction.59 

Following the DNA functionalization, silica particles were washed 3-times with 95:5 

DMF: pH 6.5 MES buffer. To backfill the remaining exposed surface with PEG, samples were 

reacted with 1 mg/ml PEG2000-maleimide in 95:5 DMF:pH 6.5 MES buffer for 12 hours. Note that 

a high-volume fraction of DMF is needed to prevent non-specific adsorption of PEG2000 to the 

silica surface. Following reaction with PEG2000-maleimide, particle were washed in 150 mM LiCl 

pH 6.5 MES buffer and stored at 2°C for up to a week. 

Confocal Raman microscopy. The confocal Raman microscope has been described in 

detail previously.66 Briefly, a 647.1-nm Kr+ laser beam is bandpass filtered, expanded, and directed 

into an inverted microscope (Nikon), reflected off a dichroic beam splitter, and directed into a 1.4-



6 
 

NA, 100x oil-immersion objective, producing a ~600-nm diameter beam waist.  Scattered light 

from the confocal probe volume is collected by the same objective, transmitted though the dichroic 

beam splitter, passed through a long pass filter (all Semrock), focused through the 50-m slit of a 

500-mm focal-length spectrograph (Bruker 500IS), and dispersed with a 300-line/mm grating, 

blazed at 762 nm.  Raman scattering is imaged onto a charge-coupled-device detector (Andor). 

Well cells for confocal Raman microscopy were constructed by gluing a ∼12-mm length 

of 10-mm i.d., Pyrex tubing to a No. 1 glass coverslip with epoxy resin. To collect spectra, the 

beam was focused to the solution/coverslip interface, and the stage was adjusted in the x-, y-, and 

z-dimensions until the confocal probe volume was centered within a single particle. Reported 

spectra are the average of 1-min integrations collected from 12 individual particles.  Spectra were 

truncated to the frequency region of interest and baseline corrected with a rolling-circle 

algorithm.67 Data analysis was carried out in Matlab (Mathworks, Natick, MA) using custom 

scripts.  

RESULTS AND DISCUSSION 

Aptamer immobilization to porous 

silica by thiol-maleimide Michael addition. 

To provide conformational freedom, the 15-

mer thrombin-binding aptamer was synthesized 

with a 9-thymine spacer and thiol-functional 

group at its 5’ surface-proximal end. The 

aptamer was immobilized at sub-monolayer 

densities with a bismaleimide reagent that 

couples the thiolated TBA to thiol-

functionalized silica surfaces.59  Briefly, 

thiolated-TBA undergoes a Michael-addition 

reaction with a large excess of bismaleimide, 

producing a maleimide-linker conjugated to the 

aptamer through a succinimide bond.  

Following removal of excess bismaleimide, the 

maleimide-conjugated DNA is covalently bonded to the thiolated-silica surface via second 

Michael-addition reaction (Experimental Section). 

Figure 1. Immobilization of 15-mer thrombin-binding aptamer 
to porous silica with thiol-maleimide Michael-addition 
chemistry. Raman spectra of thiol-functionalized silica prior 
to (black) and following reaction with maleimide-conjugated 
DNA (red). 
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To verify immobilization of the TBA, confocal-Raman spectroscopy was used to 

characterize the thiol-functionalized silica particles prior to and following DNA immobilization. 

The Raman spectrum (Figure 1) of thiol-functionalized silica shows SiO2 stretching modes (750 – 

1000 cm-1), a water bend (1650 cm-1), along with C-C stretching and CH2 twisting and bending 

modes (1025–1500 cm-1). Thiol-functionalized particles reacted with the maleimide-DNA 

conjugate exhibit Raman scattering from both DNA and succinimide bonds formed by thiol-

maleimide reactions attaching DNA to the surface (Figure 1). Scattering from the succinimide 

stretch at 1770 cm-1 verifies the surface-coupling chemistry and serves as a convenient internal 

standard for normalizing spectra.  

When calibrated against a phenyl-maleimide standard, immobilized with the same 

succinimide bond and whose coverage is determined by elemental carbon analysis,59 the 

succinimide-scattering intensity of the immobilized TBA can be used to quantify its absolute 

surface-density (details in Supporting Information). Using this approach, we determined the sub-

monolayer coverage of immobilized TBA to be ΓTBA = 110 ±20 nmol/m2, which corresponds to a 

root-mean-squared distance between aptamers of 3.9 ± 0.7 nm. To avoid non-specific surface 

interactions with the target protein, a backfilling step with PEG2000-maleimide was performed 

following DNA immobilization (Experimental Section). The surface-density of PEG, ΓPEG = 

140 ±20 nmol/m2 (~30% greater than TBA) was determined from the subsequent increase in 

succinimide scattering (Supporting Information). 

Quantifying metal ion-dependent conformations of the thrombin-binding aptamer.  

The 15-mer thrombin-binding aptamer is a short, guanine-rich sequence of single-stranded DNA 

capable of adopting a stacked pair of anti-parallel G-quadruplexes, each of which consists of four 

guanine bases that form a tetrad arrangement stabilized by non-canonical intramolecular 

Hoogsteen base-pairing (Figure S3, Supporting Information).68,69 The functionality of the aptamer 

is to bind the serum protein alpha-thrombin, which is reported to depend on the aptamer forming 

a G-quadruplex structure.31,70 The stability of G-quadruplexes has been shown to be sensitive to 

the metal cations present in solution.30,62,63 Potassium and sodium stabilize G-quadruplex 

formation, whereas lithium has been reported to have negligible stabilizing effects.62,63 Part of the 

challenge in predicting the folding of an aptamer like 15-mer TBA is that its conformation may be 

stabilized by both interactions with the target analyte and by metal cations in 

solution.20,23,24,27,30,31,63 The goal of this work is, therefore, to elucidate how specific metal cations 

govern conformations of the surface-immobilized thrombin aptamer and how these conformations 
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may change upon association with alpha-thrombin. In addition, our goal is to establish new 

methodology capable of assessing conformations of aptamers at interfaces upon binding of their 

protein targets. 

To investigate conformations of TBA in the presence of stabilizing and non-stabilizing 

metal-cations composition, aptamer-functionalized particles were suspended in pH-6.5 MES 

buffers, containing either 150-mM 

LiCl or 150-mM KCl. Raman 

spectra from the immobilized 

aptamer were acquired and plotted 

in Figure 2, along with a difference 

spectrum. Labeled in difference 

spectrum are the cation-dependent 

changes in frequency and intensity 

of the aptamer vibrational modes. 

In the presence of K+ (relative to 

Li+), the 686 cm-1 guanine ring 

stretch associated with the C2’-

endo/anti conformation signifi-

cantly narrows, shifts, and 

increases in intensity, suggesting a more ordered structural conformation: consistent with G-

quadruplex formation.48,52,71 Additionally, there are changes in the frequency of several guanine-

related vibrational modes that are sensitive to base-pairing.  In the presence of K+ (relative to Li+), 

the 1488 cm-1 C8=N7 coupled band shifts to 1478 cm-1, the 1572 cm-1 C2=N3 coupled band shifts 

to 1585 cm-1 and the 1686 cm-1 carbonyl stretch at C6 shifts to 1721 cm-1.48,52,71 All these spectral 

differences are associated with the formation of Hoogsteen base-pairs that stabilize the G-

quadruplex structure (Figure S3),46 indicating that the aptamer is unfolded in Li+ and folds to a G-

quadruplex conformation when stabilized by K+. 

These results demonstrate that Raman scattering can detect ion-dependent conformational 

changes in the thrombin-binding aptamer. To investigate how the populations of aptamer 

conformations respond to varying concentrations of stabilizing K+ cations, Raman spectra were 

acquired of immobilized TBA particles suspended in solutions having varying concentrations of 

K+ at constant ionic strength (150 mM) maintained by adjusting Li+; the results are presented in 

Figure 2. Raman spectrum of surface-immobilized thrombin-
binding aptamer in 150-mM LiCl (red) and 150-mM KCl (blue). 
Difference spectrum (black) highlights ion-dependent changes.
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Figure 3A. Because there is no established model for TBA folding in response to K+ concentration, 

a model-free analysis, self-modeling curve resolution (SMCR), was employed to obtain a detailed 

picture of the observed spectral changes. SMCR is a multivariate statistical method that resolves 

correlated changes in a series of spectra across a variation in composition by eigenvector 

decomposition of the variance-covariance matrix of the data (Supporting Information).72-75 The 

pure component spectra and corresponding composition vectors that describe the data are 

determined from linear combinations 

of the eigenvectors, subject to non-

negativity constraints on the spectral 

intensities and component amplitudes 

(Supporting Information).  

SMCR analysis identified two 

significant components, where the 

resolved pure-component spectra are 

plotted in Figure 3A, and the 

corresponding composition vectors 

(contributions of these two spectra 

versus K+ concentration) are in Figure 

3B. The quality of fit of data to the 

product of these component vectors 

(Figure S4) supports a key assumption 

in the analysis: that the aptamer exists 

in two distinct conformations, either 

folded or unfolded. The variation with 

K+ concentration is therefore not an 

evolution through partially folded 

forms, but an equilibrium between two 

states represented by the pure-

component spectra.  

From the results in Figure 3B, 

the fraction of the unfolded aptamer in 

a pure Li+ buffer is found to be 

Figure 3. (A) Raman spectra of surface-immobilized TBA in 
solutions of varying KCl concentration. Top spectra show 
pure-component folded and unfolded spectra from self-
modeling-curve resolution. (B) Component concentrations 
from SMCR analysis versus KCl concentration. 
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0.98±0.04, indicating that the immobilized aptamer exhibits no measurable G-quadruplex 

conformer in the absence of potassium ion. With addition of K+, the fraction of folded aptamer 

increases with a steep dependence on K+ concentration followed by a gradual rollover, indicating 

that relatively small concentrations of K+ stabilize the G-quadruplex conformation of the aptamer. 

This finding is consistent with previous NMR studies of the 15-mer thrombin-binding aptamer,76,77 

which showed that the aptamer in solution requires a minimal concentration (≳1-mM) of 

potassium ion to form detectable anti-parallel G-quadruplex conformation. As the K+ 

concentration increases to 150 mM, the fraction of the aptamer population in the G-quadruplex 

conformation is 0.93±0.04, indicating that the aptamer population retains a small (0.07±0.04) but 

measurable fraction of the unfolded form in its Raman spectrum. This small unfolded fraction may 

arise from local steric constraints or surface interactions that arise from immobilization of the 

aptamer to the silica surface. 

TBA conformational changes upon binding of thrombin.  By quantifying the relative 

population of conformations adopted by the aptamer in the presence of the two metal cations, we 

now determine whether alpha-thrombin binds to the immobilized aptamer. We also seek to 

discover whether alpha-thrombin can actively bind to the aptamer in the absence of the stabilizing 

K+ cation, and if so, whether this binding is accompanied with conformational changes in the 

aptamer. A crucial issue in this experiment is to ensure that any scattering from alpha-thrombin 

binding is due to its selective binding with the aptamer and not a consequence of non-specific 

association with the surrounding surface. To assess the selectivity of alpha-thrombin-binding, we 

first prepared control samples that were equilibrated with a high concentration (50-μM) solution 

of a 15-mer complement sequence. The formation of a hybridized DNA duplex with the aptamer 

is expected to disrupt the G-quadruplex conformation associated with thrombin binding.64 The 

efficiencies of aptamer hybridization were determined from the relative changes in the phosphate 

stretching mode at 1094 cm-1 with addition of 50-μM complement and found to be 95±8% and 
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98±8% in LiCl and KCl buffers, respectively, consistent with complete duplex formation (details 

in Supporting Information).  

 To investigate the selectivity 

of thrombin binding to the 

immobilized aptamer, samples of 

particles in 150-mM LiCl and KCl 

pH 6.5 MES buffer, respectively, 

were prepared with and without 50-

μM 15-mer complement DNA and 

equilibrated for ~12-hours. Samples 

were then characterized prior to and 

following the equilibration with 500-

nM alpha-thrombin, and the results 

are plotted in Figure 4. Each pair of 

spectra in Figure 4A shows the 

impact of equilibration with alpha-

thrombin in KCl buffer, where red 

spectra indicate alpha-thrombin 

interaction with the folded aptamer, 

and the cyan spectra are for the 

control sample where the aptamer is 

hybridized with its 15-mer 

complement. As can be observed in 

the black difference spectra, 

equilibration of alpha-thrombin 

reveals a much greater increase in 

scattering with the folded aptamer 

compared to the hybridized control. 

Specific evidence of protein accumulation in the former is found in the band frequencies 

characteristic of amino acid residues and the amide backbone.78  For example, the appearance of 

tryptophan (757, 880, 1335 cm-1) phenylalanine (1004 and 1031 cm-1), tyrosine (642, 830 and 850 

cm-1), aliphatic amino acid (1332 and 1446 cm-1), and amide backbone modes (1250, 1550, 1664 

Figure 4. Raman spectra of TBA-particles before (lighter) and 
after (darker) equilibration with alpha-thrombin. Difference 
spectra are in black. (A) TBA in KCl (blue). Hybridized-TBA 
control in KCl (cyan). (B) TBA in LiCl (red). Hybridized-TBA 
control in LiCl (green).  
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cm-1) are consistent with protein band assignments.78 Given these bands in the difference spectrum, 

we can conclude that alpha-thrombin has accumulated within the TBA-derivatized particles. 

 To determine what fraction of thrombin binding is a due to selective interactions with the 

folded aptamer, we compare the protein band intensities to those observed with alpha-thrombin 

interacting with a hybridized dsDNA aptamer control, where G-quadruplex formation is inhibited. 

The scattering intensity from protein in the control sample is 7.8±0.8% of the thrombin intensity 

observed for binding to the folded aptamer. This fraction is not due displacement of the DNA 

complement from the aptamer since none of the spectral intensity from the 15-mer complement is 

lost following the addition of alpha-thrombin. We conclude that the majority (>92%) of the alpha-

thrombin captured by the folded aptamer arises from selectively bound protein. The selectivity is 

further tested by comparing the binding of alpha-thrombin to a modified 3’terminal sequence 

having the same base composition, but with a sequence that was previously shown in an electro-

chemical aptamer sensor experiment not to bind thrombin.25 The results (Supporting Information) 

show no detectable thrombin association with this control sequence compared with the 15-mer 

TBA, which exhibits strong thrombin binding. In addition, thrombin binding to the immobilized 

TBA is reversible, where bound thrombin can be displaced from the aptamer by exposing the 

thrombin-aptamer complex to 50-μM complement DNA (Supporting Information). Finally, unlike 

SERS measurements of DNA immobilized on plasmonic metals,57,58 the measured alpha-thrombin 

capture response should not decay with distance from the surface. An experiment to test this issue 

was carried out, where thrombin binding to the 15-mer TBA immobilized through a 15-T spacer 

and the results are plotted in Figure S7 (Supporting Information). The Raman scattering from the 

captured alpha-thrombin upon exposure to 500-nM thrombin in solution exhibits signal strengths 

that are equivalent to those observed with the shorter 9-T tether in Figure 4 above. 

 Having established that alpha-thrombin binds selectively and reversibly to the folded 

aptamer in the presence of a G-quadruplex-stabilizing potassium ion, we now test whether alpha-

thrombin can bind to an initially unfolded aptamer. In Figure 4B, we present results of an 

equivalent experiment, except where the thrombin association with the immobilized aptamer 

occurs in 150-mM LiCl buffer. The spectra in blue (and the difference spectrum above them) show 

that alpha-thrombin binds selectively to the initially unfolded aptamer in Li+ solution, where only 



13 
 

a small background is observed for thrombin association with the hybridized control in green. To 

determine whether protein binding by the aptamer in Li+ solution changes its conformation to a G-

quadruplex form, we focus our analysis on a region containing a guanine-ring stretching mode 

(650 – 715 cm-1) that was shown in the previous section to be informative of G-quadruplex 

formation, a band that is unobscured by overlapping protein scattering intensity. High-resolution 

Raman spectra (Figure 5A) reveal that in the 

presence of KCl, there are no spectral 

differences in the aptamer conformation upon 

protein binding, which is consistent with the 

aptamer being folded both prior to and after 

association with alpha-thrombin. In contrast, 

the binding of alpha-thrombin to the aptamer 

in LiCl shows significant changes in intensity 

of the guanine mode following binding. These 

spectral changes are consistent with a 

conformation change (folding) of the aptamer 

upon binding of alpha-thrombin, stabilizing 

the folded G-quadruplex structure, which in 

agreement with equivalent conclusions drawn 

from the 2-fold greater electrochemical 

response at low ionic strengths of a 31-mer 

TBA having the same 15-mer sequence at its 

3’ terminus.65 

 To quantify the fraction of the surface-

immobilized aptamer that folds following the 

interaction with alpha-thrombin, we apply a 

least-squares analysis to fit the guanine ring 

stretching band to the two pure component 

spectra determined from the K+ concentration 

dependence in the previous section. The 

results of this analysis in Figure 5B show that, 

upon binding alpha-thrombin in LiCl buffer, 72% of the immobilized aptamer is in the folded G-

Figure 5. Raman spectra of the guanine ring-
stretching mode. (A) Spectra before (lighter) and 
after (darker) reaction with 500-nM alpha-thrombin 
in KCl (blue) or in LiCl (red); the y-axis of the KCl 
results has been offset to allow clearer comparison 
of the results. (B) Least-squares fit of spectral 
components from SMCR analysis to quantify 
folded and unfolded fractions of TBA following 
reaction in 150-mM LiCl.
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quadruplex conformation, while 28% of the aptamer remains unfolded. A simple explanation for 

incomplete folding of the immobilized aptamer is that the surface-density of aptamers on the silica 

surface exceeds the maximum density of thrombin that can accumulate at the interface, limiting 

the ability of some of the immobilized aptamers to bind alpha-thrombin. While the 15-mer TBA 

has been shown to have 2 binding sites for alpha-thrombin in free solution,79-82 only one of these 

sites is accessible to alpha-thrombin binding when the aptamer is immobilized at an interface.23 

Thus a close-packed monolayer of alpha-thrombin would correspond to the maximum population 

of aptamer that can be bound to protein.   

The maximum surface-density of alpha-thrombin can be estimated from the crystal-

structure of the alpha-thrombin/aptamer complex64 and then compared to the surface-population 

of the folded aptamer quantified above. Based on the size of alpha-thrombin in its orientation 

relative to a surface-immobilized aptamer (Supporting Information),64 a closely-packed thrombin 

monolayer would have a surface-density of 86 nmol/m2. This thrombin surface-density can be 

compared with the density of aptamer in a G-quadruplex conformation following its binding with 

alpha-thrombin, Γfolded TBA = 0.72 ΓTBA = 79 (±14) nmol/m2. The surface-density of folded aptamer 

population agrees, within its uncertainty, with the packing density of alpha-thrombin monolayer, 

indicating that 28% of aptamers remain unfolded due to alpha-thrombin having reached a 

maximum surface-coverage leaving excess unbound aptamer. This analysis can only be 

accomplished with a LiCl buffer, where the change in conformation of the aptamer accompanies 

binding of its protein target. Note there is a limit to the immobilized TBA surface density that will 

allow alpha-thrombin binding. Saturation coverage of DNA was accomplished by carrying out the 

maleimide-thiol coupling reaction in 50% DMF,59  where the immobilized TBA surface density is 

4-times greater than above,  ~460(±90) nmol/m2. This corresponds to a root-mean-square distance 

between immobilized DNA molecules of 1.9(±0.2) nm, comparable to the size of the folded 

aptamer (Figure S8). Under these conditions, we detect strong Raman-scattering from the 

immobilized DNA (Figure S9). However, the capture of alpha-thrombin is greatly reduced, 

because the close spacing of immobilized TBA allows only a fraction of the aptamers to form anti-

parallel G-quadruplexes, which in turn lowers thrombin binding. A systematic study of the surface-

density dependence of TBA-protein association is underway in our lab.  

 Conclusions.  In this work, we have adapted in-situ Raman spectroscopy to determine how 

the association of a surface-immobilized aptamer with its protein target impacts the aptamer 

conformation. Raman scattering reports binding of the protein, and more importantly, is 
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informative of aptamer conformations. The results revealed that in the presence of K+ ion, the 

immobilized aptamer is in a G-quadruplex form both before and after binding of thrombin. This 

finding is contrary to an interpretation of the electrochemical response of this aptamer with K+ 

present in solution, which suggested that formation of the G-quaduplex upon thrombin-binding 

inhibited access of the aptamer redox-label to the electrode surface.25 Based on the results 

presented here, it is likely instead that the size of the bound thrombin (Figure S5) obstructed access 

of the redox-label to the electrode. For experiments in Li+ solution, Raman scattering showed the 

aptamer changes from an unfolded to a folded state upon binding of its protein target. These results 

also showed that the fraction of surface-immobilized aptamers in a folded state is limited by the 

size of the bound protein and its packing density. 

 This study represents an advancement in experimental technique to understand surface-

immobilized aptamers and factors that influence their conformations and reactivity. While the 

present study focused on an aptamer with G-quadruplex secondary structure, the methodology 

could also be applied to aptamers that undergo hybridization changes in stem-loop regions upon 

analyte binding, where Raman-scattering changes upon duplex formation are readily detected and 

interpreted.60,83 Future applications would include measuring binding isotherms while identifying 

sites of interaction between the aptamer and its target through shifts in vibrational frequencies and 

intensities, as recently demonstrated for small-molecule binding to dsDNA.61 In addition to 

investigations of biosensors, this method would allow studies of the association of proteins with 

specific sequences of double-stranded DNA or modified DNA bases. Examples would include 

studies of selective binding of repair enzymes to sequences that include oxidized bases,84,85 or 

proteins that recognize DNA methylation and thereby regulate transcription.86,87 The present 

results, therefore, set a precedent for future research that requires an understanding of structure-

function relationships in protein interactions with oligonucleotides bound to surfaces.  
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