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S
urface-enhanced Raman spectroscopy
(SERS) has been widely used as
an analytical tool in biosensing appli-

cations1�5 due its powerful advantages
including amplifying Raman signals by fac-
tors up to 10�14 orders of magnitude,
providing ultrahigh sensitivity, with the po-
tential for single-molecule detection; and
featuring the specificity of Raman spectra
based on the unique molecular fingerprint-
ing information.6�11 Nevertheless, reliable
quantification of biomolecules (e.g., DNA,
peptides, and proteins)5,12�17 using SERS
has been hindered by poor uniformity and
reproducibility of SERS-active nanostruc-
tured platforms.18�20 Furthermore, lack of
specific binding and fluctuations in signal

intensities21,22 impede the development of
SERS-based quantitative bioassays.
To overcome the aforementioned chal-

lenges in SERS-based biomolecular quanti-
fication, we report here an approach using
large area mapping of Raman signals on
a SERS-active substrate, densely packed
with aptamer-functionalized nanopillars.
Simple and fine-tuned nanofabrication pro-
cesses ensure reproducible production of
substrates, which was demonstrated in our
previous work.23 The high uniformity of the
nanostructure distribution over a substrate
minimizes thevariationwithina scanningarea
on which the Raman mapping is performed.
For the specific detection of biomolecules,
aptamers that are short single-stranded
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ABSTRACT Surface-enhanced Raman spectroscopy (SERS) has been used in

a variety of biological applications due to its high sensitivity and specificity.

Here, we report a SERS-based biosensing approach for quantitative detection of

biomolecules. A SERS substrate bearing gold-decorated silicon nanopillars is

functionalized with aptamers for sensitive and specific detection of target

molecules. In this study, TAMRA-labeled vasopressin molecules in the picomolar

regime (1 pM to 1 nM) are specifically captured by aptamers on the

nanostructured SERS substrate and monitored by using an automated SERS

signal mapping technique. From the experimental results, we show concentration-dependent SERS responses in the picomolar range by integrating SERS

signal intensities over a scanning area. It is also noted that our signal mapping approach significantly improves statistical reproducibility and accounts for

spot-to-spot variation in conventional SERS quantification. Furthermore, we have developed an analytical model capable of predicting experimental

intensity distributions on the substrates for reliable quantification of biomolecules. Lastly, we have calculated the minimum needed area of Raman

mapping for efficient and reliable analysis of each measurement. Combining our SERS mapping analysis with an aptamer-functionalized nanopillar

substrate is found to be extremely efficient for detection of low-abundance biomolecules.
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oligonucleotides, which specifically bind to their
target molecules with high affinity, are immobilized
on nanopillar surfaces. In addition, a monolayer of
6-mercapto-1-hexanol (MCH) spacer molecules is self-
assembled onto the gold surface to prevent nonspe-
cific adsorption of molecules and to improve the
capturing efficiency of aptamers. Consequently, the
surface functionalization helps analytemolecules to be
uniformly distributed over the substrate area. Lastly,
large area Raman mapping provides statistical reliabil-
ity and reproducibility of signal intensity quantification
by accounting for spot-to-spot intensity fluctuations
typically occurring with low-abundance molecules.
To demonstrate the significance of our approach,

the following issues will be examined throughout this
paper: (1) the effect of surface functionalization with
aptamers and spacers respectively, (2) the dependence
of SERS responses to analyte concentrations at sub-
nanomolar level, (3) the development of a theoretical
model to predict experimental results, and (4) size
determination of statistically relevant mapping area.
In this work, TAMRA (5-carboxytetramethylrhodamine)-

labeled vasopressin (TVP) is used as an analyte for the
purpose of biomolecular quantification. Vasopressin is
an antidiuretic peptide hormone whose plasma level
normally ranges from 0 to 10 pM and markedly in-
creases up to 350 pM in late-phase hemorrhagic
shock.24 Thus, accurate and rapid subnanomolar quan-
tification of vasopressin is clinically important as a life-
saving technology.
Figure 1 illustrates the basic principle of SERS gen-

eration by aptamer-functionalized nanopillars. Gold-
coated silicon nanopillar structures were fabricated by
maskless reactive ion etching of siliconwafers followed
by electron beam evaporation for gold deposition
(Figure 1a).23 Vasopressin-specific aptamers were
immobilized onto the gold surfaces of the nanopillars
to selectively and efficiently recognize vasopressin
molecules. The aptamer-functionalized nanopillar sub-
strate was incubatedwith a TVP sample solution at 37 �C,
the optimal temperature for aptamer�vasopressin
binding25 (Figure 1b). After sequential washing steps
using buffer solution and water to remove nonspecifi-
cally bound molecules, the wetted substrate was then
allowed to dry (Figure 1c). Due to the surface tension
between pillars during liquid evaporation,26 the nano-
pillars lean toward each other, forming micro-sized
clusters and inducing near-field coupling effects be-
tween electronic excitations on gold surfaces of nano-
pillars known as localized surface plasmons (LSPs). In
small metallic junctions (less than 10 nm) between
adjacent nanostructures, the coupling effect of LSPs
produces even larger plasmonic fields, so-called
hotspots.19,27�29 Raman scattering of the incident light
from molecules located in these regions is greatly
enhanced by additional high-order LSP modes. Since
the interpillar distances after liquid evaporation are

clearly less than 10 nm (Figure 1c), vasopressin mol-
ecules trapped within these clusters exhibit a pro-
nounced Raman scattering signal from TAMRA tags
even with a small number of molecules.
In our previous study,23 we have demonstrated that

as the pillar density increases, the SERS signal increases
in an exponential fashion. Thus, in this work, we have
used substrates with the highest obtainable pillar
density (∼20 pillars/μm2) to maximize the SERS signal.
Also, an electron beam evaporation process was devel-
oped to coat the silicon pillars with gold, such that the
metallization thickness (∼30 nm) was optimized for a
laser excitation wavelength of 633 nm. As can be seen
in Figure 1a,c, the metal deposition on the pillar heads
resulted in oval-shaped gold clusters, which can be
approximated as an ellipsoid or sphere for the pur-
poses of electromagnetic modeling.
A large area (101 μm � 33 μm) of the substrate was

scanned with 1 μm step size to collect Raman spectra
from each pixel (1 μm � 1 μm). Recorded signals over
the area were then displayed as heat maps rendering
intensities by degrees of color. Mapping measure-
ments were performed three times at each concentra-
tion. Our experimental data were represented as
intensity distributions to develop a theoretical model
by expanding previously reported single hotspot
theory30 to a large-scale SERS mapping model. The
analytical model developed here has the potential to
be used as a calibration curve in assay validation.
Statistical tests between two heat maps (treatment
versus control samples) were also employed to deter-
mine the minimum mapping area required to unam-
biguously (at 95% confidence level) distinguish those
two samples. Once the mapping area was calculated,
multimodal analysis, that is, simultaneous monitoring
of different frequency peaks, was also introduced as a
useful tool to further reduce the overall assay time,
maintaining statistical significance in analyte quantifi-
cation measurements. In summary, our large area
Raman mapping approach on substrate incorporating
uniformly distributed nanopillars improves statistical
reliability and reproducibility of SERS intensity quanti-
fication. Furthermore, the analyte-specific recognition
capability of aptamers shows the potential of this
approach for bioanalytical quantifications in complex
biological samples.

RESULTS AND DISCUSSION

We first investigated the effect of aptamer function-
alization by comparing SERS signals from substrates
with untreated and aptamer-functionalized nanopil-
lars using manual signal collection. Four substrates at
various conditions were prepared (see Materials and
Methods for protocol): (1) 10 μM TVP with untreated
nanopillars, (2) 10 nM TVP with untreated nanopillars,
(3) 10 nM TVPwith aptamer-functionalized nanopillars,
and (4) a blank sample with aptamer-functionalized
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nanopillars. As illustrated in Figure 2, the Raman
spectrum from the aptamer-functionalized substrates
reacted with 10 nM TVP (blue trace) displays five
candidate peaks for diagnostics. Two peaks at 1450
and 1533 cm�1 can be assigned to the synergistic
vibrational effects of the xanthene ring and dimethy-
lamino group motions and the peak observed at
1651 cm�1 to the symmetric in-place C�H bend of
the xanthene ring only. The two most dominant TAM-
RA peaks at 1370 and 1510 cm�1, the stretching
vibrations of the xanthene ring moiety of the
molecule,17,30�32 were chosen to be diagnostic peaks
in all further analysis because they showed the most
consistent electromagnetic enhancement during the
mapping experiments. The spectrum of 10 nM TVP
without aptamers (yellow trace) is comparable in
intensity to the aptamer background (red trace), where
no significant peaks are observed. One can conclude
that aptamers effectively capture TVP molecules and
help position the analyte molecules close to the hot-
spots. Due to the SERS enhancement in the hotspot,
the peak intensities for the 10 nM TVP with aptamers
(blue trace) were even higher than those of the 10 μM
one without aptamers (green trace). We hypothesize
that at micromolar concentrations the SERS effect is
hindered by a thick layer of analyte molecules formed

on top of the pillars. Possibly, the measured signal at
10 μM results from bulk Raman scattering rather than
SERS.
In order to optimize the aptamer�analyte binding

conditions on the nanopillars, the gold surface was
backfilled with MCH immediately after aptamer immobi-
lization (seeMaterials andMethods for functionalization).
Because MCH forms a well-organized self-assembled
monolayer (SAM), it prevents nonspecific adsorption of
analyte molecules by blocking access to the gold
surfaces.33�35 This layer also improves the capturing
efficiency of the aptamers by preventing them from
collapsing and adhering to the substrate surfaces.35,36

By comparing peak intensities obtained from two sub-
strates functionalizedwith andwithout theMCHSAM,we
were able to show that MCH molecules reorient the
thiolated aptamers into a vertical position favorable
for aptamer�analyte binding (Figure 3). TVP samples
(10 nM) were reacted with the two surfaces. The result
shows that the intensities fromthesurfaces functionalized
withMCH are roughly 2 orders ofmagnitude greater than
those without both diagnostic peaks, thus confirming
that the MCH SAM makes the majority of surface-bound
aptamers more accessible for aptamer�analyte binding.
Various control experiments were performed to

verify the specificity of aptamers to TVP molecules

Figure 1. Schematics of the functionalized leaning nanopillar detection method. (a) Highly packed gold-coated nanopillars
are structured on a silicon wafer. Before exposure to the analyte, pillars are vertically oriented and are spaced by 50�100 nm
gaps. (b) After aptamers are immobilized on the nanopillars (viaAu�thiol covalent bonding) and a TVP sample is introduced,
the analyte binds to the aptamers. (c) Scanning electronmicroscope (SEM) image of leaning nanopillars after the evaporation
of liquid (side view). The analyte trapped within the leaning region exhibits a strong Raman enhancement effect due to the
highly localized plasmonic field around the contact region. When the vasopressin is trapped by an aptamer within a hotspot,
as shown on the right panel, the TAMRA Raman signal is highly enhanced. The inset shows a high-magnification SEM image
displaying one of the pillar clusters, revealing junction spaces less than 10 nm between pillar heads (top view).
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(see Supporting Information, Control Experiments).
Then, several experiments were run to evaluate
the ability of mapping analysis to quantify low-abun-
dance molecules on the functionalized substrates.
Around 10 000 spectra from areas of three indepen-
dent substrates were collected using point-by-point
Raman mapping (see Materials and Methods for
instrumentation) at each concentration, recording
the SERS responses from TVP molecules bound to
aptamers on the gold-coated nanopillars. The intensi-
ties of the characteristic TAMRA vibrational peaks
(1370 and 1510 cm�1) were extracted independently,
and their spatial dependencies (Raman maps) were
displayed in the format of pixel-based images at
various TVP concentrations (Figure 4). For each mea-
surement, all positive intensities were ranked and the
hotspots were defined as the top 20% among such set
of measurements. This percentage threshold was cho-
sen based on the Pareto principle.37,38 Our experimen-
tal results showed that the higher the analyte
concentration, the more abundant and brighter hot-
spots were detected for both frequency peaks, visually
represented as heat maps (Figure 4a,b) and graphically
as histograms (Figure 4c,d).
In order to determine the consistency and/or repeat-

ability of SERS mapping measurements for individual
substrates with the same functionalization/treatment con-
ditions, the Kolmogorov�Smirnov (KS)39�41 significance

test was used. The KS test is a nonparametric test that
makes no assumptions regarding the distribution of
the collected data. It determines if two random
variables are sampled from identical distributions.
Substrates bearing vasopressin-specific aptamer-
functionalized nanopillars were reacted with 1 nM
TVP samples. During mapping experiments, three in-
dividual substrate areas were measured, collecting
3333 spectra (101 μm� 33 μm) for eachmeasurement.
The KS significance test verified that the measure-
ments from the different substrates were not statisti-
cally different (see Supporting Information, Table S-I),
confirming the reproducibility of the experimental
mapping technique.
To further understand the statistical distribution

of hotspots, we plotted the intensity histogram in
which the smallest and largest value on the x axis
corresponds to the minimum and maximum hotspot
intensity value of the Raman maps. Such histograms
were constructed for both diagnostic peaks and differ-
ent TVP concentrations (Figure 4c,d). It was observed
that these histograms follow a highly skewed or long-
tailed truncated Pareto distribution (TPD), with coeffi-
cient of determination values greater than 0.95 for
both major TAMRA peaks at the four different concen-
trations (see Supporting Information, Table S-II). TPDs
have previously been discovered to describe the
intensity distribution characteristics of closely spaced

Figure 2. Raman spectra acquired on untreated substrates and aptamer-functionalized nanopillars. When nonspecific
adsorption of vasopressin on the substrate surface occurs (no aptamers), signal is only obtained at very high concentra-
tions (e.g., 10 μM TVP, green trace). At low concentrations (e.g., 10 nM TVP, yellow trace), the signal enhancement is very
low, indicating that very few molecules actually reside close to a hotspot. On the other hand, when the pillars are
functionalizedwith selective aptamers, the signal intensity greatly increases. Five possible diagnostic peakswith two of the
most dominant Raman peaks (1370 and 1510 cm�1) of TAMRA were observed during experiments with different analyte
concentrations.
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SERS hostpots.22 Since our experimentally obtained hot-
spot intensity distribution fits the predicted long-tailed
TPD well, we can adapt an analytical framework for
single hotspot theory30 into our large-scale SERS map-
ping model (see Supporting Information, Hotspot Dis-
tribution Theory). Now, by arbitrarily defining R = 1þ k,
we can rewrite the intensity distribution function (see
Supporting Information, equation (III)) for a given analyte
concentration (C) as

d(I) � ACI
�RC (1)

where parameters R and A can depend on the analyte
concentration. In particular, R determines how fast the
enhancement decreases when moving away from the
hotspot, while A is an indicator of howprobable it is for a
molecule to be located close to the hotspot. ParameterA
is generally assumed to be an intrinsic characteristic of
the SERS substrate.30 We observed that for both diag-
nostic peaks there is a strong power relationship be-
tween the experimentally obtained R and A parameters
and the analyte concentration (see Supporting Informa-
tion, Figures S2 and S3). Now, since both R and A are a
power function of the analyte concentration, we have
general forms

R(C) ¼ bCd A(C) ¼ eCf (2)

where b, d, e, and f are constants whose values are
determinedby thepowerfitting shown in Figures S2 and
S3 (see also Supporting Information, Tables S-III and S-IV).
Subsequently, we can express the hotspot intensity
distribution analytically as a function of concentration
by substituting (2) into (1). Then, the integral of the
intensity distribution between the minimum (Imin) and
maximum (Imax) intensity values gives the sum of all
hotspot intensities (Isum) in a givenmapping experiment.
This integral can be expressed as a function of analyte
concentration (C) such that

Isum ¼
Z

Imax

Imin

d(I)dI ¼
Z

Imax

Imin

A(C)I�R(C)dI

¼ A(C)
Z Imax

Imin

I�R(C)dI (3)

By substituting (2) into (3), we obtain an analytical
expression for the total intensity ofhotspots as a function
of TVP concentration:

Isum ¼ eCf

1 � bCd

" #
[Imax

1 � bCd � Imin
1 � bCd

] (4)

This expression is believed to properly describe
the collection of SERS signals measured on the
uniform nanopillar substrates for different analyte

Figure 3. Effect of 6-mercapto-1-hexanol (MCH) self-assembled monolayer (SAM) for aptamer�TVP binding. TVP molecules
are bound on the aptamer-functionalized substrate (a) with and (b) without a monolayer of MCH. Due to the backfilling of
MCHmolecules, binding efficiency of aptamers is improved, and nonspecific adsorption of analyte is minimized. This effect is
verified by experimental results shown in (c) and (d). The experiments were performed with 10 nM TVP samples on different
substrates: aptamers with MCH layer (green), aptamers without MCH layer (red), and MCH only (blue).
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concentrations. Figure 5 shows the experimentally
obtained intensity integrals of hotspots for both diag-
nostic peaks alongwith their respected power fit (black
lines). The high coefficient of determination (R2) value
(>0.93) demonstrates a strong power relationship be-
tween TVP concentration and SERS intensity integrals.
It is also observed that the experimentally fitted power
curves reasonably agree with the theoretical ones (red
lines) calculated using the analytical expression shown
in (4) with low percentage error values (see Supporting
Information, Table S-V). The theoretical model is found
to be more accurate for the 1370 cm�1 peak, with the
R2 value of 0.98. The fitting for the 1510 cm�1 peak is
believed to be less accurate due to the broader shape
of the band associated with this vibrational frequency,

compared to the sharper 1370 cm�1 peak. The result
shows that the analyticalmodel developedhere agrees
with the experimental data, particularly well in the low
concentration regimes. Thus, it can potentially be
utilized to predict experimental hotspot intensity dis-
tributions on the substrate for quantitative measure-
ments of low-abundance biomolecules.
Next, we aim to determine the statistically significant

minimum mapping area required to unambiguously
distinguish between treatment and control samples.
The p values fromKS testswere calculated comparing a
collection of SERS signals measured on two substrates
treated with 1 nM TVP samples, each functionalized
with vasopressin-specific aptamers and with immuno-
globulin E (IgE)-specific aptamers (as described in

Figure 4. Spectroscopic Raman mapping of SERS intensity distribution. (a,b) Intensity maps of diagnostics TAMRA peaks
1370 cm�1 (left) and 1510 cm�1 (right) in a series of mapping experiments for quantification of intensities with 1 nM, 100 pM,
10 pM, and 1 pMTVP. A substrate area of about 101 μm� 33 μm is shown in each case, alongwith the two intensity scale bars
labeled with the maximum intensity values (in arbitrary units) for each diagnostic peak. The inset highlights a 1 μm2 area,
which corresponds to a typical cluster of leaning nanopillars forming hotspots. The Ramanmappixel size is 1 μm� 1 μm. (c,d)
Histogram representation of SERS intensity distributions of hotspots at different concentrations of TVP. Four histograms are
displayed in overlaid configuration for both TAMRA dominant peaks, (a) 1370 cm�1 and (b) 1510 cm�1, corresponding to
various analyte concentrations.
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Materials and Methods). Figure 6 indicates that when
using the one-dimensional KS test (1d-KS), in which
each peak is independently investigated, a total of 838
and 539 pixels are required to reach the p value
threshold (p = 0.05) for the 1370 and 1510 cm�1 peaks,

respectively (Figure 6c,d). Furthermore the two-dimen-
sional KS test41 (2d-KS) was utilized to evaluate the
effect of the combined multimodal analysis. Using the
2d-KS test in which the two distinct frequency peaks
(1370 and 1510 cm�1) were evaluated simultaneously,

Figure 5. Experimental hotspot intensity integral plots for the diagnostic TVP peaks, (a) 1370 cm�1 and (b) 1510 cm�1, as a
function of analyte concentration on a semilog scale (dotted curves). The error bars represent 2 standard deviations on three
different samples for the same concentration. Both curves fit power functions (solid black lines). The red curves are calculated
from the hotspot intensity distribution of mapping experiments using the statistical model of eq 4.

Figure 6. Advantages of combined sensory readings using the two-sample 2d Kolmogorov�Smirnov test. The p values of the
KS test as a function ofμm2area (number of pixels) collected fromheatmapsbasedon the comparisonof IgE-specific aptamer
(control) and vasopressin-specific aptamer (treatment) data sets at 1 nM concentration. Hotspot intensity maps obtained for
diagnostic TVP peaks, (a) 1370 cm�1 and (b) 1510 cm�1, in the treatment experiments. The insets show a green (1370 cm�1),
orange (1510 cm�1), and yellow (combined) rectangular area, which correspond to unit areas determined by the KS tests; (c)
1d-KS test for diagnostic frequency of 1370 cm�1, (d) 1510 cm�1; and (e) 2d-KS test for the combined diagnostic TAMRA
frequencies (1370 and 1510 cm�1). Unit area intensity plots corresponding to individual peaks (f) 1370 cm�1, (g) 1510 cm�1;
and (h) combined multimodal analysis as a function of analyte concentration on a semilog scale. The error bars represent 2
standard deviations on 100 different unit areas for the same concentration and are all less than 5% of measured data values.
All curves fit power functions (solid red line).
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only 209 pixels were needed to be 95% confident that
the treatment is distinguishable from the control
(Figure 6e). These results suggest that the combined
multimodal sensory analysis outperforms the analysis
where just one frequency shift is used (see Supporting
Information, Table S-VI). Using 1 s exposure timeduring
acquisition, the mapping time can be reduced from 10
to 15 min (539�838 pixels) to less than 4 min (209
pixels) by applying the multimodal analysis. Thus, this
SERS mapping technique has great potential to be
integrated into a rapid bioassay. Figure 6 also shows
the intensities of hotspots obtained for various analyte
concentrations per unit area, where the unit area is
defined as the statistically significant minimum map-
ping area (Figure 6f�h). The intensities per unit area
averaged over 100 randomly selected unit areas are
presented for both individual peak analysis (Figure 6f,
g) and the combined multimodal analysis (Figure 6h)
along with their respected power fit (solid red lines).
Both analyses show concentration-dependent SERS
intensity integrals over the unit area in the subnano-
molar range. The error bars are less than 5% of the
measured data for all analyses (Supporting Informa-
tion, Table S-VII). Similarly to the theoretically derived
eq 4 to fit the experimental data, the high experimental
R2 values (>0.95) indicate a strong power relationship
between the unit area intensity and the TVP concen-
tration, as shown in the insets.
These findings demonstrate that one can employ

multimodal analysis without any observable change
in final SERS result. The multimodal analysis allows
one to significantly reduce time to perform a reliable

and statistically significant analyte quantification
experiment.

CONCLUSIONS

In this paper, we have demonstrated a SERS-based
quantitative biosensingonaptamer-functionalizednano-
pillars utilizing large area Raman mapping technique.
Ultrasensitive and specific detection of TAMRA-labeled
vasopressin molecules was achieved at picomolar levels
by collecting highly enhanced SERS signals emanating
from nanojunctions formed between the leaning nano-
pillars and functionalizing surfaces with target-specific
aptamers. Reliability and statistical reproducibility of
quantitative SERS analysis were improved by a large area
Ramanmappingon thehighlyuniformsubstrates.On the
basis of our experimental mapping results, we success-
fully developed a theoretical model to be utilized as an
analytical tool for biomolecular quantification on the
aptamer-functionalized nanopillar substrates. Further-
more, for the assay optimization, we determined the
minimum size of mapping area providing statistical
reliability by applying a KS test between treatment and
control data. Finally, by employing a multimodal analysis
combining two frequency readings, we showed that one
can significantly reduce the assay time. In conclusion, we
believe that theapproachof functionalizinguniformSERS
substrates and subsequently performing large areamulti-
modal SERS mapping is a promising technique for
specific detection of picomolar concentrations of biomo-
lecules. For our method to be implemented, it is crucial
that the substrate is reproducible and uniform. Other-
wise, large background variations will occur.

MATERIALS AND METHODS
Materials. 5-TAMRA-labeled synthetic arginine vasopressin

(TVP) was used as analyte: 5-TAMRA-CYFQNCPRG-NH2. The
peptide hormone contains an N-terminus conjugated 5-TAMRA
fluorophore obtained from American Peptide Company
(Sunnyvale, CA). Vasopressin- and IgE-specific aptamers mod-
ified with thiol linkers (HS) were acquired from ChemGenes
Corporation (Wilmington, MA) and Integrated DNA Technolo-
gies, Inc. (Coralville, IA), respectively (vasopressin aptamer:
50-GGG GUA GGG CUU GGA UGG GUA GUA CAC GUG UGC
GUG GU-HS-30 ; IgE-aptamer: 50-HS-TTT TTT TTG GGG CAC GTT
TAT CCG TCC CTC CTA GTG GCG TGC CCC-30). Other chemicals
used in buffer preparation and surface functionalization
are listed as follows: TCEP (tris(2-carboxyethyl)phosphine
hydrochloride), MCH (6-mercapto-1-hexanol), Tris-HCl, NaCl,
KCl, CaCl2, MgCl2, urea, EDTA (ethylenediaminetetraacetic acid),
and PBS (phosphate buffered saline, 1�) were all obtained from
Sigma-Aldrich (St. Louis, MO).

Substrate Fabrication. The nanostructuredpatternwas created
on an undoped polished Æ100æ silicon wafer surface with free-
standing vertical silicon pillars of 50�80 nm width; subse-
quently, the wafer was diced into about 5 mm� 5 mm squares
to form the active sensor surface. High-density nanopillars were
formed using a reactive ion etching (RIE) method without any
lithographic steps as described in a previous publication.23 After
the RIE step, the nanopillars were exposed to argon plasma for
1 min to completely remove the etchant gas residuals and the
decomposition products. Finally, ∼30 nm gold was deposited

on the heads of the nanopillars by electron beamevaporation to
obtain the plasmonic property needed for SERS enhancement.

Surface Functionalization. The substrate was repeatedly cleaned
with ethanol and deionizedwater rinsing. Aptamer solution (5 μM)
wasmixedwith a stable reducing agent, TCEP (500 μM), for 30min
at pH 4 to expose the HS groups at the terminal of the aptamer
sequences. PBS solutionwas added to the solution right before the
substrate incubation to adjust the pH to 7. Then the substrate was
incubated in the prepared aptamer solution for 1 h followed by
immersion in MCH solution (2 mM) for 2 h. After the functionaliza-
tion, the substrate was rinsed with the mixture of 4 M urea and
15 mM EDTA and water sequentially.

Experimental Protocol. TVP samples were prepared in vaso-
pressin buffer solution (pH 7.4) consisting of deionized water,
Tris-HCl (20 mM), NaCl (150 mM), KCl (5 mM), CaCl2 (1 mM), and
MgCl2 (1 mM). Standard samples were prepared in the concen-
tration range of 1 pM to 1 nM by serial dilution. Functionalized
substrates were incubated with the TVP samples for 1 h at 37 �C
in a thermal-cycler (Eppendorf AG, Germany). Then, the sub-
strates were transferred into vasopressin buffer solutions and
kept at 37 �C for 15 min to remove unbound molecules. Lastly,
the substrates were quickly rinsed with water to prevent salt
aggregation on the dried substrates.

Raman Mapping Measurement. SERS measurements were per-
formed under the 632.8 nm excitation line of a He�Ne laser on
an inVia Raman microscope (Renishaw, UK) in a standard back-
scattering configuration. The Raman signal was collected
through a confocal pinhole of 25 μm diameter by using a

A
RTIC

LE



YANG ET AL. VOL. 7 ’ NO. 6 ’ 5350–5359 ’ 2013

www.acsnano.org

5358

0.75 NA dry objective of 50� magnification (Leica Microsys-
tems, Germany). A computer-controlled XY translation stage
was used to acquire a total of 3333 SERS spectra within the scan
area of 101 μm� 33 μmdivided into an acquisition grid by 1 μm
step size in both dimensions. All spectra in this work were
obtainedwith an exposure time of 1 s and at 0.3mW laser power
before the objective. The SERS intensity maps of each major
TAMRA vibration mode (1370 and 1510 cm�1) were derived
using the signal to baseline map generation algorithm of WiRE
3.2 software (Renishaw, UK) for spectral ranges of 1350�1390
and 1490�1530 cm�1, respectively.

Signal Combination. The two-sample Kolmogorov�Smirnov
(KS) test was used to examine if the independent signal read-
ings of the diagnostic frequencies (1370 and 1510 cm�1) should
be combined to improve sensor sensitivity. Each mapping
measurement consists of 3333 spectra, and for each spectrum,
the SERS signal intensity was extracted at the two aforemen-
tioned frequencies. These intensity readingswere considered to
be random variables. So, from eachmeasurement, we had 3333
realizations of a random variable. These random variables
followed some distribution, and the KS test determined if they
are from identical distributions. Formally, the hypothesis test is H0:
F(X) = G(X) and H1: F(X) 6¼ G(X), where F(X) is the empirical
distribution from one measurement and G(X) is the empirical
distribution from another measurement. The two-sample two-
dimensional Kolmogorov�Smirnov test had a similar hypothesis,
but in this case, the random variable X was two-dimensional. The
calculatedp values are listed in Supporting Information (Table S-VI).

Determination of Raman Mapping Area. The two-sample
Kolmogorov�Smirnov (KS) was utilized to determine the mini-
mum substrate area required to unambiguously distinguish
between treatment and control samples. SERS intensity mea-
surements were considered as independent measurements
from both treatment and control samples. Based on these
measurements, two sets of pixels (corresponding to treatment
and control) were sampled randomly at a time, starting from
1 pixel up to 300 pixels with 1 pixel increments. According to
this sampling algorithm, we calculated the p values of a two-
sample KS test for different sizes of substrates. This sampling
was repeated 1000 times. Finally, themean p value and the 90%
highest density interval were plotted. This essentially means
that the top and bottom 5% of p values were not displayed.
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