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The  ability  to detect  and  quantify  small  amounts  of DNA  in  biological  complex  samples  is  a  hot  research
area.  Up until  recently  most  of  the  work  performed  in  this  area  used  label-dependent  protocols  that
increases  its  complexity  and  overall  costs.  The  aim  the  work  was  to  develop  a  label-free  technology
suitable  for  DNA  detection  and  quantification  using  real complex  DNA  samples.  The  applicability  of  this
system  was  tested  using  synthetic  ssDNA  targets  that  guaranteed  the systems  specificity,  in the  sense  that
only  complementary  sequences  hybridized  with  the  probe.  When  using  real samples  extracted  from  Vitis
abel-free biosensor
NA detection
uantification
itis vinifera L.

vinifera  L.  the  system  was  able  to  successfully  detect  and  quantify  the DNA  present  without  any of the  time
consuming  and  costly  amplification  steps.  The  detection  and  quantification  limits  of  the  proposed  system
were  60  ±  20  nM  and  201  ±  20  nM,  respectively  for Target  1 concentrations  between  31  and  350  nM.  This
method  can  easily  be  applied  to  other  species  and  purposes,  allowing  the  direct  detection  of  DNA  in  a
label-free  environment  with  high  accuracy  and  specificity.

©  2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

Ever since the discovery of the DNA base-pair coupling struc-
ure, the number of publications where this complex biomolecule
s used as a sensing device has grown exponentially. One area that
as taken a major interest in the DNA base-paring structure is the
evelopment of biosensors [1,2]. The use of DNA as a structural
ase for biosensing development has numerous advantages, such
s: (1) the thermostability of the molecule when compared to other
iomolecules, i.e. proteins; (2) highly conserved in the sense that
eplication has a very low mutation rate, allowing an accurate fin-
erprinting (3) the presence in all the cells, thereby potentially
nabling identical information regardless of the tissue origin and
he transformation process that they were submitted [3,4].

A DNA-based biosensor can be of the outmost importance in
reas such as, food traceability and authentication, clinical diag-

ostics, gene therapy, biomedical studies, among others [5–8].

Over the past few years there has been some efforts in order
o develop biotechnologies that will improve both sensitivity and

∗ Corresponding author at: University of Trás-os-Montes and Alto Douro, P.O. Box
013, 5000-911 Vila Real, Portugal.

E-mail addresses: plopes@utad.pt, pfmlopes@hotmail.com (P. Martins-Lopes).

ttp://dx.doi.org/10.1016/j.snb.2016.04.105
925-4005/© 2016 Elsevier B.V. All rights reserved.
selectivity when considering gene analysis [8–10]. Usually these
analysis require DNA labelling with a fluorophore. In some particu-
lar cases where signal amplification is the most critical issue, such
as, ultratrace gene analysis, the DNA hybridization is followed using
a fluorescent dye [1,11]. However fluorophores have numerous dis-
advantages that have reflection’s in the sensitivity of the method,
namely low photostability, photobleaching, low signal amplifica-
tion, particularly in biological tissue where self–fluorescence is a
major issue, among others [12]. Moreover, the DNA probe can only
be labelled with one or a few fluorophores, which results in a weak
signal, particularly when the target concentration is low. This limits
not only affect the method’s sensitivity but also the detection and
quantification limits.

In order to overcome these issues, some work has been devel-
oped in terms of nanoparticles to support the DNA or a fluorescence
label. In fact, and even though some interesting values have been
reported [1,6,13,14] for the detection limit, these alternatives still
require DNA labelling.

Other DNA-based technologies rely on amplification proce-
dures, based on Polimerase Chain Reaction (PCR) previous to

detection, such as real time PCR that additionally requires an ampli-
fication in order to detect the target and quantify it, with some
success limitation when PCR-inhibitors are present in the sample

dx.doi.org/10.1016/j.snb.2016.04.105
http://www.sciencedirect.com/science/journal/09254005
http://www.elsevier.com/locate/snb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.snb.2016.04.105&domain=pdf
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Table  1
Sequences of the oligonucleotides used throughout this work.

Oligonucleotides Sequence

ssDNA − Probe 5′-C6-Aminolink GGTGAAATGGGCACCGAACACACGC-3′

Target 1 (Complementary) 5′-GCGTGTGTTCGGTGCCCATTTCACC-3′

Target 2 (Non-Complementary) 5′-AAAAAAAAAAAAAAACCATTTCACC-3′

T ′-GCAT ′

T ′-GCAT
T ′- TCTC
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arget 3 (One Base Mismatch) 5
arget 4 (Six Bases Mismatch) 5
arget 5 (Complementary with a tail of 24 bases in 5′) 5

15]. Alternative to these methods is the use of fiber optic SPR for
NA hybridization detection [16] however, these options require
xpensive equipment and specialized personnel.

In this work a simple, low cost method for label-free DNA
etection and quantification was developed, producing compet-

tive results. This method is based on the ssDNA (DNA-probe)
mmobilization in the lateral surface of an optical fiber long period
rating (LPG) and subsequent hybridization. The DNA is not dye-
abelled and the hybridization is followed in situ by differences
nduced on the optical fiber surrounding media refractive index.

ore, the process does not require enzymatic reactions. This
ystem was successfully applied for the detection of synthetic
sDNA targets (complementary, non-complementary and partially-
omplementary), as well as, genomic DNA previously extracted
rom Vitis vinifera L.

. Material and methods

.1. Materials

All oligonucleotides used in this work were purchased from
rilabo. The stock solutions were prepared with ultrapure water
nd stored at −20 ◦C. Each solution contained 100 �M of each
ligonucleotides. The oligonucleotides sequences are presented in
able 1 and was based on the specific primer of V. vinifera designed
o detect Single Sequence Repeats [17].

For each experiment a suitable amount of the stock solution was
iluted in saline phosphate buffer (PBS: 10 mM sodium phosphate;
20 mM NaCl; 2.7 mM KCl; pH 7.4) in order to obtain the follow-

ng concentrations: 0.50; 0.25; 0.125; 0.0625; 0.03125; 0.015625
nd 0.007812 �M.  All other chemicals were used without further
ilutions.

The cleaning solution used before each experiment was com-
osed by Ethanol 70% (v/v) and 1% Hydrochloric acid (v/v) in a
1:1) ratio. Additionally the restringing solution was  a mixture of
BS with 0.1x Saline-Sodium Citrate (SSC) and 0.1% Sodium dodecyl
ulphate (SDS) in a (1:1) ratio. After each cycle the LPG was  cleaned
sing a diluted solution of Nitric Acid (HNO3 1:3).

.2. Instrumentation

The detection system is based in a fiber Long Period Grating
LPG) sensor. This sensor is an optical wavelength band-loss filter
here the central wavelength of the band depends of the LPG fab-

ication parameters, temperature, applied axial mechanic tension
nd fiber surrounding media refractive index. It is also known that
he double strand DNA has, in solution, a slightly higher refrac-
ive index than the single strand form. The detection principle of
his particular LPG sensor is based on the use of a single DNA
trand (Probe) attached to the fiber’s lateral surface. When the
robe hybridizes with its complementary strand, it becomes a dou-
le strand DNA increasing the fiberı́s surrounding refractive index

edia that, in turn, will have an effect on the LPG transmission

pectra that is the data measured.
For that purpose the LPG sensor was placed inside of a wet  flow

ell that will provide the means to maintain a constant mechanic
GTGTTCGGTGCCCATTTCACC-3
GTGTTTTTTGCCCATTTCACC-3′

TCTCTCCTCTCAGCAAGGAAGCGTGTGTTCGGTGCCCATTTCACC - 3′

tension applied to the fiber and, simultaneously allows the inser-
tion and removal of wet  solutions in the sensor surrounding zone
which has been detailed in Gonç alves et al. [18]. As consequence,
the wavelength variations accounted can only be due to the inter-
action of the solution with the LPG surface. The chamber capacity
is of 750 �L and the same volume of each solution was  injected
into the chamber in order to maintain the volume constant. The
data acquisition was  performed using a fiber optic interrogation
unit manufactured by Fibersensing®, model BraggMeter FS2200SA,
with two channels modified to allow the measuring of the trans-
mission spectra in the spectral region between 1500 and 1600 nm.

The sensor apparatus was  maintained at constant temperature
by inserting it in a muffle (Termarks, model B 8023). The sensor
temperature was measured by a type-K thermocouple positioned
in contact with the sensor chamber and its value were recorded by
a temperature logger (Keithley® 740) controlled by the same com-
puter that was measuring the spectra using a Labview® program
creating a temperature list with a temporal tag for each tempera-
ture value. In this way, both spectra and temperature measurement
where time synchronized and can be co-related.

Upon data acquisition the spectral data is processed to deter-
mine the position of the wavelength LPG resonance as described
by Gonç alves et al. [18].

2.3. DNA extraction

In order to test the applicability of the sensing system into a
more complex DNA matrix, a sample of the Vitis vinifera L. DNA was
tested. The genomic DNA was  extracted from leaf samples using
the cetyl trimethylammonium bromide (CTAB) method described
by Doyle and Doyle [19]. The extracted DNA was  resuspended in
50 �L of distilled water and the DNA concentration was determined
using a NanoDrop® ND-1000 spectrophotometer. The DNA quality
was assessed using a 0.8% (w/v) agarose gel stained in 7 �g mL−1

ethidium bromide solution.

2.4. Chemical sandwich sensing system preparation

The LPGs were inserted in a glass chamber and the strain was
fixed. Before performing any tests the LPG surface was  cleaned by
the passage of ethanol 70% (v/v) and hydrochloric acid 1% (v/v)
solution in a 1:1 ratio.

The LPG surface is negatively charged, so is the DNA, as such, it
was necessary to use a bilinker. In this work, the bilinker chosen was
Poly-l-Lysine (PLL). In each cycle the following sequence was  used:
water, PLL, Probe, Targets or DNA from V. vinifera. All samples used
were set at 0.25 �M.  All measurements, with the exception of water
added in between the addition of an analyte, were performed over
30 min, at 37 ◦C. Upon the hybridization the target was removed
from the LPG surface by a process called stripping. This was per-
formed at 60 ◦C and included the addition of a stripping solution
(0.1x Saline-Sodium Citrate and 0.1% Sodium Dodecyl Sulphate in

a (1:1) ratio), ethanol and water. In the end of each cycle all chem-
icals were removed from the LPG surface, using a diluted solution
of HNO3 (1:3, v/v) that was added and left in contact with the LPG
for 15 min.
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ig 1. Representation of the signal obtained using a simple ssDNA (Probe), an amino-
erminated ssDNA(ZAG62) and Target 1. *The values are statistically significant
hen compared to the Probe Signal for a p < 0.05.

.5. Chemical sandwich sensing system preparation

In order to evaluate the statistical significance of the data
btained throughout this work an IBM Software Package Statis-
ical Analysis (SPSS) version 19 was used. The data were analysed
n comparison to the Probe and the PLL signal, for the targets and
he ZAG62 evaluation, respectively, and were considered statistical
ifferent when p < 0.05.

. Results and discussion

.1. The chemical interaction between the sensing system

A common problem in immobilized biomolecule methods is the
eed that even though the DNA-probe is covalently-attached to
he fiber it should still interact with the targets and hybridize.
his problem was surpassed by the use of a polymer—Poly-l-
ysine (PLL) [20]. This polymer has a positive charge which makes
t suitable for a single sandwich system—fiber (negative charge);
LL (positive charge); DNA-probe (negative charge). Indeed, even
hough PLL is commonly used as a bilinker for DNA attachment,
he chemical interactions between this system are not fully under-
tood. In order to better understand the chemical relationship
hat lied beneath the sandwich sensing system an experiment
as devised. According to authors, such as Zibaii et al. [20], PLL

orms a monolayer that links to the optical fiber surface through
 hydrogen bridge bound between the Si-OH groups of the fiber
nd the PLL amino group. Additionally these authors suggest that
he linking between DNA and PLL also occurs through an amino
ink. However what remains to be explained is if the absence of
he amino-terminated groups in the DNA is determinant for the
ybridization to occur. We  wanted to test this hypothesis and used
mino-ssDNA and DNA without an amino group. The results pre-
ented in Fig. 1, show that their statistical difference between the
LL signal and the amino free DNA (ZAG62), as such, the ZAG62
an effectively interact with the immobilized PLL even though it
oes not have an amino group. However, when comparing these
ignals with Target 1 it is possible to say that there is no statistical
onfirmation for hybridization. This behaviour can be due to an ori-
ntation effect that the amino group confers to the ssDNA. Indeed
he interaction between the PLL and the ZAG62 or Probe, can be due

o hydrogen bounding between the DNA residues and the polymer,
ut when there is an amino group in the ssDNA extremity (Probe),
he interaction between PLL and the Probe is more significant due
o the stability of the N N chemical bounding. Additionally, when
Fig. 2. Representation of the wavelength evolution with time registered for
30  min within each step PLL Deposition, Probe immobilization, Target 2 (non-
complementary) and Target 1 (hybridization).

the interaction between the polymer and the DNA is due to this
N N bounding the position for this interaction favours the subse-
quent hybridization. On the other hand, when the ssDNA and the
PLL is not specifically oriented this interaction can place the ssDNA
(ZAG62) in such a way that the hybridization cannot be performed.
This position is so variable that it is possible to see a hybridization
in one cycle and not see it in the next, which can be responsible to
the high standard deviation found for Target 1 in these particular
experiments.

3.2. Stability and reproducibility of the sensing system

The stability of the sensor is an important issue. In order to define
the time requested to obtain a stable signal a study concerning a
time frame of 1800 s was undertaken using PLL, Probe, Target 2
and Target 1. The wavelength signal was recorded during 30 min
(Fig. 2) and stabilization of the reaction on the fiber within each
analyte was  obtained after 20 min. All the further readings were
done taking into consideration this time frame.

Another issue that needed to be addressed was  the low repro-
ducibility that is often reported when using fibers with long period
gratings (LPGs), depending on the thickness of the interaction
region and the penetration depth of the evanescent [21]. Indeed
when using different LPGs it is necessary to perform a calibration
that can be slow due to its singular nature. In order to overcome
this problem a new strategy was  developed, where the LPG was put
in contact with a diluted solution of nitric acid. This allowed the use
of the same LPG for more than 20 complete assays over more than
5 months.

In order to evaluate the method sensitivity and selectivity five
different strands of DNA were tested. Target 1, Target 2, Target 3,
Target 4 and Target 5 (Table 1). Target 1 is complementary to the
DNA-probe, Target 2 is non-complementary, Target 3 has a single-
mismatch close to the 5′ end, Target 4 has 6 mismatches and Target
5 is complementary, but it has a tail of 24 extra-bases in the 5′ end.
The hybridization process was followed by monitoring the change
in the effective refractive index induced by the events.

In order to ascertain the method reproducibility, sensitivity,
detection and quantification limits several amounts of Target 1
were evaluated by the same fiber sensor. This allowed the definition
of the calibration curve presented as Supplementary Fig. S1 in the
online version at DOI: 10.1016/j.snb.2016.04.105 with a R2 of 0.98

The obtained results allowed us to determine the method’s Detec-
tion Limit: 60 ± 20 nM and Quantification Limit: 201 ± 20 nM. These
limits are quite low for a label-free technology. Indeed, even though
detection limits in the hundreds of fentomolars have been reported

http://10.1016/j.snb.2016.04.105
http://10.1016/j.snb.2016.04.105
http://10.1016/j.snb.2016.04.105
http://10.1016/j.snb.2016.04.105
http://10.1016/j.snb.2016.04.105
http://10.1016/j.snb.2016.04.105
http://10.1016/j.snb.2016.04.105
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Fig. 3. Representation of the sensor response in the presence of Poly-l-Lysine (PLL),
single strand DNA-probe, Target 1 (complementary), Target 2 (non-complementary),
Target 3 (single mismatch) and Target 4 (six mismatches), for three independent
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Fig. 4. Representation of the sensor response) in the presence of Poly-l-Lysine (PLL),
single strand DNA (Probe), Target 5 (complementary with a 24 bases tail in 5′-end)

difference. The amazing outcome was  the fact that this biosen-
easurements. *The values are statistically significant when compared to the Probe
ignal for a p < 0.05.

22–24]. All these methods required DNA labelling, increasing costs
nd requiring additional labelling steps. Moreover, our method also
llows the quantification of the DNA in a small sample, without
equiring a previous amplification process as required in Real-Time
CR assays [15] and in other biosensor based methods [22].

.3. Analytical performance of the sensing system

In order to evaluate the applicability of the sensing system sev-
ral targets were used. Each target had a peculiarity so it could be
ossible to ascertain if the developed system was  able to detect
ingle mismatch, if the mismatch position was relevant and if com-
lementary sequence could be compromised by having a tail of
ismatches in a 5′ end.
The results showed in Fig. 3 clearly demonstrate that hybridiza-

ion only occurs for Target 1, using a concentration of 0.25 �M.  This
esult is quite interesting since it allows to conclude that our sys-
em can successfully discriminate between total-complementarity
nd a single mismatch. Target 4 had 6 single mismatches along the
hain that could easily prevent hybridization. This result clearly
hows that the method is very selective, which is reinforced by the
esult obtained for Target 3 which has only one mismatch. This is
nteresting once it can be considered as a new biosensor method
or Single Nucleotide Polymorphism (SNP) detection [22,25], which
an be applied in a wide range of research areas, from diagnose,
orensic, genotyping, among others. Another advantage is that it
oes not require the development of complicated probes, e.g. Pep-
ide Nucleic Acid (PNA), Locked Nucleic Acid (LNA), nor the use of
ignal amplification post hybridization process, e.g. Surface Ligation
eaction [22].

To help establish the use of this method in a real sample, a
uitable amount of DNA was extracted from V. vinifera. This is a
idely cultivated fruit crop with a harvested area above seven mil-

ion hectares and more than 60 million tons of grapes produced
er year. It is a diploid species with nineteen chromosomes, with

 genome size of around 500 Mbp. Additionally, Target 5 was  used,
nd although its sequence is complementary it has a tail of 24
ases on the 5′ end, simulating interference of non-complementary
equences surrounding the complementary sequence, present in
eal DNA samples. Nevertheless, Target only had a tail in one of
5
he sequence end. As it can be seen by the analysis of Fig. 4, there is

 statistical significant difference between the signal obtained for
he ssDNA and Target 5. This result suggests that the sensing system
and Genomic DNA (DNA extracted from Vitis vinifera L.), for three independent mea-
surements. *The values are statistically significant when compared to the Probe
Signal for a p < 0.05.

identified this target as complementary to the ssDNA immobilized
in the fiber.

The procedure applied to analyze the genomic DNA extracted
from V. vinifera was very similar to the one used for the previous
targets. However, since the DNA was  still double stranded a denat-
uration process was applied. This was  accomplished by a simple
heating of the DNA sample. In order to evaluate the competitive
mechanism between the immobilized probe and the two  single-
stranded DNA chains from the V. vinifera DNA sample, they were
both put into contact with the LPG surface. The response observed
for this sample (Fig. 4) clearly demonstrates that despite the com-
petitive existent due to the presence of complementary sequence,
the designed system can indeed detect the hybridization process.

When comparing the signal differences between the probe, Tar-
get 1 and the real DNA sample it is possible to ascertain the impact
that the competitive mechanism has on the system. The hybridiza-
tion of Target 1 results in a signal increase of approximately 59% on
the other hand when there is a competitive mechanism between
the immobilized probe and the two complementary chains of the
real sample, the hybridization is followed by a 20% signal increase.
As such, it is possible to say that our system is able to successfully
detect the DNA in a more complex matrix (real sample). Moreover,
even though we  are dealing with a real sample, it is possible to
see that the results are quite reproducible—the highest standard
deviation in three consecutive measurements is 2%.

As all the experiments were conducted using the same molarity,
0.25 M,  the number of estimated copies between the synthetic tar-
gets and the real sample are significantly different, being 5.330 E+16

for Target 1, and 2.687 E+6 for the real sample. This emphasis the
sensibility of the method when using direct real DNA samples, and
the fact that no previous amplification step was  required, increasing
the target number in the solution as is required for some actually
used DNA-based biosensors [22]. This is an interesting feature as
some DNA samples present PCR-inhibitors [15], limiting their use
for genotyping procedures.

4. Conclusions

The optical DNA-based biosensor tested proved to be highly spe-
cific when synthetic samples were used, detecting a unique SNP
sor was successfully applied in a complex matrix, V. vinifera
genomic DNA, even when the sequence copy number is consider-
ably lower than the synthetic target used and with the presence of
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ompetitive mechanisms. This system makes it possible to detect
nd quantify DNA in real samples, using standard optical telecom-
unication technology, high with specificity, since the method

llows the detection at a SNP level, which is why  we  expect
hat it would be quite useful in areas where the DNA detec-
ion/quantification is the main goal.
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