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Abstract
Here we present an optofluidic surface enhanced Raman spectroscopy (SERS) device for on-chip
detection of vasopressin using an aptamer based binding assay. To create the SERS-active substrate,
densely packed, 200 nm diameter, metal nanotube arrays were fabricated using an anodized alumina
nanoporous membrane as a template for shadow evaporation. We explore the use of both single layer
Au structures and multilayer Au/Ag/Au structures and also demonstrate a facile technique for
integrating the membranes with all polydimethylsiloxane (PDMS) microfluidic devices. Using the
integrated device, we demonstrate a linear response in the main detection peak intensity to solution
phase concentration and a limit of detection on the order of 5.2 μU/mL. This low limit of detection
is obtained with device containing the multilayer SERS substrate which we show exhibits a stronger
Raman enhancement while maintaining biocompatibility and ease or surface reactivity with the
capture probe.
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1. Introduction
Surface enhanced Raman scattering (SERS) has recently attracted considerable attention for
ultrasensitive, highly specific and low limit of detection biomolecular detection (Braun et al.,
2007; Huh et al., 2009a; Jackson and Halas 2004). The information content and sensitivity of
the Raman signal to a large number of common analytes makes SERS particularly attractive
for studies of biological systems (Abell et al., 2009; Chen and Choo 2008; Chou et al., 2008;
Driskell et al., 2008; Kim et al., 2009). A key challenge however in the analytical application
of SERS is in developing stable and reproducible SERS-active substrates that simultaneously
provide a consistent, repeatable and large Raman enhancement factor (Kostovski et al.,
2009; Tan et al., 2007).

To address this challenge, several groups have recently developed manufacturing techniques
aimed at obtaining homogeneously nanostructured SERS active substrates (Das et al., 2009;
Felidj et al., 2004; Liu and Lee 2005; Nie and Emory 1997). Examples of such methods include
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the use of arrayed nanoparticles (Brolo et al., 2004), metal nanoshells (Jackson and Halas
2004; Lee et al., 2009), nanorings (Aizpurua et al., 2003) and nanorods (Nikoobakht and El-
Sayed 2003). While these surface phase systems have yielded enhanced uniformity and
repeatability of the SERS signal, these approaches can complicate chip fabrication and
subsequent integration with microfluidic devices. Integration of SERS active substrates with
microfluidic infrastructure (Anne et al., 2009; Gamby et al., 2009; Liu and Lee 2005) has a
number of advantages including reduced reaction time, potential for multistage automation,
and greater signal reproducibility (since the reagents can be delivered more precisely).

Vasopressin (VP) is a peptide hormone that is stored/secreted by the posterior lobe of the
pituitary gland. The primary function of VP is to regulate extracellular fluid volume in the body
by affecting renal handling of water. In case of patients in hemorrhagic shock, the progression
to late phase hemorrhagic shock can be indicated by a marked decrease plasma VP levels
(Lienhart et al., 2008; Wenzel et al., 1999). It has also been suggested that replenishing VP can
serve to rapidly increase arterial pressure thereby stabilizing the patient (Benrick et al., 2009;
Hagler et al., 1985). For example, Krismer et al (2005). reported a set of human case that
injecting dosage of 100~160 IU vasopressin to into human (adults) helped to restore
spontaneous circulation. As another experiment, Rusch and Hermsmeyer (1985) demonstrated
the effects of vasopressin on membrane potential and tension in isolated segments of basilar
arteries by induction of vasopressin concentration (0.01~0.3 IU/mL). As such, VP can be
considered both promising biomarker of a critical injury state and a therapeutic agent. We use
here an aptamer based binding assay (Purschke et al., 2006; Williams et al., 1997) to perform
the VP detection due to the high specificity offered by the approach and the relative ease of
generating the recognition agent in comparison with traditional antibodies (Hermann and Patel
2000).

The unique SERS substrate we introduce in this paper comprises of ordered nanotube structures
which are constructed by metal evaporation through the shadow mask of anodized alumina
nanoporous (AAO) membrane. We explore the use of two kinds of SERS-active metal nanotube
substrates: a single layer Au structure and a multilayer Au/Ag/Au structure. The latter
multilayer structure was designed to in order to take advantage of the greater SERS
enhancement offered by the silver while maintaining the biocompatibility and chemical
reactivity characteristics (for immobilization of the capture aptamer) offered by the gold outer
layer (Malinsky et al., 2001). We also demonstrate a facile assembly technique by which the
metallic substrates can be integrated with an all PDMS microfluidic chip.

2. Materials and Methods
2.1. Preparation of Nanotube arrays

Fig. 1a shows a schematic of the nanotube array fabrication process, which is based on that
originally described by Dickey et al. (Dickey et al., 2008). As shown in Fig. 1a, an AAO
membrane (Whatman Anodisc, 60 μm thick, 200 nm diameter pores) was first attached on the
topside of a silicon wafer substrate and served as a template for manufacture of the nanotubes
during metal evaporation. After the silicon substrate was mounted on a rotating chuck, the Au/
Ag/Au metals were sequentially deposited onto the membrane template with an incident 45°
angle to the axis of rotation (the same process was used for the single layer structures) at
nominal thicknesses of 5 nm, 190 nm and 5 nm respectively. Following this, the metal deposited
membrane was immersed in a 3.0 M NaOH for 10 min to dissolve the AAO template yielding
the nanotube arrays connected by a continuous backing of the same material. The structures
were then dipped in 30 μM 3-mercaptopropyltrimethoxysilane (MPTMS) solution for 2 hr
which served as an organic adhesion layer aiding with the transfer of the nanotube arrays onto
PDMS. This transfer occurred by allowing the nanotube arrays to gently settle onto the PDMS
substrate while gently removing the solution with a syringe. The nanotube coated PDMS
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substrate was baked at 75°C for 1 hr, rinsed in a DI water overflow chamber for 1 min, and
then dried gently with N2 gas. To bond the nanotube patterned PDMS bottom substrate to the
upper PDMS microfluidic system (which was patterned using standard soft lithography
techniques) the surfaces of both layers placed in contact after being activated in oxygen plasma.

2.2. Microscopy imaging of Nano-tube array
For characterization, the bare AAO membrane and the patterned SERS-active PDMS substrate
were coated with a Hummer V Au/Pd Sputtering System (Hummer, CA) and imaged with a
scanning electron microscope (SEM, Zeiss Ultra/Supra, Germany).

2.3. Aptamer-based detection of vasopressin and Raman spectroscopy measurements
Raman measurements were made using an inVia Raman microscope spectrometer coupled to
a Leica microscope by focusing the excitation laser on the nanotube arrays. The 488 nm line
of an Ar+ ion laser was used as optical excitation source and the scattered signal was collected
by a Peltier-cooled CCD detector. A 50 X (NA=0.55) objective lens was used to focus the laser
beam spot onto the sample surface with diameter of about 2 μm. Wave-numbers ranging from
1100 cm−1 to 1800 cm−1 were examined here.

As mentioned above, in this study VP has been chosen as the target analyte. VP (Arg8-
vasopressin) and BSA (Bovine serum albumin) were purchased from Sigma (St. Louis, MO,
USA). A fluorescein labeling Kit (Dojindo, Rockville, MD) was used to functionalize the VP
and BSA with a SERS-active dye. Fluorescein labelling technique is mainly used for the
preparation of FITC-labelled protein such as BSA and IgG for fluorescence detection (Dalkara
et al., 2004; Kulakovich et al., 2006; Pal et al., 2000). The aptamer sequences for VP was 5’
modified with a thiol-modifier containing C6 S-S functionality and had the following sequence:
5′-S-S-C6- TCACGTGCATGATAGACGGC GAAGCCGTCG AGTTGCTGTG
TGCCGATGCA CGTA (Purschke et al., 2006; Turney et al., 2004). The aptamer sequences
were purchased from Integrated DNA Technologies (Operon Biotechnologies, San Diego,
CA).

3. Results and discussion
3.1. Fabrication of the Nano-tube arrays

Fig. 1b shows SEM images of the nanotube arrays manufactured using the techniques described
in section 2.1. The local distribution diameter of nanopore/tube was analyzed using image-
analysis software (Scion Image, Scion Corp., Frederick, MD) from the experimental SEM
images. In these experiments we used a commercially available AAO membrane which had
an average diameter of 209±43 nm (Fig. 1b(1)). After dissolving the AAO template, the
resulting SERS-active structure consisted of cylindrical shaped nanotube arrays (15 nm thick
and 187±47 nm diameter) as can be seen in Fig. 1b(2, 3). We believe that this approach
represents a more rapid and simple technique to construct SERS-active substrate when
compared to more conventional methods such as nanoimprinting (Dana et al., 2008), sputtering
method (Zhao et al., 2006), and colloidal lithography methods (Yang et al., 2006).

3.2. Aptamer based SERS detection of vasopressin
For the on-chip assays, we used the well established aptamer-binding assay technique described
above and previously in the literature (Purschke et al., 2006; Turney et al., 2004). Fig. 2a shows
the schematic of the aptamer-VP binding reaction onto the nanotube structure. As is shown in
this figure, after immobilization of the aptamer onto the external gold layer of the SERS
substrate, the FITC-labeled VP in PBS buffer solutions were introduced via the inlet port on
the microfluidic device. After the reaction was completed, the excitation laser was focused on
to the nanotube substrate and the spectrum recorded over an integration time of 15 s. To observe
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the reaction specificity, the fluorescence intensity of each spot was analyzed (Fig. 2b). As can
be seen in curve Fig. 2b(4), strong fluorescence signals were detected in the positive sample
at which the FITC-labeled VP had been added. In the negative control experiment, almost no
fluorescence signals were detected at the spots of the FITC-labeled BSA. These results suggest
that the aptamer binding assay is a reliable and specific method for detection of VP.

Figure 2c shows the SERS spectra collected for (1) background control of nanotube array
substrate, (2) aptamers immobilized onto the nanotube array, (3) FITC-labeled BSA (negative
control), and FITC-labeled VP onto (4) 200 nm Au nanotube arrays and (5) Au/Ag/Au
multilayer nanotube arrays. As can be seen in Fig. 2c (3), a small peak around 1600 cm−1 was
observed from the negative control sample but there are almost no detectable SERS signals
beyond 1600 cm−1. For the positive control samples, strong SERS spectra of the FITC-labeled
VP are generated. Figs. 2c (4) and (5) show the correct spectroscopic fingerprints
corresponding to FITC dye suggesting positive detection (Fabris et al., 2007; Huh et al.,
2009b). As mentioned above in order to improve the SERS signal nanotube arrays consisting
of different multilayer metallic structures were investigated. As shown in Fig. 2c (4) and (5),
the Au/Ag/Au nanotube arrays gave more intense and distinct peaks in all regions of the spectra.
As mentioned above this was expected since silver generally provides a much better signal to
noise ratio than gold (Yoon et al., 2008). The Raman enhancement factor for the silver
nanoparticles is 100~1000 times larger than that that of gold nanoparticles (Chen and Choo
2008). However, silver has some disadvantages such as biocompatibility, chemical stability,
and aggregation properties. To overcome this disadvantage, Park et al.(2009) presented the
enhancement method of Au/Ag nanostructures for the non-destructive biosensing. By
incorporating silver to gold component, the shift of LSPR spectra was greatly increased and
the surface immobilization of biomoleclules in a non-destructive manner was verified.

To demonstrate the approach for quantitative analysis, we conducted a series of experiments
over a range of different VP concentrations. Fig. 3 shows the SERS spectra of FITC-labeled
VP onto the multilayer nanotube arrays for various concentrations of (1) 5.2 μU/mL (2) 10.4
μU/mL (3) 20.8 μU/mL and (4) 31.2 μU/mL. For the improvement of the signal to noise of the
measurement, we performed the experiment three times to obtain the SERS spectra. As can be
seen in Fig. 3b, the intensity of the peak at 1623 cm−1 increases linearly with solution phase
concentration of the FITC tagged VP, suggesting the technique can be used for quantitative
analysis. We thank the reviewer for this comment.

4. Conclusion
In this paper we have demonstrated an optofluidic device for aptamer based VP detection,
incorporating a novel metallic multilayer nanotube SERS active substrate. The nanotubes on
SERS-active PDMS substrate are well ordered with uniform packing and an average diameter
of 200 nm. With an aptamer based recognition agent we successfully detected SERS signals
generated from FITC labeled vasopressin with a limit of detection on the order of 5.2 μU/mL.
In-vivo experiments on the effects of vasopressin were monitored and infused in the
vasopressin level of 10 μU/mL to 1000 IU/mL in a continuous or quasi-continuous manner
(Hollander et al., 1966; Howl et al., 1999; Krismer et al., 2005). Therefore, this SERS detection
system has the sufficient capability to monitor vasopressin levels. We showed that the Au/Ag/
Au multilayer nanotube arrays resulted in more intense SERS peaks when compared to single
layer Au nanotubes. This simple approach to the creation of regular SERS active substrates
could facilitate future development of miniaturized biomolecular analysis devices.
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Fig. 1.
(a) Schematic of the SERS active nanotube array fabrication procedure. Anodized alumina
(AAO) membrane is attached onto a silicon substrate. After mounting AAO substrate on a
rotating chuck, the desired metal structure is deposited onto membrane with an incident 45°
angle to the axis of rotation. The metal deposited membrane is then soaked in 3.0 M NaOH for
10 min to dissolve the AAO shadow membrane and yield a metallic nanotube array connected
by a continuous backing of the deposited material. After dissolution, the array is dipped in a
30 μM MPTMS solution for 2 hr as an organic adhesion layer aiding with the transfer of the
nanotube arrays to the PDMS substrate. The enclosed optofluidic chip was then assembled by
bonding that substrate with an upper PDMS microfluidic structure fabricated using traditional
soft-lithography techniques. Final device dimensions are 0.8 (width) × 1.6 (length) mm. (b)
SEM images of (1) bare AAO membrane and (2, 3) nanotube arrays after dissolving the AAO
shadow membrane. The nanotubes formed after evaporation of Au/Ag/Au at an incident angle
45° are about 200 nm diameter and 200 nm height.

Huh and Erickson Page 7

Biosens Bioelectron. Author manuscript; available in PMC 2011 January 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 2.
(a) Schematic of the aptamer-VP recognition binding reaction. (b) Fluorescence images of
FITC-labelled aptamer-VP reaction on 200 μm patterned spots under the following conditions
(1) background control sample of bare nanotube arrays, (2) after immobilization of the
aptamers, (3) after aptamer-BSA reaction (negative control) and (4) after aptamer-VP reaction
(positive control). (c) SERS spectra of aptamer-VP reaction corresponding to the first 3 cases
described shown in image (b) and (4) for 200 nm Au nanotube arrays and (5) Au/Ag/Au
nanotube arrays.
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Fig. 3.
SERS spectra of FITC-labelled VP bound onto the Au/Ag/Au nanotube arrays at different
solution phase concentrations. (1) 5.2 μU/mL, (2) 10.4 μU/mL, (3) 20.8 μU/mL and (4) 31.2
μU/mL. (b) The intensity of SERS signal at 1623 cm−1 corresponding to each case illustrated
in (a). Error bars indicate standard deviations from three measurements.
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