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ABSTRACT

We report on the preparation of a sensing platform for the fast multiplex detection of short oligonu-
cleotide sequences. Monodispersed micro-sized polystyrene beads (average diameter of ca. 4.72 pm)
were prepared and subsequently coated with nanosized gold nanoparticles. The micro-sized beads are
large enough to scatter light and allow the detection of specific analytes using flow cytometry. Fluo-
rescently labeled DNA hairpins are assembled onto the gold nanoparticles. In the absence of the target
sequence, the metal particles quench the probe signal. Upon hybridization, the fluorescent signal of the
hairpin is turned on and is readily detected by the flow cytometer with a detection limit of 5 nM. The
sensing platform was able to sense and discriminate in parallel two specific genetic markers of Vaccinia
virus and hepatitis B virus. Viral sequences spiked in an artificial serum were readily detected with com-
parable sensitivity to the buffer solution. The assay time was optimized from the assembly to testing to
take less than 2 h including a hybridization of 30 min.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Specific and sensitive oligonucleotide sensors are growing to
be revolutionary tools for prognosis, diagnosis and treatment of
genetic and infectious diseases [1-7]. Their importance stems from
the fact, for instance, that some cancerous cells and viral diseases
spread by communicating their genetic information via blood cir-
culating oligonucleotide strands [8,9]. MicroRNA is an example of
these small non-coding oligonucleotides (22nt) [10,11]. In addi-
tion, statistically unique short sequences that are complementary
to specific viruses and bacteria have also been identified and been
exploited in many sensing schemes for rapid identification of infec-
tious diseases [12,13]. The sensing of the circulating or unique
oligonucleotides translates into early disease diagnosis which in
general correlates with the recovery and survival rate from these
diseases [14].

Over the past few years, an increasing number of methods
had emerged to detect short oligonucleotide sequences based on
quantitative real-time polymerase chain reaction [15-17], in situ
hybridization [18-20] and high throughput sequencing [21,22].
These methods are however expensive and in situ hybridiza-
tion is technically challenging and semi-quantitative. Other more
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recent biosensing schemes were designed specifically to reduce
the assay complexity and time span. Kelley et al. have designed an
electrochemical method based on nanostructured microelectrodes
capable of detecting short DNA sequences with low detection limits
in the attomolar range and a fast assay time (ca. 30 min) [23-25].
Mirkin et al. have also reported a highly selective and sensitive
method based on quenching/recovery of fluorescent signals which
extended the detection of specific oligonucleotide sequences to the
cellular cytoplasm [13,26].

Despite these tremendous advances, the field of oligonucleotide
sensing still lacks abundance in methods with multiplexing capa-
bilities [27-29]. Biological systems are complex which makes
diagnosis based on the detection of a single analyte prone to high
false positives and negatives. The multiplex detection of specific
markers that are either closely related or directly correlated leads
to the increase in the level of accuracy in diagnosis and reduces,
considerably, the materials and time. For instance, six specific
miRNA biomarkers are over expressed in prostate cancer patients
[30], another five in gastric cancer [31], and eleven in lung can-
cer [32]. The parallel detection of these specific biomarkers, for
instance, will be a great step forward for the early diagnosis of
cancer. Hence improving the alacrity, simplicity and specificity of
multiplex-based platforms is an ongoing challenge in the biosens-
ing field [33].

In this work, we report a multiplex platform for the detec-
tion of oligonucleotides that complies simplicity and specificity
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Fig. 1. Schematic representation of the operational scheme of the sensing platform
divided into four major phases. (A) Phase 1: Synthesis of monodispersed polystyrene
beads coated with gold nanoparticles. (B) Phase 2: Assembly of fluorescently labeled
DNA hairpin onto the gold nanoparticles. The folded oligonucleotide brings the flu-
orescent dye in close proximity to the metal surface leading to its quenching. (C)
Phase 3: detection of specific oligonucleotide targets. Upon hybridization the flu-
orescent dye signal is recovered due to the induced unfolding of the hairpin. The
fluorescent signal is detected using flow cytometry. (D) Phase 4: Multiplex detec-
tion of two or more targets is possible by modifying the DNA hairpin with spectrally
resolved fluorescent dyes.

in its operational scheme. The probe is based on a fluorescently
labeled DNA hairpin (molecular beacon) complementary to a spe-
cific target and immobilized on gold nanoparticles decorating
micro-sized polystyrene beads. In the absence of the target, the
folded oligonucleotide will bring the fluorophore in close proxim-
ity to the gold nanoparticle surface (Fig. 1B) [34]. The dye will be
completely quenched. Upon hybridization to a complementary tar-
get, the hairpin will open up and the fluorescent signal is restored
(Fig. 1C) [35,36]. To achieve multiplexing capabilities and low
detection limits, flow cytometric measurements were employed.
The polystyrene beads, each decorated with multiple probes, sin-
gle file through the laser path and trigger the detection of the target
of interest [37]. The sensing platform could be easily modified to
detect any sequence of interest.

2. Reagents and materials

Styrene monomer, polyvinylpyrrolidone powder (PVP, MW
55K), gold(Ill) chloride trihydrate (AuCl3-3H,0), sodium citrate,
potassium phosphate mono and dibasic (KH, PO4, K;HPO,), dithio-
threitol (DTT) and 2-methoxyethanol were all purchased from
Sigma-Aldrich. 4,4’-Azobis (4-cyanovaleric acid) (ACVA) was pur-
chased from Bide Pharmatech. The phosphate buffer (PBS) was
prepared using the mono and dibasic phosphate at final concen-
tration of 0.01 M and pH=7.

Short oligonucleotides hairpin and target sequences were
obtained from Integrated DNA Technologies IDT (Table 1). Deion-
ized water and all buffers used in the experiments were filtered
through 0.22 wm membranes before use.

Table 1
Specific oligonucleotide sequences for hepatitis B virus (HBV) and Vaccinia virus
(VV) used in this study.

HBV-Target 5'-TTG GCT TTC AGT TAT ATG GAT GAT GTG GTA-3'
HBV-Probe  5'-Thiol-C6/ GTT GGT ACC ACA TCA TCC ATA TAA CTG AAA GCC
AAC/ -3’

VV-Target  5'-AGT TGT AAC GGA AGA TGC AAT AGT AAT CAG-3'
VV-Probe  5'-Thiol-C6/ GGA GTT CTG ATT ACT ATT GCA TCT TCC GTT ACA
ACT CC/ ATTO647N-3'
3. Methods

3.1. Gold coated polystyrene beads (PS-Au)

Micro-sized and monodispersed PS beads were synthesized by
dispersion polymerization as previously described [38-40]. Briefly,
0.5g of PVP and 0.1 g of ACVA were dissolved in a solvent mixture
of methoxyethanol (15.5 mL), ethanol (6.5 mL) and water (2.0 mL)
(Fig. 2A). The solution was deoxygenated by purging it with nitro-
gen for 15 min. Upon addition of 20 mL of styrene, the mixture is
heated to 70°C and kept under constant stirring at 80 rpm for 24 h.
The obtained beads are centrifuged and washed three times with
deionized water at 800 rpm to obtain homogenous micro-beads. In
a subsequent step, the beads are decorated with gold nanoparticles
[41]. One milliliter of the previously prepared beads is washed in
a 1:0.5 ethanol-water solution to remove excess PVP and ensure
the nucleation of gold nanoparticles on the particle surface. To a
boiling solution of Au3* (100 mL; 5.5 x 104 HAuCly), the washed
PS is added followed by sodium citrate, at a final concentration of
8 x 10~2 M. PS gold decorated beads were centrifuged four times
to separate any unbound gold nanoparticles and resuspended in
deionized water.

3.2. DNA hairpin assembled onto PS-Au particles

The assembly of the hairpin sequences on the gold coated
polystyrene beads was achieved following a modified reported
salting procedure [42]. Initially, DNA hairpins are suspended in
a PBS (0.01 M, pH=7.01) at a final concentration of 10~4M. DTT
(0.1 M) is then added to the solution to break any disulfide bonds.
A microspin G-25 column is used to isolate the free DNA strands.
A desired concentration of hairpins is added to the previously pre-
pared PS-Au solution. Incremental amounts of NaCl is added to the
assembly every 15 min for an hour to reach a final concentration of
0.6 M. Unbound hairpins are removed by centrifuging the solution
at 900 rpm for 8-9 min.

3.3. Oligonucleotide sensing

PS gold decorated beads modified with fluorescently labeled
DNA hairpins are suspended in a hybridization buffer consistent
of 5mM Tris-HCl, 1 mM ethylenediaminetetraacetic acid (EDTA),
and 0.5M NaCl, pH=7.01 [43]. DNA target sequences of specific
concentrations are incubated with the micro-beads assembly for
30 min, unless otherwise stated. For the detection of bound targets
of interest, the sample was analyzed using flow cytometry (SORP
Aria I 5B-3R). This method has gained popularity in recent years in
many health care provider settings for the analysis of specific ana-
lytes in blood and tissue samples. A solution prepared from gold
coated polystyrene beads modified with DNA hairpins served as a
blank to negate the effect of nonspecific binding of probe onto the
polystyrene surface. To avoid clogging the nozzle set at 70 pm, the
sample was diluted 5 times in a PBS buffer before measurement.
Depending on the target of interest, excitation sources of 488 nm
or 628 nm were selected with their respective emission filters of
either HQ530/30 with an LP505 nm filter or HQ670/30. The event



448 H.H. Fakih et al. / Sensors and Actuators B 250 (2017) 446-452

A
=
L]
+ R —
N
Il
R= A
HO NN
0 ll

Fig. 2. (A) Dispersion polymerization reaction of polystyrene beads starting from styrene monomer and 4,4’'-Azobis (4-cyanovaleric acid) (ACVA) as a free radical initiator.
The reaction is performed at 70 °C under inert atmosphere and constant stirring (80 rpm). (B) Scanning electron microscopy image of polystyrene beads prepared at 500:1
monomer:initiator mole ratio. The bead size was analyzed using Image] software. Some beads were manually selected for analysis. Average diameter was calculated to be

4.72 pm with standard deviation of 0.48 (N=235).

counting was stopped after reaching 10,000 events. The voltages
used for the detectors and excitation sources were kept constant
throughout the experiment.

4. Results and discussion

In what follows, we will report on the development of a sensing
platform that will combine strategies from the field of fluorescence
sensing based on metal quenching [44], molecular beacon based
on DNA hairpins [34], surface nano-structuring [45,46] and flow
cytometry to assemble a sensitive and specific sensor with multi-
plexing capabilities.

4.1. Characterization of polystyrene gold coated microbeads

In a flow cytometry experiment, scattered light by microparti-
cles is first identified which triggers the detection of a fluorescent
signal. It is routinely used to access sub-cell populations expressing
different concentrations of fluorescently labeled proteins in cells
[47,48]. DNA hairpins assembled on gold nanoparticles are small
structures unable to scatter light efficiently to be detected by the
flow cytometer (Fig. S1). Micro-sized polystyrene beads (PS) scatter
light efficiently and will be used for this purpose in these exper-
iments [49]. The beads need to be large enough to scatter light
while remaining suspended in solution. We argued that an average
particle diameter between 4 and 6 pm will satisfy these conditions.

The polystyrene beads size is controlled by the initial monomer
and initiator concentration [38-40]. The temperature of the reac-
tion vessel and the stirring speed along with the solvent plays a
critical role in the beads monodispersity [39,40]. Couple of experi-
mental conditions were tested (Figs. S2 and S3) and as a result, we
settled at approximately 500:1 monomer: initiator mole ratio and
methoxyethanol, as the solvent of choice. The synthesized beads
were characterized using scanning electron microscope, after cou-
ple of washing steps (Fig. 2B). The beads average diameter was
calculated to be 4.72 wm with a standard deviation of 0.48 um
(N=235) (Fig. S4).

In the area of biosensing, introducing nanostructuring patterns
improves the sensing properties of the material by increasing
the surface area and consequently increasing the available bind-
ing sites. In addition, especially in the case of oligonucleotide
detection, it increases the accessibility of the target to the surface-
immobilized probes [45,43]. Mirkin et al. explored the curvature

effect of spherical gold nanoparticles on the loading density of
DNA probes [46]. They reported a critical nanoparticle size in the
60-80 nm range above which the accessibility to the probe is com-
parable to a planar surface.

As such, polystyrene beads were decorated with small gold
nanoparticles (PS-Au) [50]. The nanoparticles serve two essential
functions: (i) it will allow the assembly of the nucleotide onto
the beads but most importantly, (ii) it will induce the quench-
ing of the fluorescent dye in the absence of the target [35]. Using
sodium citrate as a reducing agent, gold nanoparticles were grown
onto the polystyrene bead surface and imaged using SEM (Fig. 3A)
[50]. The images revealed no change in the size or shape of the
polystyrene beads and the successful growth of gold nanoparticles
with an average size of 24.7 nm (£+14.3 nm; N=729) (Figs. 3B, S5
and S6.A). The large standard deviation could be attributed to the
presence of gold nanoparticle islands which were difficult to elim-
inate. Before reducing the gold nanoparticles on the surface, the
polystyrene beads are treated with a mixture of water and ethanol
to etch excess PVP of the surface and create sites for the gold to
nucleate. This random process might compromise the homogene-
ity of the gold coating. Another potential route for the formation
of these islands might be the large gold nanoparticles that grow in
solutions (Fig. S7) which could fuse with the nanoparticles on the
polystyrene beads.

The prepared gold particles are below the critical diameter
(60-80nm) and would therefore favor the access of the short
oligonucleotide targets to the surface modified hairpin. Elemen-
tal analysis also supported the presence of the gold nanoparticles
on the PS bead surface (Fig. S6.B).

4.2. Probe loading on the decorated bead particles

The sensor sensitivity greatly depends on the density of the
immobilized hairpin on the gold nanoparticle surface [51,52]; the
proper folding of the DNA into a closed stem-loop structure is crit-
ical to achieve efficient fluorescent quenching and subsequently
good signal-to-background ratio upon hybridization of the target
of interest. At low surface coverage, the majority of the hairpins,
driven by nonspecific adsorption, are surface bound. With the
increase of the probe density, steric and electrostatic repulsion
inhibit surface adsorption and destabilizes the hairpin formation.
To this end, we varied the ratio of PS-Au decorated beads to that
of the probe and compared it to unmodified beads (Fig. S8). At the
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Fig. 3. (A and B) SEM images of gold coated polystyrene beads (PS-Au). The particle size analysis of gold nanoparticles on the surface of a PS bead showed an average diameter

was calculated to be equal to 24.74 nm with a standard deviation of 14.36 nm (N =729).

lowest probe/PS beads ratio, a slight increase in the fluorescent sig-
nal is recorded (ca. 24) when compared to unmodified beads (ca.
13). When doubling the probe concentration, no major increase in
the fluorescent signal is observed. A further increase in the probe
concentration led to a jump in the fluorescent signal (ca. 82). We
believe that in the lowest two tested ratios the probe is properly
folded and the fluorescent dye is in close proximity to the gold
surface. Efficient signal suppression is therefore observed. Over-
crowding the metal surface would result in unfolding the hairpin
and a recovery in the fluorescent signal [52]. Our results are con-
sistent with previously reported studies on DNA hairpins modified
gold microelectrodes [51].In addition, Cederquist et al. showed that
the number of bound target dramatically decreases when the probe
metal surface density is high [51]. As such, 50 nM of fluorescently
labeled DNA hairpins will be combined with a solution of 1x as
prepared solution of polystyrene gold coated microbeads in all the
sensing experiments that follow (see Supporting info section IV for
detailed calculations).

4.3. Optimizing assay time: salting and hybridization

In the design of any biosensing platform, time is a critical com-
ponent. Oligonucleotide assembly of packed structures onto gold
surface is a time consuming process. Once the probe is added, salt
is used to stabilize the hairpin structures by preventing electro-
static repulsions between adjacent strands [42]. However, at high
ionic strength, the DNA hairpin is poorly folded [51]. Hurst et al.
optimized the DNA loading as a function of the salt concentration.
The protocol, as reported, required 4-5h of preparation with an
overnight incubation [53].

The time was long in the context of achieving fast diagnosis.
We therefore introduced slight modifications; the sodium chloride
concentration was increased from 0.10 M to 0.15 M per increment
to achieve a final salt concentration of 0.60 M and we skipped the
overnight incubation. The salting time is subsequently reduced to
1 hour with no difference between the recovered detectable fluo-
rescent signals of the two methods (Fig. S10). After addressing the
surface density of the DNA hairpins and its loading time, we focused
on optimizing the hybridization, another critical time consuming
parameter. Typical previously reported numbers ranged between
few hours and 24 h [42]. An overnight incubation was eliminated
since it limits the range of applications for quick and efficient detec-
tions. Times between 10 min and 3 h were tested and showed that

as little as 30 min were enough to get a comparable fluorescent
signals to the longer incubation times (Fig. S12). As such, the probe
preparation is reduced to one hour of DNA assembly and 30 min of
incubation with the target.

4.4. Parallel detection of two specific genomic sequences

To showcase the potential of our sensing platform, we will
detect, as a proof of principle, two sequences which each recog-
nize unique regions of the Vaccinia virus (VV) and hepatitis B virus
(HBV) genome [54]. The two viruses present a serious threat to the
global health problem and their identification is therefore of a great
importance [55,56].

Fluorescently labeled DNA hairpins were therefore carefully
designed; the complementary sequence to the target was embed-
ded in the loop of the DNA hairpin allowing maximum solution
exposure. On either side, it was flanked with complementary
nucleotides to fold into the hairpin-loop structure. The stem
sequence was designed to have a melting temperature of around
44°C, assuring the stability of the hairpin structure at room tem-
perature. The probe-target melting temperature was estimated to
be around 77 °C in the hybridization buffer. This difference in melt-
ing temperature ensures that the hybridized form is the favorable
state over the folded quenched structure. The two hairpins were
labeled with ATTO 488 and ATTO 647N for HBV and VV, respec-
tively. These fluorophores are spectrally well resolved and will be
detected in the FITC (ATTO 488) and APC (ATTO 647N) channels in
the flow cytometer.

Decremental amounts of the target were added to the opti-
mized microbeads probe and their recovered fluorescent signal was
recorded using a flow cytometer. Both sequences were detected
down to a concentration of 5nM where the mean blank value,
assumed to have a Gaussian distribution, and the probe detected
signal peak were separated by at least three standard deviations
(SD). The detection limit (DL) is marked in Fig. 4 as a red arrow and
is calculated from the average and the standard deviation of the
blank; DL=averagegpjank + 3SDpjank- When compared to previously
reported multiplexing methods, the proposed method has some
clear advantages such as easy and fast preparation and shorter assay
time. At its current detection limit, the probe is capable of detect-
ing, without the use of PCR, a highly infected individual with HBV
[57]. The detection limit is comparable to previously comparable
reported results where no enzymatic signal amplification is used.
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Fig. 4. Titration of different target concentrations (100, 50, 10 and 5 nM) for (A) HBV and (B) VV, independently. Samples were prepared in a hybridization buffer containing
1.8 mM PBS Buffer (pH=7), NaCl 0.56 M, 2 mM Tris-HCl, 0.4 mM EDTA. Flow cytometer experiments were performed by exciting the samples at 488 nm and 628 nm and

recorded in the FITC and APC for HBV and VV, respectively.

Sun et al. reported a fast multiplexing method with a hybridization
time of 1 hour and a detection limit of 10 nM for a non-diagnostic
oligonucleotide [58]. Zhang et al. also developed a multiplexing
fluorescent probe based on silver nanoparticles for the detection
of unique genomic sequences for the HIN1 and H5N1. With an
incubation time of 24 h, the lowest detection limit was determined
to be 25nM for the two probes [12]. For HBV specifically, Erdem
et al. reported an electrochemical method with a reported detec-
tion concentration of 10 ppm (equivalentto2 x 10~> M) ofa 21-mer
[59].

Upon closer inspection of the HBV sample, we observed that
the detected signal saturates above 50 nM and this also consistent
throughout the triplicate trials (Fig. S14). The VV samples, how-
ever, did not saturate. We speculate that the HBV probe once folded
might be compromising the target accessibility hence the observed
saturation. This could be overcome by increasing the number of
beads employed in the sensing experiment. The detected fluores-
cent signal for VV was double than that of HBV. One aspect could
be the difference in target accessibility highlighted earlier. Another
major factor could be the difference in brightness between the two
employed ATTO dyes. The VV probe is labeled with ATTO 647N
whose brightness is 1.35 fold greater than that of ATTO 488.

We next focused on the multiplexing capabilities of the prepared
microbeads. Quantifying multiple analytes at the same time is now
considered a pressing need in the field of medical diagnosis. Flow
cytometry presents an advanced and accessible platform which
has been used to access sub-fluorescent population for multiplex-
ing experiments [60]. PS beads decorated with both fluorescently
labeled HBV and VV probes were mixed with a solution contain-
ing 10nM of HBV, VV or both targets. As shown in Fig. 5, in the
presence of only the HBV target, fluorescent signal was detected in
the FITC channel with a recorded shift of 185 but none in the APC.
The reverse result was obtained in the presence of only VV target
(recorded value of 703), while a fluorescent signal was detected

in both channels in the presence of both targets. It is important to
point out that the recorded signal intensity was not affected in each
channel by the presence of the other fluorescent probe. This mul-
tiplexing experiment is also evidence in support of the specificity
of the sensing scheme.

4.5. Detection of viral genome in serum

The detection of biomarkers, specifically, circulating oligonu-
cleotides, miRNA in serum is a corner stone in developing
point-of-care devices for achieving personalized and preventive
medicine. Artificial serum was spiked with 10 and 100 nM VV tar-
gets and their detection was compared to that prepared in buffer.
As seen in Fig. 6, the target was detected at both low and high con-
centrations. When compared to the target detected in buffer, no
clear difference was observed (Fig. S15).

5. Conclusion

Gold coated microbeads were prepared and used as a plat-
form for the detection of specific viral oligonucleotide sequences
in flow cytometric experiments. After tuning the probe density
and hybridization time, 5nM in genetic viral concentration was
detected for HBV and VV. The two sequences were detected simul-
taneously with high specificity in an assay that was optimized to be
concluded in less than two hours. VV sequences spiked into arti-
ficial serum were detected with the same efficiency as in buffer
highlighting the potential of the proposed sensing scheme to tran-
sition into a point-of-care device for fast and accurate diagnosis.
We believe the reported platform can be applied to detect specific
sequences such as miRNAs, circulating oligonucleotides in com-
plex matrices. The Flow cytometry, in particular, can increase the
sensitivity and multiplexity capabilities of the sensor. Sample sort-
ing, for instance, when coupled with PCR can dramatically improve
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Fig. 5. Flow cytometric measurement of parallel detection of 10 nM (A) HBV, (B) VV, (C) HBV and VV targets when combined with PS-Au beads decorated with both HBV and
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Fig. 6. Flow cytometric measurement of 10nM and 100nM VV targets spiked in
artificial serum.

the detection limit. Future directions of our work include testing
multiple size beads to increase the multiplexing capabilities of our
system where subpopulations could be accessed based on not only
fluorophore emission but the scattering of the microbeads.
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