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Abstract. In this study, we exploit the sensitivity offered by surface-
enhanced Raman scattering (SERS) for the direct detection of throm-
bin using the thrombin-binding aptamer (TBA) as molecular receptor.
The technique utilizes immobilized silver nanoparticles that are func-
tionalized with thiolated thrombin-specific binding aptamer, a 15-mer
(5'-GGTTGGTGTGGTTGG-3") quadruplex forming oligonucleotide.
In addition to the Raman vibrational bands corresponding to the
aptamer and blocking agent, new peaks (mainly at 1140, 1540, and
1635 cm™') that are characteristic of the protein are observed upon
binding of thrombin. These spectral changes are not observed when
the aptamer-nanoparticle assembly is exposed to a nonbinding protein
such as bovine serum albumin (BSA). This methodology could be
further used for the development of label-free biosensors for direct
detection of proteins and other molecules of interest for which aptam-

ers are available. @ 2010 Society of Photo-Optical Instrumentation Engineers.
[DOI: 10.1117/1.3465594]
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1 Introduction

Detection and tracking of biomolecules is invaluable not only
in the field of medical diagnostics but also in biological and
biotechnology research, drug development, environmental
monitoring, forensic investigations, and biodefense. To this
end, researchers of different expertise have sought to develop
methodologies/techniques that are sensitive, specific, robust,
high throughput (amenable to multiplexing), simple, and cost
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effective. Presently, most methods used to detect biomol-
ecules that require molecular recognition events (e.g., forma-
tion of antibody-antigen or aptamer-analyte complexes) are
variations of the “sandwich type” enzyme-linked immunosor-
bent assays (ELISA) and typically rely on the use of receptors
tagged with probe molecules, which may not always be
desirable.'” Labeling of biomolecules is a time-consuming
process that can lead to the loss of biological activity. Other
assays make use of nanoparticles and their tendency to form
aggregates, which results in color change due to a shift in the
plasmon resonance in response to binding events.*> While
this is a convenient method, it is limited by its susceptibility
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to changes in the environment, e.g., change in ionic strength
or pH, which can also induce aggregation and color change.
Another nanoparticle-based technique takes advantage of the
ability of metal nanoparticles to quench emission from nearby
fluorescent compounds. In this case, the presence of the ana-
Iyte is detected by the change in the intensity of emission
from the fluorescent molecule attached to the receptor.f”7 Di-
rect detection techniques such as mass spectrometry and sur-
face plasmon resonance (SPR) spectroscopy are also widely
used, but they are expensive and potentially limited by exten-
sive sample preparation. For example, mass spectrometry re-
quires isolation and purification of the analyte (usually by
chromatography).8 SPR, which detects binding of the mol-
ecule by measuring the change in the refractive index at the
surface of the metal functionalized with a conjugated receptor,
is subject to nonspecific interactions.

Another technique that is currently under development is
based on surface-enhanced Raman scattering (SERS). SERS
occurs when a molecule is in close proximity to the metal
surface. When combined with the resonance Raman effect,
signal enhancements of up 10'* to 10'> have been observed,
allowing even single molecule detection’ under very favor-
able conditions. This huge signal enhancement is attributed to
enhanced electromagnetic fields within the immediate vicinity
of the metal upon excitation of plasmon resonances by photon
interaction,'” and to charge transfer processes between the
metal and the adsorbed molecule."

SERS-based assays,3’12"14 which require molecular recog-
nition events, have been made possible by labeling either the
capture agent or the target molecule itself with a Raman-
active molecule. Recently, Neuman et al.” reported SERS-
based direct detection of the platelet derived growth factor
(PDGF) by monitoring the randomness of the SERS spectra
of the PDGF aptamer, following its exposure to the target
molecule PDGF. The change in the reproducibility of the pris-
tine anti-PDGF aptamer was thought to be due to change in
the conformation of the aptamer as a result of protein binding.

Aptamers are functional single-stranded oligonucleotides
(DNA or RNA) generated by the process called systematic
evolution of ligands by exponential enrichment (SELEX).'®
They bind to their target molecules selectively and with high
affinity by forming secondary structures and shapes (e.g., qua-
druplex, hairpin loop, and T—junction).”’18 Several aptamers
have been developed for the detection of certain biological

and chemical threat agents [e.g., ricin,19 anthrax spores,20 and

trinitrotoluene  (TNT)?']; cancer biomarkers;>>  HIV-
associated proteins;%_29 food-borne pathogens;30 and other
biologically important biomolecules such as insulin,*"** im-
munoglobulin E (IgE),” and thrombin.** They exhibit protein
binding affinities that are comparable to those of correspond-
ing antibodies.'®** As in the case of antibodies, labeling of
the aptamer can sometimes lead to loss of activity resulting
from loss of ability to form the secondary structure that is
required for binding.

In the present study, we exploit the sensitivity offered by
SERS in the development of an aptamer-based direct-
detection method for target molecules requiring molecular
recognition using the thrombin and thrombin binding aptamer
(TBA)** pair as a model system. TBA is a 15-mer
(5’-GGTTGGTGTGGTTGG-3') oligonucleotide that binds
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Fig. 1 (a) Antiparallel quadruplex or chair conformation of the TBA.
(b) Guanine quartet of the TBA formed via the Hoogsten-type
guanine-guanine interaction. In an antiparallel quadruplex, the gua-
nosine residues have an alternating syn and anti conformation.

to the fibrinogen-recognition exosite of thrombin™ after form-
ing a chair-type G-quadruplex structure’®™* (Fig. 1). The
compact size of the folded aptamer (~ 1.1 nm)* makes it an
ideal receptor for this assay, as it brings the target molecule in
close proximity to the metal surface, i.e., the analyte is well
within the required distance (<10 nm) for local SERS field
enhancement.

The technique (Fig. 2) utilizes immobilized nanoparticles
that are functionalized with an aptamer. Binding of thrombin
is detected by the presence of additional Raman bands follow-
ing exposure of a TBA-functionalized SERS substrate to the
test sample. The method described here may reduce the num-
ber of steps required in a sandwiched-based assay, and has the
potential to discriminate between specific and nonspecific
binding events.

2 Experimental Section

The general protocol for the assay is presented in Fig. 2. First,
the silver nanoparticles are immobilized on a glass surface
previously treated with 3-aminopropyl trimethoxysilane. The
immobilized nanoparticles are functionalized with a thiolated
thrombin binding aptamer and the surface is blocked with
6-mercaptohexanol to prevent nonspecific binding. A solution
containing thrombin is then introduced. SERS spectra are ob-
tained for each step to monitor the relevant binding events.
Binding of thrombin is detected by the presence of additional
Raman bands following exposure of TBA-functionalized
SERS substrate to the test sample.

2.1 Materials

Monobasic and dibasic potassium phosphate (KPi) and potas-
sium chloride were obtained from Fisher Scientific. Phosphate
buffered saline (PBS) was purchased from USB Corporation,
Silver nitrate (AgNOsj), sodium citrate, (3-aminopropyl)
trimethoxysilane (APTMS), 6-mercaptohexanol (MH), bovine
serum albumin (BSA), and thrombin were purchased
from Sigma Chemical Company (Saint Louis, Missouri).
Thrombin was dialyzed (Spectrapor Biotech membrane
3000 MWCO) against PBS for 3 h prior to use. The
thiolated thrombin binding aptamer (5'-HS-(CH,)5—
CH,-GTTGGTGTGGTTGG-3") was ordered from Sigma
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Fig. 2 Scheme for direct detection of thrombin. (a) Nanoparticles are
immobilized on a glass surface previously treated with (3-
aminopropyl) trimethoxysilane. (b) Nanoparticles are functionalized
with the thiolated thrombin binding aptamer. (c) The exposed metal
surface is blocked by 6-mercaptohexanol. (d) The target molecule
(thrombin in this case) is introduced. SERS spectrum is obtained at
each step.

Chemical Company. It was supplied as a disulfide form and
was used without hydrolysis. Glass cover slips (25CIR-1)
were purchased from Fisher Scientific Incorporated (Pitts-
burgh, Pennsylvania). All glasswares used were cleaned with
aqua regia.
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2.2 Silver Nanoparticle Preparation

Silver nanoparticles (NPs) were prepared following the pro-
cedure of Lee and Meisel.*® Briefly, 20 mg of AgNO; was
dissolved in 100 mL of Milli-Q water and the solution was
brought to boiling, after which 20 mL of 0.1% sodium citrate
was added drop-wise. The mixture was then refluxed for one
hour. The resulting solution was greenish yellow in color. The
plasmon resonance was centered at about 412 nm as mea-
sured by a Cary UV-Vis spectrophotometer (Varian, Palo Alto,
California). Functionalization of the nanoparticles resulted in
the formation of a new broad absorption band centered at
about 660 nm, which allows for SERS measurements at our
laser excitation wavelength (647 nm). The nanoparticles have
an average diameter of about 40 nm as measured by a Nano-
sight (Amesbury, United Kingdom) LM 20 system and atomic
force microscopy.

2.3 Glass Substrate Pretreatment

Glass cover slips were cleaned by sonicating them subse-
quently in acetone, 1 M NaOH, and Milli-Q water for one
hour each. They were further rinsed with Milli-Q water three
times and dried under nitrogen flow. The cover slips were then
treated with freshly prepared 5 mM APTMS (in toluene) for
10 min and blown dry with nitrogen.

2.4 Substrate Preparation

The stock solution of silver nanoparticles was dialyzed
against Milli-Q water for 3 h and was diluted with Milli-Q
water to get a 0.2 nM solution. A 10 uL aliquot of this solu-
tion was deposited on an APTMS- treated glass cover slip and
allowed to air dry at room temperature. The cover slip was
then washed with Milli-Q water and blown dry with nitrogen
flow. A 10 uL aliquot of 10 uM thrombin binding aptamer in
PBS (with 100 mM KCI added to induce the formation of the
quadruplex structure) was added and incubated for 12 h. It
was rinsed with Milli-Q water and blown dry with nitrogen. A
0.1% aqueous solution of 6-mercaptohexanol was then added
to block the surface not occupied by the aptamer. The sub-
strate was rinsed with PBS, and 10 uL of 10 uM thrombin
solution was added and incubated at 4 °C for at least one
hour. For the negative control, bovine serum albumin, a non-
binding protein, is used instead of the target molecule.

2.5 Surface-Enhanced Raman Scattering
Measurements

SERS spectra were acquired using a custom-built Raman sys-
tem based on a Till Photonics microscope equipped with a
60X, 1.45-NA oil objective, via a SpectraPro 2300i Acton
spectrometer with a Princeton Instruments Pixis100 back-
illuminated charge-coupled device (CCD) camera, and
647-nm excitation wavelength from an Ar-Kr Innova 70C
Coherent laser. An integration time of 60 s and laser power of
100 uW were used for all SERS measurements. The spectra
were obtained by taking an average of five measurements
from five different clusters/aggregates of nanoparticles. The
baseline was corrected using a third-order polynomial fit.
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3 Results and Discussion

The use of aptamers as molecular receptors has been attract-
ing a lot of attention for a number of reasons. First, they are
less susceptible to denaturation and degradation than the cor-
responding antibodies. Second, they can be synthesized with
high purity and reproducibility and are also easily engineered.
Third, they are much smaller than the corresponding antibod-
ies, which is significant in applications where a smaller size of
the capture ligand is desired. This is represented in the present
case, where the target molecule needs to be in close proximity
to the metallic nanoparticle for significant SERS enhance-
ment.

The methodology reported here offers several potential
benefits: 1. it does not require biotin-streptavidin binding, as
the aptamer can be attached covalently to the SERS substrate
via thiolchemistry; 2. the SERS substrate functionalized with
aptamer is robust, owing to the stability of the aptamer; and 3.
it is also compact and could be further miniaturized to make it
suitable for field applications using portable Raman spectrom-
eters.

We have previously reported a Raman and SERS charac-
terization study of both the thiolated and unthiolated analogs
of the thrombin binding aptamer (TBA).*” We have shown
that the formation of the quadruplex structure by TBA, indi-
cated by the diagnostic ~1480-cm™! band (C8=N7-H de-
formation, Fig. 1)48’50 under favorable conditions, i.e., pres-
ence of K+ and incubation at ~4 °C, can be conveniently
monitored by Raman spectroscopy. We also showed that the
Raman and SERS spectra of the aptamer are dramatically dif-
ferent. This observation is not uncommon in SERS studies,
and can be attributed to different enhancement factors of vi-
brational modes due to the fact that chemical bonds that are
closer to the metallic nanoparticle surface receive stronger
enhancement.

For this study, we have used a thiolated analog of the
aptamer to facilitate binding of the aptamer to the nanopar-
ticle. To show that thiolation does not prevent formation of
the quadruplex structure, we previously measured the Raman
spectra of both the thiolated and unthiolated analogs under the
same conditions.”” Raman spectra of the two analogs both
exhibit the characteristic 1480-cm™! band of the quadruplex
structure, indicating that thiolation does not inhibit the forma-
tion of the quadruplex structure by the aptamer, which is re-
sponsible for its binding to thrombin. To ensure that the
aptamer is in its quadruplex form before immobilization, it
was prepared in PBS containing K* ions.

Figures 3(a) and 3(b) present the individual SERS spectra
of the thiolated aptamer (TBA) and the blocking agent mer-
captohexanol (MH), respectively. It can be observed that the
characteristic 1480-cm™! band of the quadruplex aptamer
structure is missing in the SERS spectrum. This may suggest
that the aptamer is in its unfolded form, but the absence of the
band around 1496 cm™!, which corresponds to the C8=N7
vibration of guanine when it is not hydrogen bonded,”**" in-
dicates otherwise. It is very likely that the guanine tetrads do
not interact with the metal, since they are not exposed to it,
i.e., their location in the quadruplex configuration does not
allow for it. Another very noticeable feature of the SERS
spectrum of TBA is the presence of a strong band around
1398 cm™!. This can be attributed mostly to the CH,
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Fig. 3 SERS spectra of (a) immobilized TBA, (b) blocking agent (MH),
and (c) immobilized TBA together with MH. The spectra are normal-
ized with respect to the most intense peak for each trace.

deformation,” which is shifted from the 1425-cm~' band
of the spontaneous Raman spectrum,”’ with some contribu-
tion from the ring-stretching mode of the guanine
(~1392 cm™).% The intensity of the peak suggests there is
proximity of this moiety to the metal surface.

Figure 3(c) shows the SERS spectrum of TBA together
with MH. It can be seen that the major SERS peaks corre-
sponding to MH (1080 and 1435 cm™', C—C stretch and C-H
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Fig. 4 (a) SERS of immobilized TBA together with MH (solid line) and
TBA with MH and the target protein, thrombin (dashed line). The
spectra normalized with respect to the 1398-cm~" TBA peak. (b) SERS
spectra of immobilized TBA with MH (solid line) and immobilized
TBA with MH and the nonbinding BSA (dashed line). The spectra are
normalized with respect to the most intense peak (2920 cm™') for
both.

deformation, respectively) added to the substrate already
functionalized with the aptamer are detected together with
those peaks corresponding to the aptamer (1005, 1245, and
1398 cm™!). The addition of the target protein (thrombin) re-
sulted in additional bands in the spectra [Fig. 4(a)], namely
1635 cm™! (amide 1, C=0 stretch coupled with C-N-H
bend),”** 1540 cm™! (amide 2, N-H bend coupled with C-N
stretch),™ and 1140 cm™! (C-N stretch),>* which are pro-
tein characteristic vibrational peaks (Table 1). In addition,
there is a three-fold increase in the intensity of the C—H peak
upon addition of thrombin. These observations strongly sug-
gest binding of the target molecule. It may be noted that the
amide 2 band is not normally Raman active. However, Raman
enhancement near metallic nanoparticles can result in the ap-
pearance of vibrational modes that are normally forbidden by
selection rules, as well as in the disappearance of certain vi-
brational bands. This is due to several factors, which include
the proximity of the molecular bond to the metal surface and
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different orientation of the molecule with respect to the metal
surface following surface adsorption or binding to capture
agent. This may explain the appearance of this band at
1540 cm™!. Similar observations have been reported in the
literature. For example, Hu et al.® reported the appearance of
an amide 2 band (centered at 1526 cm™') in the SERS spec-
trum of lysozyme, Kim et al.”’ observed the presence of this
band (at 1520 cm™!) in the SERS spectrum of Gly-L-Phe
dipeptide, and Podstawka et al. > observed this band from
1504 to 1554 cm™' in the SERS spectra of a series of homo-
and heterodipeptides.

These spectral changes that were observed with the addi-
tion of thrombin to the aptamer functionalized substrate were
not detected when the same experiment was conducted using
a nonbinding protein (BSA) [Fig. 4(b)]. The spectra of TBA
with MH and of TBA with MH and BSA are almost superim-
posable, suggesting that no binding has occurred. However, it
can also be seen that there is a noticeable change in the spec-
trum of TBA with MH, specifically the relative intensities of
their major peaks. One possible explanation for this observa-
tion is the variation in the amounts of aptamer and mercapto-
hexanol that were bound to the nanoparticle. The intensity
ratio of 1398-cm™'/1080-cm™! peak is noticeably higher in
this set of spectra, suggesting an increased amount of aptamer
adsorbed on the nanoparticle compared to the previous experi-
ment (using thrombin). It is likely that this increase in the
amount of aptamer molecules bound to the nanoparticle sur-
face resulted in a higher relative intensity of the C—H peak. It
is also possible that the higher concentration of bound
aptamer led to a change in its orientation with respect to the
nanoparticle surface, i.e., from flat or slightly bent to perpen-
dicular, which in turn results in the observed higher relative
intensity of the C-H peak.60 It has been shown both experi-
mentally and theoretically that the C—H stretching mode is
sensitive to molecule orientation on the nanoparticle
surface.®"%* In addition to the already mentioned changes in
the spectrum of BSA-NP complex, we noted an additional
band around 1518 cm™'. One possible explanation for the ap-
pearance of this peak is nonspecific binding of BSA or other
components (e.g., buffer components) of the test sample to the
nanoparticle, resulting from insufficient coverage of the metal
surface by both TBA and MH. This observation may indicate
that nonspecific binding can be detected and discriminated
against based on the different spectral response. While the
sensitivity is not yet comparable with commonly used label-
based and sandwiched-type detection methods such as
ELISA, it is comparable with other direct detection tech-
niques available in the literature, such as those reported by
Jung et al.,63 a surface acoustic wave (SAW)-based detection
of thrombin (1 uM) using an aptamer-functionalized sensor
chip; and by Neumann et al.,15 a SERS-based direct detection
of target molecules (PDGF and cocaine), wherein the random-
ness of the SERS spectra of the specific aptamer following
exposure to the corresponding target molecule (1 uM PDGF
and 20 uM cocaine) is monitored. We believe that further
improvements (e.g., preconcentration of the sample on the
SERS substrate) to the current technique will enhance its sen-
sitivity.
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Table 1 SERS frequencies of TBA, TBA+MH, and TBA+MH +thrombin and their corresponding vibrational modes. The observed additional peaks

on TBA+MH and TBA+MH +thrombin spectra are listed in bold for clarity.

SERS frequency, cm™! Assignment References
TBA TBA TBA+
+MH MH+

thrombin
860 860 860 sugar vib (C3’ endo), 64
1005 1005 1005 deoxyribose vib 65
1080 (w) 1080 (w) 1080 (w) PO;3 sym str in the TGT loop of TBA 51

1080 1080 C—C str in MH

1140 C-N str of thrombin 54
1245 1245 1245 dT, N-H def, and C-N str of guanine 66
1278 1278 1278 ring str and C-H def of thymine 67
1370 (w) 1370 (w) 1370 (w) dT, dG C2’ endo/syn 66
1398 1398 1398 deoxyribosyl (C5'H,) def 52, 65, 66, and 68

1435 1435 C-H def of MH

1540 Amide 2 of protein 55 and 56
1580 1580 1580 C2=N3 of guanine

1635 Amide | of protein 53 and 54
1660 (w) 1660 (w) 1660 (w) C6=06 (DNA)
2920 2920 2920 deoxyribosyl C-H str 47
4 Conclusions Acknowledgments

We demonstrate a simple and selective SERS-based method
for direct detection of biomolecules based on molecular rec-
ognition, which require fewer steps than traditional
sandwiched-based assays. Binding of the target molecule to
the molecular receptor (aptamer) is manifested by the appear-
ance of the molecule’s characteristic vibrational bands (C-N
stretching, amide 1 and amide 2 bands), in addition to the
vibrational peaks corresponding to the receptor and blocking
agent. It is important to note that interfering species that are
able to bind may produce a noticeably different spectral re-
sponse, thus further improving the selectivity.

Since aptamers are available not only for biomolecules but
also for small molecules such as ricin, trinitrotoluene, and
polycyclic aromatic hydrocarbons, this technique can be use-
ful for the detection not only of medical biomarkers but also
of environmental pollutants, as well as biological and chemi-
cal threat agents. In addition, the SERS substrates can be
functionalized with different aptamers, allowing for multi-
plexed screening and detection. The simplicity of the devel-
oped label-free detection technique could be further utilized
for on-chip and real-time detection by implementing it on a
nano- and microscale platform.
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