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ABSTRACT 

 

 Rapid detection of disease biomarkers at the patient point-of-care is essential to 

timely and effective treatment. The research described herein focuses on the development of an 

electrochemical surface-enhanced Raman spectroscopy (EC-SERS) DNA aptasensor capable of 

direct detection of tuberculosis (TB) DNA.  Specifically, a plausible DNA biomarker present 

in TB patient urine was chosen as the model target for detection. Cost-effective screen printed 

electrodes (SPEs) modified with silver nanoparticles (AgNP) were used as the aptasensor 

platform, onto which the aptamer specific for the target DNA was immobilized. Direct 

detection of the target DNA was demonstrated through the appearance of SERS peaks 

characteristic for adenine, present only in the target strand. Modulation of the applied potential 

allowed for a sizeable increase in the observed SERS response and the use of thiol back-filling 

prevented non-specific adsorption of non-target DNA. To our knowledge, this work represents 

the first EC-SERS study of an aptasensor for the direct, label-free detection of DNA 

hybridization. Such a technology paves the way for rapid detection of disease biomarkers at the 

patient point-of-care. 

 

 

 

 

 

 

 

INTRODUCTION 
 
Considerable research attention is currently focused on finding ways 
of pre-determining diseases that have a negative impact on human 
health. In developing nations, thousands of largely preventable 
deaths occur every year due to diseases that are unable to be 
diagnosed or treated in a timely manner.  One example is 
tuberculosis (TB), a common, lethal infectious disease caused by the 
bacterium Mycobacterium tuberculosis (M.tb.).1 TB is an airborne 
disease which can easily spread between people through coughing, 
sneezing, or even talking.  Symptoms of an active TB infection may 
include night sweats, fever, weight loss, coughing up blood or 
sputum, and chest pain.1 Currently it is estimated that one third of 
the worldwide population is infected with latent TB, and active TB 
results in approximately two million deaths annually.3-5 In South 
Africa, the two main methods used for diagnosing TB in rural 
settings are smear microscopy and culture studies, which typically 

take between 4-16 weeks to provide a result to the patient, which is 
problematic since ~40% of patients never return to the clinic for 
diagnosis or treatment.3 The Xpert® MTB / RIF nucleic acid 
amplification test is available only in some centralized laboratories 
in South Africa; as a result this test does not solve the loss-to-follow-
up problem for patients living in more remote areas. Such statistics 
suggest that a rapid-sensing device should be developed to detect 
tuberculosis at or near the patient point-of-care (POC) as a way to 
improve global healthcare.  Such a POC device will help to rapidly 
diagnose a disease or host of diseases wherever the patient is being 
treated.  Some desirable characteristics that such a device should 
possess include a fast response time, an easily interpreted signal, 
portability, ruggedness, the ability to detect an analyte at low 
concentration, use of disposable chips or strips, and finally the 
device should be cost-effective.6 In addition, there are many 
challenges one faces when developing such a device for use in third 
world settings, such as environmental conditions of extreme 
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temperature and humidity, limited access to clean water, operator 
illiteracy, and an unstable or non-existent source of electricity.5  
 Sensor technology has increased rapidly over the past several 
decades. In particular, sensor technology incorporating 
nanostructured materials has become increasingly common. Such 
technologies often take advantage of the unique optical and 
electronic properties of such materials.7-9 In addition, new ways of 
selectively capturing target molecules onto the sensor surface are 
being developed to help solve issues related to false-positive and 
negative results due to interfering matrix species. One such sensor 
technology gaining in popularity are aptamer-based sensors, also 
referred to as aptasensors.10-15  Approximately twenty years ago 
aptamers were independently described by three groups as nucleic 
acid macromolecules consisting of artificial single-stranded DNA or 
RNA sequences which are engineered to bind specifically to a 
variety of targets, including single ions, small molecules, proteins 
and even whole organisms.16-20 DNA aptamers typically demonstrate 
binding affinities in the nanomolar to picomolar range for large 
molecules, and in the micromolar range for small molecules.21-23   
 Aptamers have been used in analytical and biological 
applications for diagnostic purposes because they offer a number of 
advantages over traditional protein-based antibodies.21  Some of 
these advantages include the ability to be regenerated after 
denaturation, easy amplification via PCR, straightforward 
modification with various functional groups, straightforward 
engineering and synthesis without the need for animal systems, and 
in addition aptamers have desirable storage properties, such as 
excellent temperature and humidity stability.21  In literature, there 
have been many studies where aptamers have been used to bind 
disease-related targets such as IgE, IFN-g, PTPase, cancer cells, and 
H1N1 influenza virus.23-26   
 Several disease-specific biomarkers are present in a TB patient’s 
blood, urine, and sputum which can be used for rapid diagnosis.  
One of these biomarkers is the IS6110 DNA fragment which has 
been previously reported to be observable in TB patient urine; a 
portion of this biomarker is used in the present study.27 The IS6110 
fragment belongs to the IS3 family, and it is considered to be the 
most abundant insertion sequence (IS) found in the M.Tb. complex 
family.27-29 In this work, a small fragment of the IS6110 sequence 
was used as the target biomarker and detected directly via 
hybridization to a specific probe sequence. There are many 
techniques that are used to detect DNA hybridization with the aid of 
a label molecule30-33, however, these methods typically have low 
sensitivity, require significant method development, and most 
importantly the target affinity of the DNA probes may be reduced 
due to labelling with florescent or electroactive species.34 As a result, 
label-free DNA detection methods are highly sought after.  Some 
methods that have been used successfully for label-free DNA 
hybridization include voltammetry, electrochemical impedance 
spectroscopy, amperometry and Raman spectroscopy.35-36   
 Raman spectroscopy has been widely explored for detecting 
biological analytes due to its simplicity, the fact that almost no 
sample preparation is required, small sample requirement, non-
destructive nature, rapid analysis time, and portable 
instrumentation.37-39  As opposed to other types of vibrational 
spectroscopy such as infrared spectroscopy, Raman scattering is 
weak for water, glass, carbon dioxide and alcohols, making it ideal 
for studying biological molecules in aqueous environments.39  A 
significant limitation of Raman spectroscopy, however, is that the 
Raman scattering is relatively weak since only approximately one in 
one million photons undergo this type of inelastic scattering.40 

However, this problem can be overcome by using surface-enhanced 
Raman spectroscopy (SERS). In 1974, a significant enhancement in 
the Raman signal of pyridine molecules was observed when present 

on roughened silver, and over time this signal enhancement, which is 
understood to occur through both electromagnetic and chemical 
mechanisms, was described as SERS.41-42 SERS can be coupled with 
electrochemistry (EC-SERS) to detect the signal of the analyte 
present on the metal surface at a chosen applied voltage. 
Electrochemical SERS can be useful in detecting the signal of the 
analyte in a biologically relevant environment, to observe how 
molecules change conformation and / or orientation at different 
applied voltages, and also to observe the electrochemical stability of 
certain analytes.38  
 Previous SERS-based DNA studies have demonstrated 
hybridization of DNA with the aid of Raman labels such as 
methylene blue, rhodamine B, Texas Red, Cy3, and Cy5.43-45 In 
some cases, label-free SERS detection of DNA hybridization is 
difficult to achieve because the signal of both strands will consist of 
the four DNA bases: adenine, guanine, cytosine and thymine.  Also, 
it may be difficult to monitor or detect DNA hybridization at low 
concentration.46   In literature, however,  label-free SERS detection 
of DNA hybridization was successfully monitored by replacing 
adenine bases within the target sequence with its isomer (2-
aminopurine) which provides a different signal, thus directly 
confirming hybridization.47  While studies have been conducted 
which explore the effect of applied potential on DNA sequences via 
SERS 36,48-49, there has not, as of yet, been any studies reported in the 
literature which employ EC-SERS to investigate direct target 
binding to an aptamer. Bartlett et al. recently reported a label-free 
detection method for DNA hybridization using electrochemical 
SERS33, however this was an indirect detection strategy employing 
leucomethylene blue as a Raman reporter. 
 The goal of this research was therefore to develop an EC-SERS 
based aptasensor capable of directly detecting TB DNA, without the 
need for costly labels or Raman reporter molecules. In the current 
work, the probe – target DNA pair was chosen such that the target 
strand, a sequence contained within the IS6110 fragment, contained 
adenine, while the probe strand did not. The probe strand was 
modified with a 5’ thiol to allow for immobilization onto the AgNP 
surface and a complete self-assembled monolayer was prepared by 
thiol back-filling in order to reduce non-specific macromolecular 
adsorption onto the SERS substrate. Incubation with the target strand 
allowed for direct monitoring of DNA hybridization in synthetic 
urine via the appearance of the adenine marker bands. Application of 
an applied voltage provided a significant improvement in signal, 
demonstrating that this EC-SERS aptasensor shows promise for the 
detection of disease biomarkers.  
 

EXPERIMENTAL 
 

 All glassware was cleaned in an acid bath of 95-98% ACS grade 
sulfuric acid for several hours and rinsed thoroughly with Milli-Q 
ultra-pure water (>18.2 MΩ•cm) prior to use.  The same Milli-Q 
water was used to prepare all solutions. DNA bases (adenine ≥99%, 
thymine ≥99%, cytosine ≥99%, and guanine 98%), DNA nucleotides 
(dAMP 98-100%, dTMP ≥99%, dCMP ≥98%, dGMP ≥99%), 
sodium fluoride (99.99%), and 12-mercaptododecanoic acid (12-
MDA) (99%) were all purchased from Sigma-Aldrich (St. Louis, 
MO, USA).  Monobasic potassium phosphate (KH2PO4, 98-100%) 
was purchased from ACP Chemicals (Montreal, QC, Canada).  
Dibasic potassium phosphate (K2HPO4, 98-100%) was purchased 
from Anachemica (Montreal, QC, Canada). Synthetic urine was 
purchased from Ricca Chemical Company (Pocomoke city, MD, 
USA). 
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Nanoparticle Synthesis and Characterization: 

 

 Citrate-reduced silver colloids were prepared using a modified 
Lee and Meisel method50 and this procedure is described in detail 
elsewhere.38 Briefly, 0.09 g of silver nitrate (Sigma Aldrich, 
99.999%) was added to ~500 mL Millipore water and brought to a 
vigorous boil, and then 10.0 mL of a 1% w/w trisodium citrate (ACP 
Chemicals, ≥98%) was directly added to the boiling solution.  After 
30 minutes, the reaction mixture was removed from heat and 
allowed to cool.  After cooling, a 1.0 mL aliquot of the colloidal 
nanoparticle suspension was centrifuged 10 times for 15 minutes at 
3600 rpm (VWR, Galaxy 16) in order to concentrate and aggregate 
the colloids. Each time, ~0.9 mL of the supernatant was carefully 
removed, a fresh 1.0 mL aliquot of the colloidal suspension was 
added, and the procedure was repeated. UV-vis (Varian Cary 50 Bio 
UV-visible spectrophotometer) and transmission electron 
microscopy (TEM) (FEI Tecnai 12 electron microscope with an 
operating voltage of 80 kV) characterization of the prepared Ag NPs 
is provided in the supporting information in Figure S-1. 
  
 

Screen Printed Electrode Modification: 

 

 Once centrifugation was complete, the AgNPs were deposited 
onto the working electrode of commercially available screen printed 
electrodes (SPEs).  The carbon SPEs (15 mm x 61mm x 0.36 mm) 
were purchased from Pine Research Instrumentation (Durham, NC, 
USA) and consisted of a silver/silver chloride (Ag/AgCl) reference 
electrode, a carbon counter electrode, and a carbon working 
electrode.  These SPEs were functionalized by depositing three 5 µL 
layers of the concentrated silver nanoparticle (AgNP) suspension 
onto the working electrode surface (5 x 4 mm, rectangular carbon 
surface).  The electrodes were left to dry completely after deposition 
of each AgNP layer, and the final layer was allowed to dry 
completely prior to use. All electrolyte solutions were purged with 
argon (99.999%, Praxair Canada Inc., Ontario, Canada) prior to 
measurement. 
 
DNA Aptamers (Probe, Target, scrambled Target): 

 

 All DNA solutions were prepared in fresh pH 7.4 phosphate 
buffer prepared in house. The DNA sequences used in this project 
included: probe (5’-/5ThioMC6-D/TCC TGG GCT GGC GGG TCG 
CTT CC-3’), target (5’-GGA AGC GAC CCG CCA GCC CAG 
GA-3’), and scrambled target (5’-ACC GAG CCA GGC AGC CAG 
GGC AC-3’). All DNA fragments were synthesized by Integrated 
DNA Technologies, Coralville, Iowa, USA. The probe and target 
were used for the hybridization studies, whereas the non-
complementary scrambled target strand was used as a control to 
investigate non-specific interactions. A certain amount of phosphate 
buffer was added to each vial to make up a chosen concentration of 
each DNA aptamer.  The exact amount of phosphate buffer added, as 
well as the final concentration of each solution was: probe (230 µl, 
2.08 mM), target (230 µl, 4.16 mM), scrambled target (230 µl, 2.28 
mM).  Each vial was vortex mixed well to ensure that the DNA was 
completely dissolved in the phosphate buffer, and the tubes were 
then stored at 4 ºC prior to use.  
 
Functionalization of Electrode and Hybridization Protocol:  

 
 The AgNP electrodes were typically prepared several days in 
advance of conducting experiments.  Approximately 10 µL of the 
DNA aptamer (probe) solution was deposited on the AgNP surface 
and the electrode was left to dry in air.  The surface was then rinsed 

gently with Milli-Q water to remove any excess unbound DNA 
aptamer.  The electrode was then immersed in a 1.0 mM ethanolic 
solution of 12-MDA for 2 hours and subsequently rinsed with 
ethanol to remove any excess 12-MDA that was not adsorbed onto 
the surface.  After leaving the functionalized electrode to dry, 10 µL 
of the stock solution of either the complementary strand or non-
complementary strand was then added to the AgNP electrode and 
left to dry in air. The electrode was then rinsed gently with Milli-Q 
water, and left to dry in air prior to conducting the EC-SERS studies. 
In addition, dilutions of the target stock solutions were made in order 
to determine the limit of detection for this EC-SERS aptasensor. 
 
Instrumentation: 

 
 Two different Raman instruments were used throughout this 
project.   The majority of the experiments were conducted using a 
DeltaNu benchtop dispersive Raman spectrometer equipped with 
785 nm laser (Intevac Photonics, Santa Clara, USA).  The 
spectrometer, with a resolution is 5 cm-1, is equipped with an air-
cooled CCD detector and an optics extension tube. Sample 
acquisition times ranged from 30-60 seconds at laser powers 
between 22.3-55.9 mW. This portable EC-SERS system has been 
previously reported by our group; the schematic of the set-up is 
shown in Figure S-2.38  The self-assembled monolayer (SAM) 
studies using 12-MDA were conducted using a DXR Smart Raman 
spectrometer equipped with a 780 nm laser (Thermo Fisher 
Scientific, Mississauga, ON, Canada).  The spectrometer resolution 
is 3 cm-1 and it also is equipped with an air-cooled CCD detector.  
Origin 8.1 was used for the spectral processing and data analysis 
(OriginLab Corporation, Northampton, MA, USA).  All Raman 
spectra were normalized for both laser power and acquisition time 
for ease of comparison. Both Raman spectrometers were coupled to 
a Pine Research Instrumentation portable USB Wavenow 
potentiostat/galvanostat (Durham, NC, USA) to perform 
electrochemical measurements such as cyclic voltammetry (CV) and 
EC-SERS.  The CV parameters were the same for all experiments; 
initial and upper potentials were set to 0.0 V vs Ag/AgCl, the lower 
potential was -1.0 V vs Ag/AgCl, and the sweep rate was 50 mV/s. 
For EC-SERS, the applied potential ranged from 0.0 V to -1.0 V vs 
Ag/AgCl in increments of 0.1 V for a time interval of 60 seconds.  
All potentials are vs. Ag/AgCl unless otherwise stated. 
 

RESULTS AND DISCUSSION 
 
 Initial studies consisted of the detection of the individual DNA 
bases and nucleotides using EC-SERS before performing studies 
with the DNA aptamer.  These studies were helpful for the later 
spectral interpretation of the DNA aptamer. The normal Raman 
(powder) signal was collected for each of the four DNA bases. As 
shown in Figure 1, each DNA base gave a unique spectral profile 
and each gave a strong peak between 600 and 800 cm-1 which is 
indicative of ring breathing vibrations.51 In addition, there are 
several other strong peaks that can be used to distinguish these bases 
from one another; for example, guanine (650, 1266 cm-1), adenine 
(723, 1334 cm-1) cytosine (790, 1278 cm-1), and thymine (1371, 
1673 cm-1); these values are consistent with literature values.37,51 
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Figure 1:  Normal Raman spectra (powder) for the four DNA bases: 

guanine, adenine, cytosine and thymine.  All spectra were collected 

at medium power (22.3 mW) for a time interval of 30 seconds using 

785 nm excitation.  

 As mentioned previously, normal Raman spectroscopy exhibits 
poor sensitivity for the detection of analytes in solution at low 
concentration. Due to this limitation, the previous measurements 
were done on pure powder; however SERS was used in order to 
detect these analytes at low concentration in solution. EC-SERS was 
performed in 1.0 mM DNA base solutions that were prepared in 0.1 
M NaF as a supporting electrolyte.  A modified screen printed 
electrode (SPE) was immersed in this solution and a potential was 
applied in 100 mV steps in the cathodic direction (0.0 to -1.0 V) and 
also in the anodic direction (-1.0 to 0.0 V).  From Figure 2, it is 
apparent that the adenine signal increased by ~ 10 fold between open 
circuit potential (OCP) and -0.8V, indicating that the behaviour of 
the DNA bases at the metal/solution interface is influenced by 
application of a voltage.  A similar result was observed for the other 
three DNA bases.  
 

 
Figure 2:  SERS signal of 1.0 mM adenine at OCP (black curve), and 
at -0.8V (grey curve).  At OCP, the signal was collected at medium-
high power (46.5 mW) for a time interval of 20 seconds, and at -0.8 
V, it was collected at the same power for a time interval of 60 
seconds using 785 nm.  Both spectra are normalized for both laser 
power and exposure time. 
 
 Collecting the signal for these four DNA bases was very useful 
as an initial step towards characterizing the DNA aptamer.  The four 
DNA nucleotides used in this research were 2’-deoxyadenosine 5’-
monophosphate (dAMP), 2’-deoxycytidine 5’-monophosphate 
(dCMP), thymidine 5’-monophosphate (dTMP), and 2’-
deoxyguanosine 5’-monophosphate (dGMP).  As shown in Figure S-
3, the normal Raman signal (powder) was collected for these DNA 

nucleotides and it is apparent that the signal was much weaker than 
that which was observed for the DNA bases.  According to the 
literature, DNA nucleotides are poor Raman scatterers due to the 
presence of the weakly scattering ribose sugar and phosphate groups, 
which have the effect of diluting the observed signal.52 However, by 
using EC-SERS this problem was overcome.  As shown in Figure S-
4, a clear signal for a 1.0 mM dAMP solution was collected at 
negative voltages; the signal was mostly dominated by the adenine 
base.  Similar results were obtained for the other three nucleotides, 
where the signal was mostly dominated by the respective base.  
 It was important to test if EC-SERS would be able to detect the 
presence of all four nucleotides in one solution, since according to 
the literature dAMP tends to dominate the signal over the other 
nucleotides which could be problematic for the development of a 
useful DNA-based SERS sensor.47,53  To test this, a 1.0 mM mixture 
of each of the four nucleotides was prepared.  From Figure S-5, it is 
apparent that all the nucleotides were detected in the mixture 
solution, and adenine did not completely dominate the signal.  The 
four nucleotides were easily distinguished from one another in the 
mixture solution; for example, adenine (732, 1328 cm-1), guanine 
(683, 1481 cm-1), cytosine (789, 1636 cm-1), and thymine (792, 1650 
cm-1) could all be easily identified via their respective marker bands.   
By conducting these studies, it was concluded that EC-SERS can be 
used to detect the DNA nucleotides present in DNA aptamers and 
the signal should not be dominated by any particular nucleotide.  
 The DNA aptamer investigated in this work, referred to as the 
probe, contained 23 DNA bases, as outlined in the materials section. 
This sequence, as mentioned previously, is complementary to a 
section of DNA found in the IS6110 sequence of TB DNA. Adenine 
was absent in the probe sequence in order to give an unambiguous 
response when hybridization occurred, since the complementary 
strand (target) did contain adenine.  The probe was chemically 
synthesized to contain a thiol and a six-carbon spacer at the 5’ end to 
facilitate immobilization.  Cyclic voltammetry (CV) was performed 
to ensure that the working electrode was functioning properly and 
also to confirm that a DNA monolayer was present on the electrode 
surface.  Figure 3 shows the comparison of the CV data for the 
unmodified and modified AgNP SPE surface; it is apparent that the 
current is significantly reduced for the electrode modified with the 
probe, suggesting that a stable monolayer was formed on the surface 
of the electrode.  
 

 
Figure 3:  Cyclic voltammogram of a bare AgNP electrode in 0.1 M 
NaF (solid line), an electrode containing a monolayer of probe + 12-
MDA (dashed line), and an electrode containing a monolayer of 
probe + target + 12-MDA (dotted line). Scan rate: 50 mV/s.  
 
 As shown in Figure 4, EC-SERS was performed after the probe 
was deposited on the AgNP surface, as described in the experimental 
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section.   At open circuit potential (OCP), where no voltage is being 
applied, the SERS signal was mostly due to citrate that was present 
on the AgNPs; citrate typically has dominant peaks at ~1390 and 
~930 cm-1 which are assigned to υs(COO-) and υ(C-COO-), 
respectively.54 As the potential was stepped in the negative 
(cathodic) direction, the metal surface charge becomes increasingly 
less positive (potential of zero charge for Ag(poly) = -0.95 V vs 
Ag/AgCl)55, which causes the negatively charged citrate molecules 
to desorb from the surface, resulting in a decrease in the observed 
citrate signal.  At -0.5 V, some peaks appear which are indicative of 
the probe and as the potential was made more negative the probe 
signal further increased.  At -1.0 V, the signal was due only to probe, 
indicating that citrate is no longer present on the AgNP surface. For 
example, peaks at 790, 1257 and 1577 cm-1 are due to cytosine, 
thymine, and guanine; respectively.37 A peak around 687 cm-1 was 
also present which is due to the C-S stretch, further proof that the 
probe was indeed present on the surface.26,56 A detailed SERS peak 
analysis for both the probe and target sequences is included in the 
supporting information as Table S-1. The remainder of the results 
shown in this work will only show the EC-SERS signal at -1.0 V 
since the best signal for the probe was consistently observed at this 
potential.  In order to test if the probe formed an electrochemically 
stable monolayer on the AgNP surface, the potential was stepped 
back in the positive (anodic) direction.  By looking at Figure S-6, it 
is apparent that the probe signal was indeed stable, which indicates 
that the probe was strongly adsorbed onto the AgNP surface. 
Application of increasingly less negative potentials during the anodic 
scan resulted in a slight signal increase.  
 

 
Figure 4: EC-SERS cathodic signal of probe immobilized on a 
AgNP electrode, measured at medium-high power (46.5 mW) for a 
time interval of 60 seconds using 785 nm excitation. 
 
 A problem that may arise with this DNA aptasensor is non-
specific binding of non-target analytes onto the SERS substrate; 
more specifically non-target DNA in this case.  Another issue that 
could arise is adsorption of the aptamers in a horizontal rather than 
vertical conformation, or a surface-induced denaturation of the 
DNA; both of these situations may prevent the target from binding 
properly to the probe. In order to test the extent that non-specific 
binding between non-target DNA and the SERS substrate could 
occur, EC-SERS was performed using the complimentary strand to 
the probe, referred to as the target, in the absence of the probe.  The 
target sequence has the same number of nucleotides as the probe but 
it does not contain a thiolated end. In theory, since this DNA strand 
is not thiolated, it should not adsorb strongly onto the SERS 
substrate, and therefore no signal should be detected.  However, the 
spectrum in Figure 5b strongly indicates that non-specific binding is 
indeed occurring; adenine peaks were clearly present at 730 and 
1328 cm-1.  The likely mode of adsorption in this case is via the 
nitrogen-rich DNA bases. 57 Also, it seems that the signal of the 

complementary strand is mostly due to the adenine moiety which 
suggests that adenine could in fact be dominating the signal of the 
DNA strand in this case. This issue of non-specific binding of non-
target DNA will be dealt with in the next few sections. 
 EC-SERS spectra for both the probe and target were obtained 
independently (Figures 5a and b, respectively); however the goal 
was to perform hybridization studies between these two sequences. 
Figure 5c shows the EC-SERS spectrum resulting from the 
hybridization study and it is apparent that the adenine peaks were 
present at 730 and 1330 cm-1 which indicates the presence of the 
target since adenine is only found in the target strand. This could 
indicate that the hybridization study was successful between target 
and probe; however, as seen earlier with the non-specific binding 
between the target strand and the SERS substrate, a control study 
was needed.  
 In order to perform a control study, a non-complementary strand 
was used, referred to as the scrambled target. This DNA strand has 
the same number of adenines as the complementary strand but the 
sequence is scrambled such that the nucleotides will not be able to 
base-pair with the probe.  Clearly, hybridization between the probe 
and the scrambled target should not occur because they are not 
complementary; that being said, however; if adenine peaks are 
present in the EC-SERS spectra this would indicate that non-specific 
binding is indeed occurring.  By looking at Figure 5d, it is apparent 
that the adenine peaks were indeed present, thus strongly suggesting 
non-specific binding was occurring. This non-specific binding can 
be problematic for developing the aptasensor because it will lead to 
false-positive results. Therefore, in order to reduce or prevent this 
problem, thiol backfilling was explored.  During thiol backfilling, a 
thiol molecule is introduced to the surface after immobilization of 
the aptamers in order to fill in the spaces between the aptamers. 
Thiol chemistry provides a broad range of thiol lengths and different 
head groups which can be useful for different applications.57 The 
thiol in this case will act as a spacer between the probe strands 
immobilized on the SERS substrate, reducing the likelihood of 
surface-induced denaturation and filling any unoccupied surface 
spaces in order to eliminate or reduce any non-specific surface 
adsorption that might occur for non-target analytes. 
 

 
Figure 5: SERS signal comparison between a) probe, b) target c) 
probe + target, d) probe + scrambled target; all recorded at -1.0V, 
measured at medium-high (46.5 mW) power for a time interval of 60 
seconds. Arrows indicate peaks specific to adenine. 
 
 There are several conditions that must be met in order to choose 
an appropriate thiol to use for this aptasensor.  For example, the thiol 
should be stable on the surface over a significant period of time (> 6 
months), should have the ability to displace citrate molecules, and 
most importantly it should not displace the aptamer. In literature, 12-
mercaptododecanoic acid (12-MDA) is routinely used to form self-
assembled monolayers on electrodes for sensing applications.57-59 
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Therefore, 12-MDA was selected as the thiol for this aptasensor 
platform. EC-SERS was first performed on 12-MDA by incubating a 
bare AgNP electrode in 1.0 mM 12-MDA solution for two hours, 
followed by careful rinsing.  Figure S-7 shows the EC-SERS 
measured for the AgNP electrode functionalized with the monolayer 
of 12-MDA in 0.1 M NaF; looking at the OCP spectrum it is 
apparent that the citrate signal was readily displaced.  As the 
potential was stepped in the cathodic direction, the signal increased 
but then started to decrease at -0.7 V. The peaks at 704, 1100, and 
1435 cm-1 are indicative of the thiol CH2 rocking, C-S stretching, 
and CH2 deformation vibrations, respectively.60-61  EC-SERS was 
performed on the same electrode after 2, 6, and 10 months to test the 
stability of the 12-MDA monolayer over time, as shown in Figure S-
8.  It was observed that the signal of 12-MDA is stable for a long 
period of time, and most of the peaks that were present on the first 
day were still present with similar intensity several months later 
(Figure S-8). These studies suggested that 12-MDA is indeed a good 
thiol spacer candidate for this aptasensor, and it was therefore used 
for the subsequent hybridization studies.  
 The hybridization study between the probe and target was 
repeated in the presence of 12-MDA as the thiol spacer. It is 
apparent from the spectrum shown in Figure 6a that the adenine 
peaks were present.  This shows that the 12-MDA is unable to 
displace the probe that was already immobilized on the surface, and 
that hybridization could still be monitored.  Also, the CV of this 
experiment shown in Figure 3 indicates that a stable monolayer had 
formed.  A similar spectroscopic result could be obtained for the 
same sensor platform even two years later, although with some 
reduction in intensity (Figure S-9). Such a finding illustrates the long 
term stability of these substrates. The same experiment was then 
repeated using the non-complementary strand (scrambled target) in 
order to monitor the effect of thiol backfilling on non-specific 
binding.  As shown in Figure 6b, the adenine peaks were not present 
which suggests that thiol backfilling is indeed required to reduce / 
eliminate non-specific binding. This finding was consistent with 
what has been suggested in literature for other systems.57   

 

 
Figure 6: SERS comparison at -1.0 V for a) probe + target b) probe + 
scrambled target; both with 12-MDA used as a back-filled spacer. 
Measured at medium-high power (46.5 mW) for a time interval of 60 
seconds using 785 nm excitation. 
 
 All studies were initially performed in 0.1 M NaF as a 
supporting electrolyte; in later studies however synthetic urine was 
used as an example of a biologically relevant electrolyte.  This is 
important since the eventual goal of this device is for use in a 
clinical setting and the target DNA biomarker is secreted into urine.  
As shown in Figures 7a and b, it is evident that the EC-SERS signal 
in synthetic urine was a bit weaker than the study performed in 0.1 
M NaF; nonetheless the adenine peaks were still clearly present. The 
signal-to-noise ratio was lower than for the study conducted in 0.1 M 

NaF and this could be due to the chloride ions present in the 
synthetic urine which tend to form a strong covalent bond with the 
silver surface; this can lead to displacement of surface adsorbed 
molecules, including perhaps the aptamer. This suggests that for 
optimal device performance removal of chloride from patient urine 
samples prior to analysis may be beneficial for more sensitive 
detection. 
 Throughout the course of these studies, a detection limit of 280 
µg mL-1 was obtained for the target DNA strand. Below this 
concentration, no observable peaks for adenine could be ascertained. 
Currently, PCR analysis of DNA has reported detection limits 
ranging from 2.5 µg mL-1 to 0.5 µg mL-1, and this can be reduced 
considerably with the use of special dyes such as Hoechst 33342 and 
SYBR® Green.62-63 While the EC-SERS method for detection of 
DNA presented herein lacks the sensitivity of modern PCR 
technology, it does provide numerous advantages, including lower 
cost per patient, portability and improved selectivity. Improvement 
of the detection limit in this case is in part dependent on the nature of 
the SERS substrate, and studies are now underway which will allow 
for optimization of the SERS enhancement through careful design of 
the nanostructured surface. 

 

Figure 7: SERS comparison at -1.0V for probe + target +12-
MDA conducted in a) 0.1 M NaF and b) synthetic urine, both 
collected at medium-high power (46.5 mW) for a time interval 
of 60 seconds using 785 nm excitation. Arrows indicate peaks 
due to adenine. 
 
 

Conclusions 

Electrochemical Surface-Enhanced Raman spectroscopy (EC-
SERS) shows excellent promise for the detection of biological 
analytes such as DNA bases, nucleotides, and DNA aptamers in 
aqueous media.  A unique spectral profile was observed for 
each of the four bases and nucleotides which were easily 
distinguished from one other.  It was observed that application 
of a voltage had a considerable enhancing effect on the 
observed signal, likely due to the potential-induced desorption 
of adsorbed citrate molecules.  Each nucleotide was easily 
characterized in a mixture solution, which indicates that 
adenine does not dominate the signal in an electrochemical 
environment when all nucleotides are present.  EC-SERS was 
used to detect three different DNA sequences (probe, 
complementary strand (target), non-complementary strand 
(scrambled target)), which showed that even non-thiolated 
DNA sequences were strongly adsorbed on the SERS substrate.  
Hybridization studies were successfully conducted between the 
probe and its target with the aid of 12-MDA acting as a spacer 
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molecule.  The spacer prevented non-specific binding of non-
target DNA and showed excellent signal stability over a 
significant period of time.  These experiments were also 
conducted in synthetic urine, a more realistic electrolyte for 
detecting urine DNA biomarkers; however, the signal was 
weaker, most likely due to the presence of chloride. This work 
demonstrates the first example of electrochemical-SERS as a 
tool for the direct, label-free detection of DNA hybridization; 
this aptasensor technology could eventually be implemented for 
the detection of a variety of disease biomarkers at the patient 
point-of-care.  
 
 

Acknowledgements 

 
The authors would like to thank Grand Challenges Canada for 
funding.  C. L. Brosseau acknowledges the infrastructure 
support from the Canadian Foundation for Innovation and the 
Nova Scotia Research and Innovation Trust. R. Karaballi 
acknowledges the receipt of a Saint Mary’s University FGSR 
research award. 
 
 
 

Notes and references 
 

 * To whom correspondence should be addressed: Christa L. Brosseau 

(christa.brosseau@smu.ca) Phone (902) 496-8175 Fax (902) 496-8104 

Department of Chemistry, Saint Mary’s University, Halifax, Nova Scotia, 

Canada, B3H 3C3. 
a Department of Chemistry, Saint Mary’s University, Halifax, Nova 

Scotia, Canada. 
b Institute of Infectious Disease and Molecular Medicine & Division of 

Medical Biochemistry, Faculty of Health Sciences, University of Cape 

Town, Cape Town, South Africa. 

 

Electronic Supplementary Information (ESI) available.  See DOI:  

 

1) National Collaborating Centre for Chronic Conditions.  Tuberculosis: 

Clinical diagnosis and management of tuberculosis, and measures 

for its prevention and control. London: Royal College of Physicians, 

2006, 1-4. 

2) Grand Challenges Canada, Point-of-Care Diagnostics Meeting, 

Seattle, Washington, May 8-11, 2012. 

3) World Health Organization, Global Tuberculosis Report, Geneva: 

World Health Organization, 2014. 

4) D. Caldwell, R. E. Williams JR., Seeking Security in an Insecure 

World, 2nd ed. United Kingdom, Rowman & Littlefield Publishers, 

Inc., 2012, 122.   

5) R. McNerney, M. Maeurer, I. Abubakar, B. Marais, T. D. Mchungh, 

N. Ford, K. Weyer, S. Lawn, M. P. Grobusch, Z. Memish, S. B. 

Squire, G. Pantaleo, J. Chakaya, M. Casenghi, G. B. Migliori, P. 

Mwaba, L. Zijenah, M. Hoelscher, H. Cox, S. Swaminathan, P. S. 

Kim, M. Schito, A. Harari, M. Bates, S. Schwank, J. O’Grady, M. 

Pletschette, L. Ditui, R. Atun, A. Zumla, J. Infect. Dis., 2012, 205, 

147-158. 

6) V. Gubala, L. F. Harris, A. J. Ricco, M. X. Tan, D. E. Williams, Anal. 

Chem., 2012, 84, 487-515.   

7) C. P. Chen, A. Ganguly, C. Y. Lu, T. Y. Chen, C. C. Kuo, R. S. 

Chen, W. H. Tu, W. B. Fischer, K. H. Chen, L. C. Chen, Anal. 

Chem., 2011, 83, 1938-1943. 

8) P. Sahoo, S. Suresh, S. Dhara, G. Saini, S. Rangarajan, A. K. Tyagi, 

Biosens. Bioelectron., 2013, 44, 164-170. 

9) F. Patolsky, C. M. Lieber, Mater. Today, 2005, 8, 20-28. 

10) M. Tichoniuk, M. Ligaj, M. Filipiak, Sensors, 2008, 8, 2118-2135. 

11) K. A. Davis, Y. Lin, B. Abrams, S. D. Jayasena, Nucleic Acids Res., 

1998, 26, 3915-3924. 

12) F. Kieinjung, S. Klussmann, V. A. Erdmann, F. W. Scheller, J. P. 

Fruste, F. F. Bier, Anal. Chem., 1998, 70, 328-331. 

13) R. A. Potyrailo, R. C. Conard, A. D. Ellington, G. M. Hieftje, Anal. 

Chem., 1998, 70, 3419-3425. 

14) Z. Chen, L. Chen, H. Ma, T. Zhaou, X. Li, Biosens. Bioelectron., 

2013, 48, 108-112. 

15) Y. S. Kim, J. Chung, M. Y. Song, J. Jurng, B. C. Kim, Biosens. 

Bioelectron., 2014, 54, 195-198. 

16) C. Tuerk, L. Gold, Science, 1990, 249, 505-510. 

17) A. D. Ellington, J. W. Szostak, Nature, 1990, 346, 818-822. 

18) D. L. Robertson, G. F. Joyce, Nature, 1990, 344, 467-468. 

19) E. Katilius, C. Flores, N. W. Woodbury, Nucleic Acids Res., 2007, 

35, 1-10. 

20) S. Tombelli, M. Minunni, M. Mascini,  Biosens. Bioelectron., 2005, 

20, 2424-2434. 

21) A. B. Iliuk, L. Hu, W. A. Tao, Anal. Chem., 2011, 83, 4440-4452. 

22) O. Neumann, D. Zhang, F. Tam, S. Lal, P. Wittung-Stafshede, N. J. 

Halas, Anal. Chem., 2009, 81, 10002-10006.  

23) J. F. Lee, G. M. Stovall, A. D. Ellington, Curr. Opin. Chem. Biol., 

2006, 10, 282-289. 

24) P. Schultze, R. F. Macaya, J. Feigon, J. Mol. Biol., 1994, 235, 1532-

1547. 

25) C. D. Medley, S. Bamrungsap, W. Tan, J. E. Smith, Anal. Chem., 

2011, 83, 727-734. 

26) P. Negri, G. Chen, A. Kage, A. Nitsche, D. Naumann, B. Xu, R. A. 

Dluhy, Anal. Chem., 2012, 84, 5501-5508.   

27) D. Van Soolingen, P. E. W. De Haas, P. W. M. Hermans, P. M. A. 

Groenen, J. D. A. Van Embden, J. Clin. Microbiol., 1993, 31, 1987-

1995. 

28) A. K. Maurya, S. Kant, V. L. Nag, R. Kushwaha, T. N. Dhole, Indian 

J. Med. Microbiol., 2012, 30, 182-186. 

29) P. H. M. Savelkoul, A. Catsburg, S. Mulder, L. Oostendorp, J. 

Schirm, H. Wilke, A. G. M. Van der Zanden, G. T. Noordhoek, J. 

Microbiol. Methods, 2006, 66, 177-180. 

30) E. G. Hvastkovs, D. A. Buttry, Anal. Chem., 2007, 79, 6922-6926.  

31) H. Gao, X. Jiang, Y. Dong, W. Tang, C. Hou, N. Zhu, Biosens. 

Bioelectron., 2013, 48, 210-215. 

32) V. Dharuman, H. J. Hahn, Biosens. Bioelectron., 2008, 23, 1250-

1258. 

33) K. Ma, H. Zhou, J. Zoval, M. Madou, Sens. Actutator, B., 2006, 114, 

58-64. 

34) Z. Guo, F. Yang, L. Zhang, X. Zheng, Sens.Actutator, B., 2013, 177, 

316-321. 

35) C. Tersch, F. Lisdat, Electrochim. Acta, 2011, 56, 7673-7679. 

36) R. P. Johnson, J. A. Richardson, T. Brown, P. N. Bartlett, J. Am. 

Chem. Soc., 2012, 134, 14099-14107. 

Page 7 of 8 Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



ARTICLE Journal Name 

8 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 2012 

37) Z. Movasaghi, S. Rehman, I. U.  Rehman, Appl. Spectrosc. Rev., 

2007, 42, 493-541.   

38) A. M. Robinson, S. G. Harroun, J. Bergman, C. L. Brosseau, Anal. 

Chem., 2012, 84, 1760-1764. 

39) W. E. Doering, M. E. Piotti, M. J. Natan, R. G. Freeman, Adv. 

Mater., 2007, 19, 3100-3108. 

40) K. C. Bantz, A. F. Meyer, A. J. Wittenberg, H. Im, Ö. Kutulus, S. H. 

Lee, N. C. Lindquist, S. H. Oh, C. L. Haynes, Phys. Chem. Chem. 

Phys., 2011, 13, 11551-11567. 

41) M. Fleischmann, P. J. Hendra, A. J. McQuillan, Chem. Phys. Lett., 

1974, 26, 163-166. 

42) D. L. Jeanmaire, R. P. Van Duyne, J. Electroanal Chem., 1977, 84, 

1-20. 

43) M. H. Harpster, H. Zhang, A. K. Sankara-Warrier, B. H. Ray, T. R. 

Ward, J. P. Kollmar, K. T. Carron, J. O. Mecham, R. C. Corcoran, W. 

C. Wilson, P. A. Johnson, Biosens. Bioelectron., 2009, 25, 674-681. 

44) C. Fang, A. Agarwal, K. D. Buddharaju, N. M. Khalid, S. M. Salim, 

E. Widjaja, M. G. Garland, N. Balasubramanian, D. Kwong, Biosens. 

Bioelectron., 2008, 24, 216-221. 

45) R. P. Johnson, J. A. Richardson, T. Brown, P. N. Bartlett, J. Am. 

Chem. Soc., 2012, 134, 14099-14107. 

46) X. X. Han, B. Zhao, Y. Ozaki, Trends in Anal. Chem., 2012, 38, 67-

78. 

47) A. Barhoumi, N. J. Halas, J. Am. Chem. Soc., 2010, 132, 12792-

12793. 

48) L. Q. Dong, J. Z. Zhou, L. L. Wu, P. Dong, Z. H. Lin, Chem. Phys. 

Lett., 2002, 354, 458-465. 

49) R. P. Johnson, N. Gale, J. A. Richardson, T. Brown, P. N. Barlett, 

Chem. Sci., 2013, 4, 1625-1632. 

50) P. C. Lee, D. J. Meisel, Phys. Chem., 1982, 86, 3391-3395. 

51) J. D.Gelder, K. D.Gussem, P. Vandenabeele, L. Moens, J. Raman. 

Spectrosc., 2007, 38, 1133-1147. 

52) S. E. J. Bell, N. M. S. Sirimuthu, J. Am. Chem. Soc., 2006, 128, 

15580-15581. 

53) A. Barhoumi, D. Zhang, F. Tam, N. J. Halas, J. Am. Chem. Soc., 

2008, 130, 5523-5529. 

54) C. H. Munro, W. E. Smith, M. Garner, J. Clarkson, P. C. White, 

Langmuir, 1995, 11, 3712-3720. 

55) D. Larkin, K. L. Guyer, J. T. Hupp, M. J. Weaver, J. Electroanal. 

Chem., 1982, 138, 401-423. 

56) F. Bensebaa, Y. Zhou, A. G. Brolo, D. E. Irish, Y. Deslandes, E. 

Kruus, T. H. Ellis, Spectrochim. Acta, Part A, 1999, 55, 1229-1236. 

57) X. Zhang, V. K. Yadavalli, Biosens. Bioelectron., 2011, 26, 3142-

3147. 

58) G. Lim, H. J. Hwang, J. H. Kim, Anal. Biochem., 2011, 419, 205-210. 

59) C. Chen, K. Chang, Y. Chen, C. Lee, B. Y. Lee, A. S. Lee, Biosens. 

Bioelectron., 2011, 26, 3071-3076. 

60) E. Scavetta, A. G. Solito, M. Demelas, P. Cosseddu, A. Bonfiglio, 

Electrochim. Acta, 2012, 65, 159-164. 

61) G. Socrates, Infrared and Raman Characteristic Group Frequencies: 

Tables and Charts, 3rd ed., England: John Wiley & Sons, LTD., 

2001, pp 26, 210-212. 

62) BioTek Instruments, service and support,  

       http://www.biotek.com/service_support/faq/what-is-the-detection-

limit-for-dna-quantitation/  (accessed January, 2015). 

63) Shimadzu Scientific Instruments,  

      http://www2.shimadzu.com/apps/appnotes/dnadetectionlimits.pdf 

(accessed January, 2015).   

 

 
 

Page 8 of 8Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t


