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Abstract: The present study reports the
proof of principle of a reagentless apta-
meric sensor based on surface-en-
hanced Raman scattering (SERS) spec-
troscopy with “signal-on” architecture
using a model target of cocaine. This
new aptameric sensor is based on the
conformational change of the surface-
tethered aptamer on a binding target

sponse performance, the sensor is fabri-
cated from a cocaine-templated mixed
self-assembly of a 3'-terminal tetrame-
thylrhodamine (TMR)-labeled DNA
aptamer on a silver colloid film by
means of an alkanethiol moiety at the
5" end. This immobilization strategy op-
timizes the orientation of the aptamer
on the surface and facilitates the fold-

ing on the binding target. Under opti-
mized assay conditions, one can deter-
mine cocaine at a concentration of
1 pm, which compares favorably with
analogous aptameric sensors based on
electrochemical and fluorescence tech-
niques. The sensor can be readily re-
generated by being washed with a
buffer. These results suggest that the

that draws a certain Raman reporter in
close proximity to the SERS substrate,
thereby increasing the Raman scatter-
ing signal due to the local enhancement
effect of SERS. To improve the re-

cocaine
spectroscopy

Introduction

Surface-enhanced Raman scattering (SERS) is a phenomen-
on observed for a range of different molecules. It occurs
when molecules are attached to the surface of certain nano-
structured materials.! The enhancement effect is generally
explained by two enhancement mechanisms, one being a
long-range electromagnetic (EM) effect such as “hot spots”,
and the other being a chemical enhancement that results
from the charge-transfer excitation of chemisorbed mole-
cules.”¥ In recent years, it has been reported that even
single molecule detection is possible by SERS, suggesting
that an enhancement factor of as much as 10"-10" could be
reached.**) Besides high sensitivity, Raman spectra have
some advantages over their fluorescent counterparts, such as
monitoring molecule excitement at any wavelength, alleviat-
ed photobleaching, and showing narrow peak widths (ca.
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SERS-based transducer might create a
new dimension for future development
of aptameric sensors for sensitive de-
termination in biochemical and bio-
medical studies.

Raman

20 cm ™).’ Therefore, these intrinsic advantages of Raman
spectroscopy make SERS very attractive for the develop-
ment of various biosensing devices for use in immunoassay
and nucleic acid detection.®® Initial trials along this route
were demonstrated by Dou etal. based on an enzyme-
linked immunoassay format in which the enzyme-reaction
product was adsorbed on silver colloids to generate an
SERS signal, which would allow indirect assay of the anti-
gen.® An alternative design for such biosensors is to utilize
certain metal nanoparticles labeled with Raman-active dyes
as an SERS tag of the analyte.”"”! SERS-active nanostruc-
tures labeled with different dyes and oligonucleotide probes
were proposed by Mirkin’s group for multiplexed detection
of nucleic acids and proteins.'"'?! Vo-Dinh and co-workers
recently reported a piloted reagentless SERS-based biosen-
sor,™ which utilized a molecular beaconlike oligonucleotide
probe immobilized on silver colloids. It exhibited a de-
creased SERS signal upon hairpin-to-duplex change through
hybridization with the target DNA sequences, a conforma-
tion change typical of fluorescent molecular beacons.'™ This
reagentless biosensor efficiently utilized SERS as a local
effect that was strongly dependent upon the distance be-
tween the Raman label and the signal-enhancing platform.
For the fluorescent molecular beacon, the departure of the
quencher moiety from the fluorophore causes an increase in
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the fluorescent signal (“signal-on”), whereas in the case of
SERS the departure of the Raman label from the signal-en-
hancing platform results in a “signal-off” mechanism. It was
therefore of interest to us to search for an alternative sensor
design strategy to realize a “signal-on”-type SERS-based
sensor. Our attention was focused on the use of aptamers.

Aptamers constitute a novel affinity recognition element
for biosensor development. As short, single-stranded DNA
or RNA oligonucleotides screened by using a combinatorial
in vitro selection process called SELEX, aptamers can bind
specifically to targets with high affinity.'”*®l Targets binding
to aptamers range from small organic molecules and bio-
molecules to entire organisms.'”?! In contrast to traditional
molecular recognition elements in sensory devices, aptamers
offer considerable advantages such as adaptability to various
targets, convenience in screening, reproducibility for synthe-
sis, versatility in labeling, immobilization, signaling, and re-
generation. Aptamers have also been employed in a variety
of sensory designs, including homogeneous assays using fluo-
rescence? ! and colorimetric?*>! detection, as well as het-
erogeneous sensing with quartz crystal microbalance (QCM)
measurements”® and electrochemical transduction.”’*’)
Most of these sensors were fabricated based on the interac-
tion between the aptamer and a protein such as IgE,?
thrombin,?” and platelet-derived growth factor (PDGF).*)
Biosensors were also developed by using the corresponding
aptamers for detecting small molecules such as adenosine
and cocaine.®

In the present study, we report a proof of principle of a
reagentless aptameric sensor based on SERS with a “signal-
on” architecture using a model target of cocaine. Here the
SERS as a local effect dependent upon the distance of the
Raman reporter to the substrate surface is utilized in such a
way that the SERS signal generated would increase with the
increase of analyte concentration.”*3! With an appropriate
aptamer immobilized on an SERS substrate, target binding
induces the aptamer molecule to undergo a conformational
transition that draws a certain labeled Raman reporter in
close proximity to the substrate, thereby increasing the
SERS signal. This novel biosensor combines the advantages
of aptamers, such as high specificity and affinity, and the
benefits of SERS, which include enhanced sensitivity, allevi-
ated photobleaching, noninvasive sampling, and microsized
sampling spots, as well as increased multiplexity due to
narrow bands, which offers tremendous opportunity for the
development of miniaturized transducers with desired per-
formance such as high throughput, specificity, and sensitivi-
ty. In this work the SERS substrate was prepared by using
an Ag colloid film on a polished gold disc. This SERS sub-
strate demonstrated strong and reproducible scattering sig-
nals. Batch-to-batch variations in the substrates could be mi-
tigated substantially by appropriate normalization of the
SERS intensities. With an aptamer sequence engineered for
the model target cocaine,”!! a biosensor was developed by
using a mixed assembled monolayer of 3-mercaptopropionic
acid (MPA) and a 5'-terminal thiolated oligonucleotide apta-
mer with a tetramethylrhodamine (TMR) moiety at the 3’
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end in the presence of cocaine. The introduction of a mixed
self-assembly of MPA with a cocaine-aided well-folded apta-
mer was observed to be very beneficial to SERS signaling
due to the fact that it offered something similar to “molecu-
lar-imprinted” cages for the folded aptamer, thereby facili-
tating the folding of the aptamer into the appropriate con-
formation and mitigating steric hindrance on the substrate
surface during conformation transition. Moreover, the bio-
sensor can be readily regenerated through a brief wash with
buffer solution. These results revealed that the SERS-based
transducer creates a new dimension for future development
of novel aptameric sensors.

Results and Discussion

Analytical principle: In our preliminary experiments we no-
ticed that straightforward assembly of the aptamer on the
surface could not produce a sensor with significant SERS re-
sponse to the analyte. As a consequence, we utilized a “co-
caine template” in the fabrication of the aptameric sensor.
Scheme 1 depicts the analytical principle of the aptameric
Sensor.

In the fabrication of this sensor (Scheme 1A), cocaine is
introduced into the aptamer solution as a “template” to
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Scheme 1. Schematic diagram for the preparation (A) and analytical prin-
ciple (B) of the aptameric sensor for cocaine.
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form a complex with the aptamer, thus allowing the aptamer
molecule to fold into a stable three-way junction. Assembly
of the aptamer—cocaine complex on the SERS substrate sur-
face by means of the 5'-terminus alkanethiol group causes
the TMR moiety at the 3" end to be located in close proxim-
ity to the substrate. It is important to note that cocaine and
MPA are introduced in the self-assembly process. This of-
fered something similar to “molecular-imprinted” cages for
the folded aptamer, thereby facilitating the folding of the
aptamer into the appropriate conformation and mitigating
steric hindrance on the substrate surface during conforma-
tion transition. Removal of the cocaine template by rinsing
with phosphate buffer solution (PBS) induces the aptamer
to partially unfold and draw the TMR moiety away from
the substrate, which results in the formation of an aptameric
sensor. Therefore, with the templated assembly strategy one
could obtain an aptameric sensor with immobilized aptamer
molecules in ideal orientation so as to have little steric hin-
drance to each other when they are refolded on binding to
cocaine.

The response mechanism of the resulting aptameric
sensor lies in the fact that the SERS enhancement effect,
EyR, depends strongly on the distance, d, between the Raman
reporter and the roughened substrate (Egocd'2).%31 As
shown in Scheme 1B, in the absence of the target, most of
the DNA probes in the solution will be away from the sur-
face due to the thermal motion of DNA strands and the
electrostatic repulsion from the negatively charged surface
with the mixed assembled monolayer of MPA and DNA
probes. So the TMR moiety remains away from the sub-
strate and yields a weak SERS background signal. In re-
sponse to the cocaine analyte, the surface-immobilized apta-
mer binds to cocaine and forms a three-way junction, in
which the TMR moiety comes in close proximity to the
SERS substrate, generating an enhanced SERS signal that
indicates the presence of the cocaine target. Therefore, the
SERS signal from the reporter increases substantially with
the addition of cocaine. Apparently, the sensor, unlike the
SERS-based “molecular sentinel”,l” exhibits an enhanced
signal with increased target concentration, thereby demon-
strating a “signal-on” architecture that is beneficial for
signal gain.

Characterization of the silver aggregate substrate: Figure 1
shows the TEM image of silver nanoparticles in the as-pre-
pared state and the SEM image of the prepared SERS sub-
strate film of silver colloids on a gold disc. One can observe
that the silver nanoparticles are almost monodispersed and
exhibit spherulitic facets. An average size of 40 nm with a
standard deviation of 2nm was estimated by using 100
nanoparticles in the TEM investigation (Figure 1A). The
SEM image in Figure 1B shows that the silver particles are
closely packed and form a large aggregate film with homo-
geneous morphology in the SERS substrate film. It was ob-
served that the aptameric sensor gave a very reproducible
signal after more than ten washes, thus indicating that the
SERS substrate is very stable and no particles are lost in the
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Figure 1. A) TEM image of silver nanoparticles in the as-prepared state
(scale bar=200 nm). B) SEM image of the SERS substrate film of silver
colloids (scale bar =100 nm).

rinsing steps. The formation of a stable colloid film was also
demonstrated previously.”>*! The stability of the colloid
film might be attributed to the vacuum desiccation step that
induced a high salt concentration and dehydration on the
colloid surface. This reduced the electrostatic repulsion and
caused a strong interaction between the silver nanoparticles
as well as between the silver colloids and the metal support.
Thus a stable colloid film could be obtained as a sensitive
SERS substrate. Because aggregates of silver or gold nano-
particles had been demonstrated as very effective SERS
substrates,® this substrate was expected to show high SERS
activity to allow enhanced sensitivity in the aptameric
sensor. Moreover, it was observed that this substrate was
mechanically very stable and showed reproducible SERS ac-
tivity when subjected to washing and rinsing treatment with
water or salt solution during the experiments.

Response performance of the sensor: Figure 2A depicts the
SERS spectra obtained by using the aptameric sensor
before and after cocaine binding. In the absence of the
target, a small SERS signal is observed with five typical
Raman bands appearing in the region from 1100 to
1700 cm™" (curve a). The peaks of these Raman bands are
located at 1648, 1533, 1510, 1351, and 1215 cm ™. The assign-
ments of major Raman bands for TMR in the 1700-
1100 cm™! region are given in Table 1.°°) With the addition
of the cocaine target, the SERS signal exhibits an apprecia-
ble enhancement by about 1.6 times (curve b) and there is
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Figure 2. A) SERS spectra of the aptameric sensor in the absence (a) and
presence (b) of cocaine (3.126 mm). B) SERS signals of the aptameric
sensor at 1648 cm™' for cocaine (500 um), BE (1 mm), ENME (1 mm),
ENDME (1 mm), and a mixture of cocaine (500 um), BE (1 mm), ENME
(1 mm), and ENDME (1 mm). C) SERS signal at 1648 cm™' using the
sensor prepared with templated assembly of 10 um aptamer (the first
column in each bar set), with nontemplated assembly of 10 um aptamer
(the second column in each bar set), with nontemplated assembly of
0.2 um aptamer (the third column in each bar set), and with 10 pm arbi-
trary DNA sequence (the fourth column in each bar set) in response to 0
(the left bar set), 500 (the middle bar set), and 1500 um cocaine (the right
bar set). Cocaine aptamer: 5'-SH-(CH,),-GAC-AAG-GAA-AAT-CCT-
TCA-ATG-AAG-TGG-GTC-(TMR)-3". Arbitrary DNA sequence: 5'-
SH-(CH,),-GAC-AAG-GAA-AAT-GGA-AGT-TAG-AAG-TGG-GTC-
(TMR)-3'. The error bar is the standard deviation.
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Table 1. Assignments of major Raman bands for TMR in the 1700-
1100 cm ™' region.

Vibrational frequency [cm™] Band assignment

1648 aromatic C—C stretching
1533 aromatic C—C stretching
1510 aromatic C—C stretching
1351 aromatic C—C stretching
1215 aromatic C—H in-plane bending

no significant change of relative intensity among these
major bands in the 1700-1100 cm™! region, thereby indicat-
ing that the TMR reporter is located close to the SERS sub-
strate after the target binding. Although almost all the
major bands showed a similar change after the addition of
cocaine, to maximize the signal-to-noise ratio the band at
1648 cm™! was chosen as the signal for cocaine quantifica-
tion due to the fact that it gave the strongest signal and
ideal peak profile. This observation was in good agreement
with the assay principle. In the absence of the target, most
of the aptamer molecules remain partially unfolded and
induce the TMR reporter to be separated from the sub-
strate, which results in a small SERS signal. Upon addition
of target, the conformational change of the aptamer mole-
cule draws the TMR reporter in close proximity to the
SERS substrate, thus clearly enhancing the SERS signal. In
addition, we investigated the response of the aptameric
sensor to a series of cocaine metabolites including benzoyl-
ecgonine (BE), ecgonine methyl ester (ENME), and ecgoni-
dine methyl ester (ENDME). The SERS signals are plotted
in Figure 2b. It is clear that the sensor shows excellent spe-
cificity for cocaine against its analogues.

To demonstrate the benefit of the templated assembly for
the aptameric sensor, the response behavior of aptameric
sensors prepared according to a “templated” or “nontem-
plated” assembly was compared. One sees from Figure 2C
that without the templated assembly, the aptameric sensor
only shows 4.7 and 16.2% increases in SERS signals at
1648 cm™! in response to 500 pm and 1500 uM cocaine, re-
spectively. In contrast, 39.5 and 51.8% increases in SERS
signals are obtained by using an aptameric sensor prepared
by templated assembly. This result revealed that templating
could mitigate the steric hindrance during the folding of the
aptamer upon binding to the cocaine target, thereby improv-
ing the sensitivity of the aptameric sensor to the analytical
target. Note that such improvement of response perfor-
mance by using the templated assembly was not a result of
the lowered surface density of the aptamer. Actually, an in-
spection of the response using an aptameric sensor prepared
with diluted aptamer solution resulted in even poorer per-
formance, as shown in Figure 2C. Because target-induced
conformation change for aptamers is a general phenomenon
commonly involving folding or unfolding of oligonucleotide
stands, templated assembly of aptamers might be a very
promising approach for the development of aptameric sen-
sors.

To make the aptameric sensor applicable to quantitative
determination, the reproducibility of the sensor is of crucial
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significance. Therefore, the reproducibility of the aptameric
sensor at different spots on an SERS substrate over an area
of several hundred um? and on substrate films prepared in
different batches was investigated by using the Raman band
at 1648 cm™'. As can be seen from Figure 3, the SERS signal

1000+ ~
>
8
= L ©
5
800 = g
— 2]
= 600 A1 Az BB, CiCy
k) Aptameric sensor
(2]
4
o 400
(%]
200
0

Ay Ay By B; Ci C
Aptameric sensor
Figure 3. SERS signal of the aptameric sensor at 1648 cm™' measured
before (A;, By, C)) and after (A,, B,, C,) addition of cocaine (1.5 mm)
from three different batches of aptameric sensors. Inset: the SERS signal
obtained after the intensities for the blank were adjusted to be equal.
The error bar is the standard deviation.

of TMR increased after the addition of 1.5 mm cocaine on
substrate films prepared in three batches. To clearly demon-
strate the reproducibility of the aptameric sensors, SERS
signals obtained on substrate films prepared in different
batches were all normalized by the blank signal. The spot-
to-spot relative standard deviations in each sensor are all
below 8.9% either before or after the addition of cocaine.
Upon the addition of the target of the same concentration,
three sensors prepared in three batches respectively show a
51.8, 51.3, and 51.3% increase in the SERS signals at
1648 cm™'. Here one notices that the standard deviation for
the signal ratio over different batches of aptameric sensors
is 0.3%, which was significantly improved in comparison
with spot-to-spot relative standard deviation of 8.9 %. This
indicated that the prepared SERS substrate still had some
variation over different spots such that the blank signals
could show relatively large standard deviations. However, if
one used the ratio of the SERS signal for the sample to that
of the blank as the measure for quantification, this could
largely eliminate the effect of spot-to-spot variation in the
SERS substrate, and desirable reproducibility could be
achieved for the SERS-based aptameric sensor prepared in
different batches. Alternatively, one could adjust the focal
plane of the confocal microscope to such a position that the
blank signals were equal at different spots, and then the re-
sponse of the sample could be measured at the same spot.
In subsequent studies, this strategy was employed for the de-
termination of all SERS signals.
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As one can see from Figure 3, the ratios of the signal to
the blank for a certain cocaine concentration from different
modified surfaces are very close to each other, although the
absolute spectra might show substantial variations. This indi-
cated that using the ratio of the signal to the blank as the
measure for quantification of cocaine circumvented the re-
quirement of adjusting the sampling area exactly at the
focal plane and mitigated the signal variation resulting from
different modified surfaces. These findings suggested that
quantitative detection for cocaine could be achieved by
using the developed aptameric sensor.

Effect of the ratio of aptamer to 3-MPA in mixed self-as-
sembly: Efficient immobilization of the aptamer plays a cru-
cial role in the detection sensitivity. The present study intro-
duced the mixed self-assembled monolayer of a thiolated
aptamer and thiol compounds for the immobilization of the
aptamer so as to control the surface density and mitigate
the steric hindrance in conformation changes.”**”! MPA is a
commonly available reagent that is negatively charged as an
oligonucleotide, therefore it might provide a hydrophilic en-
vironment beneficial to mitigating the nonspecific adsorp-
tion on the sensor surface. One could also use other hydro-
philic thiol compounds with hydroxyl or carboxyl terminal
groups to make the mixed monolayer. As shown in Figure 4,
the SERS signal enhancement is strongly dependent upon
the ratio of aptamer to 3-MPA in the mixed self-assembly
process, and the optimum ratio is achieved at a ratio of 1:4.
One could assume that too much 3-MPA would induce an
insufficient loading of aptamer on the substrate, thus deteri-
orating the signal enhancement. In contrast, a deficient
amount of 3-MPA presumably led to large steric hindrance
and unfavorable conformation of the aptamer; this would
prevent a sensitive response to the target. Therefore, the
ratio of 1:4 was selected for the immobilization of aptamer
on the substrate by using a mixed self-assembled monolayer.
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Figure 4. SERS signal at 1648 cm™" as a function of the ratio of aptamer
to 3-MPA. The MPA was stored in sodium chloride (1M) and PBS buffer

(10 mMm, pH 7.0), and was diluted using PBS to the concentration desired
by the corresponding ratios. The error bar is the standard deviation.
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Effect of ionic strength: The cation concentration has a sig-
nificant effect on the conformation and recognition ability
of the aptamer.*"*! We investigated the effect of two cat-
ions, Mg>* and Na™, on the performance of the aptameric
sensor. As shown in Figure 5, these two metal ions have a
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Figure 5. SERS signal of the aptameric sensor as a function of NaCl (A)

and MgCl, (B) concentration. In the experiment the sample solution con-
tained 100 um cocaine. The error bars are the relative standard deviation.

distinct effect on the SERS signal enhancement on cocaine
binding. It can be observed in Figure SA that with an in-
crease of Nat concentration, the SERS signal increment in-
creases and plateaus over 600 mm. In contrast, the SERS
signal shows the maximum increase in an Mg’*-free buffer
and decreases with increasing Mg** concentration, as shown
in Figure 5B. Because metal ions are expected to reduce the
electrostatic force between the negatively charged phos-
phate backbones in DNA structures, the increase in the con-
centration of Na™ is beneficial for the stabilization of the
folding of the aptamer structure, which results in better in-
tercalation between aptamer and cocaine with a stronger
SERS signal. On the other hand, the increase of Mg’*
would improve the stability of the stem moiety of the apta-
mer, thereby leading to a high background signal for the
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performance of the SERS sensor with a smaller signal incre-
ment. By considering the overall effect of the metal ions,
the optimal assay buffer of the aptameric sensor was ob-
tained at 1M Na* concentration without any Mg>*, and such
a condition was used throughout subsequent experiments.

Regeneration of the sensors: In practical applications, reusa-
bility has always been a desired feature for biosensors.
The regeneration of a DNA sensor is mostly achieved by
either a thermal or a chemical method. The interaction of
cocaine with the aptamer was relatively weak with a dissoci-
ation constant (ky) of 100 um. Therefore, in a cocaine-free
buffer with sufficient volume, the cocaine—aptamer complex
would dissociate, and the system could be regenerated. In
this process, to ensure that most of the cocaine-aptamer
complex dissociated at the surface, the SERS aptameric
sensor was regenerated through dropping an aliquot (50 pL)
of 10 mm phosphate buffer (pH 7.0) containing 1M NaCl on
the substrate, removing the buffer, and then rinsing the sub-
strate again with a second aliquot (50 uL) of buffer followed
by removal of the buffer. In this case, the concentration of
cocaine in the first rinsing buffer was at most 2.9x 107 um,
as estimated by the density of a common thiolated DNA
self-assembled monolayer (ca. 2.8x 10" moleculescm2).*)
Therefore, it could be estimated that the ratio of free apta-
mer to aptamer—cocaine complex was at least 3.4x10%
which would indicate that most of the cocaine-aptamer
complex dissociated at the surface and the sensor interface
was regenerated after the first rinsing. From the above dis-
cussion, one might conclude that the templating process as
well as the regeneration procedure used in our experiments
was compatible with the dissociation constant of the co-
caine—aptamer complex.

Figure 6 depicts the regeneration results of the aptameric
sensor. In this experiment the sensor was used for the detec-
tion of cocaine in different matrices including phosphate
buffer as well as 50-, 10-, and 5-fold dilutions of human
serum, and then was regenerated by using a target-free
phosphate buffer solution. The performance of ten cycles of
detection and regeneration is shown in Figure 6. It can be
observed that in phosphate buffer and 50- and 10-fold dilu-
tions of human serum the SERS signal increased by about
40 % in response to 0.5 mm cocaine, and recovered to the in-
itial blank value after regeneration in ten detection and re-
generation cycles. The standard deviation for the SERS
signal increase is 1.8, 2.0, and 2.9 %, respectively, in phos-
phate buffer and 50- and 10-fold dilutions of human serum
for ten detection and regeneration cycles. This indicated
that the aptameric sensor could be regenerated in such ma-
trices as phosphate buffer and 50- and 10-fold dilutions of
human serum. In contrast, the detection and regeneration of
the sensor in more complicated matrices such as 5-fold dilut-
ed serum suffered from some difficulty. As one sees in
Figure 6, the SERS signal only increases by about 25 % in 5-
fold diluted serum in response to 0.5 mm cocaine, and the
signal increases become slightly smaller after each regenera-
tion, indicating that the sensing interface might be contami-
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Figure 6. SERS signal at 1648 cm™' from three rounds of detection and
regeneration with 500 um cocaine in phosphate buffer and 50-, 10-, and
5-fold dilution of serum, respectively. The error bar is the standard
deviation.

nated by a relatively high loading of nonspecific adsorption
of protein in such a complicated matrix. The results revealed
that the surface could also be regenerated in pure buffer as
well as in 50- and 10-fold diluted sera, but would significant-
ly lose sensitivity in a more concentrated serum matrix such
as 5-fold diluted serum. Therefore, one could expect that
the aptameric sensor held its potential for determining co-
caine in some pure matrices such as buffer or 10-fold diluted
serum, but was not applicable in a 5-fold diluted serum
specimen or more complicated matrices. In these cases, a
preliminary dilution of these matrices or dialysis of the
specimens to obtain protein-free samples was required.
Though this cost some time and labor, aptameric sensors
might still be a realistic approach to detect small molecules
in complex matrices.

SERS-based detection of cocaine: Under optimized assay
conditions, the SERS aptameric sensor was employed to
detect cocaine in a PBS buffer. As shown in Figure 7, the
SERS signal increases with increasing cocaine target con-
centration ranging from 1 to 3200 pm. According to the
three-times standard-deviation rule, a detection limit of 1 um
could be obtained. The performance is comparable to immu-
noassay techniques for cocaine.””! In comparison to those re-
ported by aptameric sensors for cocaine that use fluores-
cent®™ or electrochemical signals® the SERS-based senor
improved the detection limit approximately 10-fold. Further-
more, because each Raman reporter has a fingerprint spec-
trum and many dyes can be excited at the same wavelength,
it is expected that the SERS-based aptameric sensor fur-
nishes a tremendous capacity for multiplexed assay by label-
ing multiple reporters on different aptamers that recognize
different targets.
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Figure 7. The response curve for the SERS-based aptameric sensor to co-
caine in PBS buffer. The error bar is the standard deviation.

Conclusion

This report demonstrated the feasibility and usefulness of
SERS as a potential alternative mechanism for the develop-
ment of aptameric sensors. Cocaine was detected through
Raman signal enhancement resulting from a target-induced
conformation change. The determination of cocaine could
be achieved by covering the range from 1 to 3200 um under
optimized detection conditions. This strategy offers many
advantages including alleviated photobleaching, noninvasive
sampling, microsized sampling spots, as well as increased
multiplexity over the fluorescent sensor. Compared with an
electrochemical sensor, the SERS-based sensor has a further
benefit in that the DNA probe does not require a special-
ized procedure in labeling redox groups. Also, the templated
assembly technique in the construction of the sensing inter-
face enhances the sensitivity of the aptameric sensor, and its
detection limit is better than fluorescent and electrochemi-
cal sensors. Furthermore, the aptameric sensor could be re-
generated quickly through a simple wash. Therefore, it is ex-
pected that SERS-based aptamer sensors might hold prom-
ising potential for multiplex and sensitive determination in
biochemical and biomedical studies.

Experimental Section

Reagents: Silver nitrate, sodium citrate trihydrate, magnesium chloride,
sodium chloride, and 3-mercaptopropionic acid were purchased from Al-
drich. Cocaine hydrochloride was obtained from the National Institute
for the Control of Pharmaceutical and Biological Products. All chemicals
and materials were of analytical grade and used as received. All solutions
were prepared with deionized water (=18.32MQ) purified by a Nanopure
Infinity Ultrapure water system (Barnstead/Thermolyne Corp, Dubuque,
IA).

The oligonucleotide aptamer was obtained as HPLC purified grade from
Takara Biotechnology Co. Ltd (Dalian, China), and was based on the oli-
gonucleotide sequence previously used by Stojanovic et al.’!! The se-
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quence was covalently modified with tetramethylrhodamine (TMR) at
the 3’ terminus and a thiol substituent attached to a six-carbon linker at
the 5 end as follows: 5-SH-(CH,);-GAC-AAG-GAA-AAT-CCT-TCA-
ATG-AAG-TGG-GTC-(TMR)-3". TMR was linked to the oligonucleo-
tide by the conjugation of tetramethylrhodamine N-hydroxysuccinimide
ester with an amino-modified 3’ terminus in sodium carbonate/bicarbon-
ate buffer at pH 9.

Preparation of Ag colloids: Silver colloids were prepared according to
the citrate-reduction procedure of Lee and Meisel.*!) An aqueous solu-
tion (200 mL) of 10~*m silver nitrate was boiled under vigorous stirring,
then 35 mm sodium citrate (5 mL) was added and the boiling was contin-
ued for 1 h. The concentration of silver colloids was around 10" particles
per milliliter, which was consistent with that reported in previous referen-
ces.'! The colloidal solution was stored at 4°C and protected from light.
Because silver colloids might be subjected to unexpected aggregation
during storage, sonication of the colloids was performed every time
before use. This minimized the aggregation of silver colloids and enabled
a reproducible preparation of the SERS substrate, which was naturally of
great significance for the development of SERS-based sensors.

Preparation of the substrate: SERS substrates were prepared according
to a previously reported proceduret>*! and slightly modified as follows.
Gold discs of 2 mm diameter were polished subsequently with 0.3 and
0.05 um alumina powder to a mirror finish, followed by ultrasonic clean-
ing with purified water for about 3 min. Ag colloids were concentrated
by 10-fold by centrifuging the solution (10 mL) at 16000 rpm and resus-
pending it in water (1 mL), and then a 3 pL aliquot was dropped on the
gold disc’s surface. By putting the colloid-coated gold disc in a vacuum
desiccator for 7 min, the nanoparticles on the gold surface were allowed
to pack closely and aggregate together. The procedure was repeated an-
other six times. Then, a thin film of closely packed nanoparticles was ob-
tained. This film was attached tightly on the Au surface and was observed
to be very stable when it was rinsed with water and salt solutions. SERS
substrates prepared in different batches were obtained by using the
aforementioned procedure exactly with silver colloids prepared in the
same batch on different gold discs. The substrates were stored in a desic-
cator before use.

Transmission electron micrographs were obtained by using a JEM-3010
electron microscope (JEOL, Japan) with Digitalgraph software at an ac-
celerating voltage of 100 kV. The prepared substrate was analyzed by
scanning electron microscopy (SEM) by using a JSM-5600 LV microscope
(JEOL, Ltd., Japan).

Fabrication of the aptameric sensor: An aliquot (5 uL) of 10~°m aptamer
solution was added to 1.0 mm cocaine solution (100 uL) in a 10 mm phos-
phate buffer (pH 7.0) containing 10 mm MgCl, and 1M NaCl. The mixture
was stored at 4°C in the dark for 7 h. Before the solution was dropped
on the substrate, 3-MPA (20 uL) was added and the mixture was strongly
shaken for about 1 min. An aliquot (30 puL) of the mixture was dropped
on the prepared SERS substrate, followed by incubation for 12 h at 4°C
in the dark. It is of note that maintaining a certain amount of solution on
the substrate surface throughout the incubation might keep the DNA
aptamer in its natural conformation on the surface. To wash away the co-
caine template, the SERS substrate was immersed in a phosphate buffer
solution under vigorous stirring for 1 h, with the buffer solution refreshed
every 20 min. The aptamer sensor was thus prepared.

Protocol of detection: After the aptamer sensor was mounted on the XY
stage below the sampling objective of the Raman microspectroscope,
10 mm PBS buffer (20 pL, pH 7.0) was dropped on the surface of the sub-
strate. Raman spectra were collected randomly on a spot in a 50 x50 pm*
area as the blank. Then cocaine solution (20 uL) was added after the
blank solution was removed, followed by the collection of Raman spectra
in the same area after 10 min. Because vertical movement of the sub-
strate caused the sampling area to deviate from the focal plane, which
would significantly change the SERS signal, the substrate was moved in a
series of measurements to keep an equal blank response at different
spots. The signal intensity of the band at 1648 cm~' was recorded versus
different concentrations of cocaine.

Raman spectra were collected by using a Jobin Yvon Micro-Raman spec-
trometer (RamLab-010). It comprises an integral Olympus BX40 micro-
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scope with a 10x objective that focuses the laser on the sample and col-
lects the backscattered radiation; a notch filter to cut the exciting line; a
holographic grating (1800 gmm™") offering a spectral resolution of
2cm™'; and a semiconductor-cooled, 1024 x256-pixel, charge-coupled
device detector. Radiation of 632.8 nm from a He-Ne laser with power
of around 5mW was used as the excitation line. The slit and pinhole
were set at 100 and 300 um. Under this setting, the sampling area was
about 10 um in diameter on the substrate surface. All SERS spectra were
acquired with 5s integration and processed with the software from Jobin
Yvon (Labspec4.0). Calibration of the wavenumber was carried out with
reference to the 520 cm™' line of silicon.
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