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ARTICLE INFO ABSTRACT

An optical genosensor based on Schiff base complex (Zn?* salphen) DNA label and acrylic microspheres (AMs)
as polymer support of the capturing DNA probe (cpDNA) was developed for dengue virus serotype 2 (DEN-2)
detection via reflectance spectrophotometric method. The solid-state optical DNA biosensor showed high se-
lectivity and specificity up to one-base mismatch in the target DNA sequence owing to the salphen chemical
structure that is rich in localized electrons, and allowed m-7 stacking interaction between stacked base pairs of
double-stranded DNA (dsDNA). The reflectometric DNA microsensor demonstrated a broad linear detection
range towards DEN-2 DNA from 1 X 107° M to 1 x 10~ M with a low limit of detection (LOD) obtained at
1.21 X 107'® M. The DNA biosensor gave reproducible optical response with a satisfactory relative standard
deviation (RSD) at 3.1%, (n = 3), and the reflectance response was stable even after four regeneration cycles of
the DNA biosensor. The optical genosensor was proven comparable with standard reverse transcription poly-
merase chain reaction (RT-PCR) in detecting DEN-2 genome acquired from clinical samples of serum, urine and
saliva of dengue virus infected patients under informed consent. The developed reflectometric DNA biosensor is
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advantageous in offering an early DEN-2 diagnosis, when fever symptom started to manifest in patient.

1. Introduction

Dengue viruses are members of genus Flavivirus in the family
Flaviviridae. There are four antigenetically distinct serotypes, namely
dengue virus serotype 1 (DEN-1), dengue virus serotype 2 (DEN-2),
dengue virus serotype 3 (DEN-3) and dengue virus serotype 4 (DEN-4),
which are the causative agents in inflicting symptomless infection,
undifferentiated fever, dengue fever (DF) and severe dengue hemor-
rhagic fever or dengue shock syndrome (DHF/DSS) in humans [1-3].
However, the pathogenesis of dengue virus in human has yet to be
clearly confirmed despite its persistency [4]. One thing the researchers
could agree on is that the infection severity may depend on the im-
munity response of different hosts and variety types of cells involved
[5]. Usually, the incubation phase takes between two days and two
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weeks’ time following viremia inoculation (i.e. mosquito biting) into
humans by Aedes vectors (e.g. Aedes aegypti or Aedes albopictus) [6].
From illness onset (i.e. fever) perspective, viremia usually peaks at this
time or shortly after that, and could be detected within two to twelve
days’ time, whereby the quantity may vary according to the immune
status of the patient and virus serotype [7-10]. For instance, it was
found that viremia varies, in titer [quantified as 50% mosquito infec-
tion doses (MIDs;)], between 10° MIDs, (which is almost undetectable)
and 10%® MIDs, from patients’ serums having viremia on the 2nd to
12th day of illness onset. Another study detected viremia at 10°
minimal infection doses per mL in human serum acquired within few
hours after illness onset [11,12].

Although the required specimen or sample size for serological test is
small in order to identify non-structural dengue proteins (NS1) and
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specific immunoglobulin dengue antibodies (IgM and IgG), false posi-
tive results can be yielded due to antigenic cross-reactivity among
different dengue virus serotypes and different flavivirus members, e.g.
Japanese encephalitis viruses, tick-borne encephalitis (TBEV), West
Nile and yellow fever [13,14]. Furthermore, at least five days interval
(since the illness onset) is needed to gain enough quantity of antibodies
before serological tests can be carried out [15,16]. DNA or RNA-based
detections have been employed worldwide for dengue clinical diag-
nostic as to compensate the poor selectivity and sensitivity of serology
tests, namely the virus isolation and reverse transcription polymerase
chain reaction (RT-PCR) methods [17,18]. The cultivation and isolation
of viruses normally takes from days to weeks’ interval, and sometimes
could encounter failures due to the small quantity of viable viruses
present in the inocula [19]. On the other hand, RT-PCR approach has
undoubtly able to detect dengue viruses rapidly in viremia phase of
patients’ serum [20,21]. Many improvisations have been reported to
place RT-PCR technique on par with virus isolation in terms of dengue
serotyping [22,23]. Sadly, not all dengue-affected countries are that
fortunate to afford this high performance facilities, which require ex-
perienced and well-trained personnel [24,25].

The incidence of dengue fever has been shown to keep rising re-
gardless of age, races, location and time [26]. A tetravalent chimeric
dengue vaccine developed by Sanofi Pasteur called Dengvaxia® (CYD-
TDV) has become one of the trending issues worldwide where its Phase
III clinical trial had been completed successfully in several Latin
American and Southeast Asian countries [27,28]. Despite its growing
recognition in public health and medical fields, it is found that Deng-
vaxia® causes complication in those without prior dengue infection, and
protection is limited to those currently having dengue infection or those
who had a previous infection, aged within 9-45 years old, living in
highly endemic areas [29,30]. Besides, it is also known as a fact that
Dengvaxia® only exhibits around 40% efficacy towards DEN-2 protec-
tion [31-33]. To overcome the growing health concern for those out-
side of Dengvaxia® protection range, having rapid, specific and sensi-
tive early detection tools can greatly assist medical practitioners to
quickly detect dengue virus infection in human followed by fluid re-
placement therapy given in the early stage, while waiting pathogenesis
severity to be fully understood in near future [34,35].

Schiff bases are generally imines or azomethines (R'R?C=NR>),
where R! and R? can be of hydrogens, whilst R® can be of an alkyl or
aryl group [36]. Schiff base salphen tetradentate ligands containing
aromatic rings are often coordinated to a transition metal (e.g. Zn>*,
V**, Cu?*, Ni** or AI**) [37], and have been extensively explored due
to their notable optical behaviour, chemical stability and biological
activity via electrostatic or m-;w stacking interaction with double-
stranded DNA (dsDNA), which could be directly detected by the naked-
eye [38-40]. The flexible conformational tunability of Schiff bases
forming unique geometries i.e. square-planar and square-based pyr-
amidal geometries [41] have been demonstrated to have affinity to-
wards G-quadruplex and duplex DNA structures [42].

With recent advances in micro/nanomaterials, new strategies are
emerging to design and develop robust optical chemical sensor or
biosensor as visual detection systems [43] for application in biological,
analytical and environmental monitoring or diagnostic purposes, de-
pending on the nature of the matrix platform on which it is constructed
[44-49]. Various advanced materials, such as graphene and graphene
oxide [50], carbon nanotubes [51], and metallic and magnetic nano-
materials [52], have been successfully exploited for designing sensors
relying on different optical signal transduction systems. These advanced
materials can lead to significant improvement in the analytical per-
formance of the resulting optode with regard to sensitivity, selectivity
and portability. The most widely used techniques employed in chemical
sensors are optical absorption [44-48], fluorescence [39,43,49], re-
flectance, etc. for fast track screening of cation, anion, organic and
inorganic compound of interest.

In this study, an optical genosensor for sensing of DEN-2 genome
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has been constructed based on the employment of Zn®* Schiff base
complex as dsDNA label, and poly(n-butylacrylate-co-N-acrylox-
ysuccinimide) [poly(nBA-NAS)] microspheres or simply referred as
acrylic microspheres (AMs) as the immobilization phase of DNA. The
proposed novel DNA bio-optode permits naked eye observation of DEN-
2 because salphen complex is rich in localized electrons, therefore al-
lowing m-;t stacking mode of interaction between stacked base pairs to
take place, and AMs possess hydrophobicity character that hinders non-
specific interaction towards polar Zn?" salphen label, thus giving a
distinct yellow colouration on the microsensor surface. The optical DNA
biosensor provided a new approach in the diagnosis of DEN-2, whereby
the detection of DEN-2 genome extracted from the clinical serum, urine
and saliva have been validated with RT-PCR standard method.
Consequently, the proposed reflectance DEN-2 biosensor would offer a
non-invasive approach to dengue diagnosis especially in dealing with
children and the elderly having fear of needles and blood. Thus, the
proposed DNA optode is favourable to be an integrated point-of-care
dengue diagnostic tool for naked eye and non-invasive surveillance of
dengue virus serotype.

2. Experimental
2.1. Instrumentation

Nuclear Magnetic Resonance (*H-NMR and '3C-NMR) spectra of
Zn®* salphen complex were obtained by using Bruker Avance III
400 MHz NMR spectrometer. Here, TMS (tetramethyl silane) was used
as an internal standard and DMSO-de (deuterated dimethyl sulfoxide)
as dissolving solvent. Fourier Transform Infrared spectroscopy (FTIR)
spectra of metal complex and AMs were acquired from Perkin Elmer
Spectrum 400 FT-IR with germanium (Ge) ATR crystal top-plate within
the wavenumber range of 4000-400 cm ™. Electrospray Ionization-
Mass Spectrometry (ESI-MS) spectra of metal salphen complex were
recorded on BRUKER MicroTof-Q with DIONEX Ultimate 3000 LC. Field
Emission Scanning Electron Microscopy (FESEM) image of AMs was
captured on Zeiss Merlin/Merlin Compact/Supra 55VP. Branson ultra-
sonic cleaner and Mettler Toledo pH meter were used in sonication
process of AMs precursors and buffer pH determination, respectively.
Photopolymerization of AMs was carried out in an UV box installed
with four UV light tubes (wavelength of 350 nm) and gaseous nitrogen
line. The reflectance spectra of the fabricated genosensor were visua-
lized on an Ocean Optics USB4000 Spectrometer coupled with a bi-
furcated optical fiber probe and DH-2000-BAL UV-VIS-NIR light source
in the wavelength range of 200-1099 nm.

2.2. Chemicals and reagents

All the required chemicals were ordered from Merck, Fluka and
Aldrich which were used directly without further purification. The
synthetic 16-mer oligonucleotides of capturing DNA probe (cpDNA),
complementary target DNA (tcDNA), 1-base mismatched DNA
(1mDNA) and non-complementary DNA (ncDNA) were synthesized by
Sigma-Aldrich and their base sequences are listed in Table 1. All four
single-stranded DNAs (ssDNA) obtained were made into 100 uM using
Milli-Q water to serve as stock solutions for further usage. Zn>* salphen
complex solution was prepared by dissolving as little as 3mg of the

Table 1
Base sequences of single-stranded DNA (ssDNA) used in this study.

16-mer ssDNA Base sequences

cpDNA 5’-NH,-CAT GGC CCT TGT GGC G-3’
tcDNA (DEN-2 cDNA) 5’-CGC CAC AAG GGC CAT G-3’
1mDNA 5’-CGC CAC CAG GGC CAT G-3’

ncDNA (Escherichia coli) 5’-CGT CGC GGT ATA AGT A-3/
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Fig. 1. The schematic representation of the fabrication steps of the reflectometric DEN-2 DNA biosensor based on poly(nBA-NAS) nucleic acid immobilization matrix

and Schiff base metal complex DNA intercalating agent.

metal complex in 1457 pL of dimethyl sulfoxide (DMSO, =99%, Merck)
to produce a 5 mM stock solution. Upon reaction with DNA, 5 mM metal
salphen complex stock solution was further diluted to 1 mM with ap-
propriate buffer solution, thus rendered them mixable with buffered
DNA solutions. The AMs suspension was prepared by dissolving 50 mg
of these particles in 500 uL ethanol (EtOH, 99.8%, A.R. R&M). The
different buffer types used were prepared by mixing together potassium
di-hydrogen phosphate (KH,PO,4, 99.5%, Merck) and di-potassium hy-
drogen phosphate (KoHPO,4, > 99%, Systerm) for potassium phosphate
buffer = (PPB); sodium  di-hydrogen phosphate dihydrate
(NaH,PO42H50, =99%, Fluka) and di-sodium hydrogen phosphate
dihydrate (Na,HPO42H50, 99.5%, QReC) for sodium phosphate buffer
(SPB); 2-(N-morpholino)ethanesulfonic acid (MES, =99%, Sigma) and
sodium hydroxide (NaOH, =97.0%, Merck) for MES-NaOH buffer
(MNB); and tris(hydroxymethyl)aminomethane (Tris, =99.8%, Merck)
and hydrochloric acid (HCl, 37%, Aldrich) for Tris-HCI buffer (THB).

2.3. Synthesis and characterization of Schiff base Zn?* salphen complex

The N,N’-bis-5-(hydroxysalicylidene)phenylene-diamine-zinc(II)
(Zn** salphen) complex was synthesized following the previously re-
ported procedure [42], as demonstrated in Eq. (1).

(o]
+*

2,5-dihydroxybenzaldehyde o-phenylenediamine

Zn(CH3;COO),

The one-pot reaction involved 2,5-dihydroxybenzaldehyde (2
equivalents, 0.69g, 5mmol, 98%, Aldrich), o-phenylenediamine (1
equivalent, 0.27 g, 2.5 mmol, 99.5%, Aldrich) and zinc(II) acetate (2
equivalents, 0.9174g, 5mmol, 99.99%, Aldrich) mixed together in
EtOH solvent (40 mL), under reflux condition (90 °C) with continuous
stirring for 5h. The yellow coloured powder of Zn?>* Schiff base com-
plex (1.029 g, 90.8%) was then obtained after filtration with filter paper
pulp (Whatman® No. 1) to remove EtOH solvent followed by vacuum
filtration of trapped particulates to remove contaminants with the use
of washing solvents e.g. EtOH (50mL), Milli-Q water (50mL) and
diethyl ether (50mL), and lastly air-dried at ambient temperature
(25°C). The physical and chemical properties of the as-synthesized
metal salphen complex was later characterized by 'H-NMR, '*C-NMR,
FTIR and ESI-MS analyses for molecular structure confirmation of the
resulting metal complex.

360

2.4. Synthesis of succinimide functionalized polyacrylate microspheres

Poly(n-butylacrylate-co-N-acryloxysuccinimide) [poly(nBA-NAS)]
microspheres were prepared based on the previously reported method
with slight changes [53]. Sonication was carried out for 10 min for a
mixture of 15mL Milli-Q water, 7 mL nBA (n-butyl acrylate, 99%, Al-
drich), 6 mg NAS (N-acryloxysuccinimide, 99%, Aldrich) monomers,
0.1g DMPP (2-2-dimethoxy-2-phenylacetophenone, 99%, Merck),
0.01 g SDS (sodium dodecyl sulphate, Fluka) and 450 uL. HDDA (1,6-
hexanadiol diacrylate, 90%, Aldrich) in a 20 mL scintillation vial. The
white emulsion formed was then poured into a petry dish to be pho-
tocured for 10 min under ultraviolet light with continuous nitrogen gas
flux. After that, the acrylic microspheres (AMs) suspension was pipetted
into 15 mL centrifuge tube and subjected to centrifugation (3760 rpm,
10 min). This washing step was repeated thrice with Milli-Q water, and
the as-prepared AMs was subsequently left for air-drying at room
temperature. Finally, as much as 50 mg AMs were suspended in 500 pL
of EtOH prior to DNA biosensor fabrication procedure. Chemical
structure elucidation of the as-synthesized AMs was later done by using
FTIR, and their size and surface morphology were determined with
FESEM.

>
EtOH, 90°C, 5h
Hod« e

Zn** Schiff base complex

@

2.5. Fabrication of optical DEN-2 DNA biosensor

The step-wise fabrication of the optical solid-state reflectance DNA
biosensor was carried out as illustrated in Fig. 1. In brief, some 80 uL of
AMs suspension in EtOH was first loaded into a round cap of 200 pL
Eppendorf microcentrifuge tube, and air-dried at 25 °C. About 3.2 uL of
cpDNA in 0.1 M PPB (pH 7.5) was then added onto the AMs surface to
allow spontaneous reaction between extended amine groups of cpDNA
and succinimide groups of AMs to form amide covalent bonds for 24 h.
Next, the DNA biosensor was rinsed with abundant 0.1 M PPB at pH 7.5
to wash off the cpDNA strand that was loosely bound to the micro-
spheres substrate. 3.2 L of tcDNA and 16 L of Zn>* salphen complex
were then dispensed onto the DNA biosensor surface, and left for
15 min followed by washing with copious amounts of 0.1 M PPB (pH
7.5) before reflectance response was measured with the fiber optic re-
flectance spectrophotometer.
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2.6. Optimization of optical reflectance DEN-2 DNA biosensor

The selectivity of 1 uM immobilized cpDNA towards the detection of
1 uM tcDNA, 1mDNA and ncDNA was carried out in PPB (0.05M, pH
7.0). The effect of buffer type study was performed by using different
types of buffers i.e. PPB, SPB, MNB and THB at 0.05 M and pH 7.0 as the
DNA hybridization media for the determination of 1 uM tcDNA at the
maximum reflectance wavelength (A, of 670.06 nm. pH effect study
was conducted by varying the 0.05M PPB pH from pH 6.0-8.0 in the
detection of 1 uM tcDNA using the proposed optical DNA biosensor.
PPB buffer capacity study was done within the buffer concentration
range of 0.01-0.30 M, whilst the buffer pH was fixed at pH 7.5 in the
determination of 1 uM tcDNA at 670.06 nm. Optimizations of AMs,
cpDNA and Zn?* salphen complex loadings on the biosensor platform
were performed in the concentration ranges of 20-50 mg AMs, 1-6 uM
cpDNA and 0.2-3.0mM Zn>" salphen complex, respectively using
0.10 M PPB at pH 7.5. The dynamic linear range of the reflectometric
DEN-2 DNA biosensor was determined by using a series of tcDNA
concentrations from 1 x 10 M to 1 x 10”2 M tcDNA under optimal
conditions with 45mg AMs, 3 uM cpDNA and 1 mM Zn>" salphen in
0.10 M PPB at pH 7.5 and 670.06 nm. DNA hybridization duration was
investigated within the time period of 0-120min towards the re-
flectance biosensing of 1 X 1072 M, 1 x 10°°® M and 1 x 1078 M
tcDNA, whereby the reflectance measurement was taken every 15 min
interval for 2 h. Repeatability test of the DNA biosensor was carried out
by soaking the DNA biosensor in 1 uM tcDNA for 15 min, and the DNA
biosensor response was measured at 670.06 nm followed by immersing
the DNA biosensor in 0.1 M NaOH regeneration solution for another
15 min before subsequent rehybridization of the DNA biosensor with
1 uM tcDNA (15 min) was performed. This step was repeated until a
substantial decline in the biosensor reflectance response with 1 uM
tcDNA was observed at 670.06 nm.

2.7. Clinical dengue sample collection and ethics approval

Blood samples (6 mL) were collected into plain red-top VACUTAI-
NER® tubes (for serum, no anticoagulant, non-evacuated tubes) in a
manner that any froth formation was minimized [54,55]. The mid-
stream urine (MSU) method was employed in the urine specimen col-
lection, which defined as the urine that flows in the middle of urination
process [56,57]. As for saliva samples, prior to its collection, patients
were asked to drink, gargle and swallow Milli-Q water for three times so
as to eliminate food debris from their mouths. Saliva samples were then
acquired via the spit method, whereby the subjects were asked to lower
their heads for 5 min to allow saliva to accumulate behind the lips. Any
saliva accumulated was then spitted out into the collection containers
[58-62]. All the samples were immediately processed upon arrival at
the Molecular Biology Lab, Universiti Kebangsaan Malaysia, Bangi,
Selangor, Malaysia. These processes involved the addition of EDTA to
every specimen to a final concentration of 40 mM in 1.5mL micro-
centrifuge tube followed by flash freezing in liquid nitrogen (-196 °C)
before long-term storage at —80 °C freezer until further usage. Each
subject signed an informed consent for inclusion before participating to
the study. The study was conducted in accordance with the Declaration
of Helsinki, and the protocol was approved by the National University
of Malaysia Research Ethics Committee (UKMREC) [JEP-2017-406] and
Ministry of Health Medical Research and Ethics Committee (MREC)
[NMRR-17-1574-36144].

2.8. RNA isolation and first strand cDNA synthesis

The total RNAs were extracted from the respective human bodily
fluid samples (i.e. blood, urine and saliva) from patient 1 (P1), patient 2
(P2), patient 3 (P3), patient 4 (P4), patient 5 (P5) and healthy volunteer
(PH) using components of QIAamp Viral RNA Mini Kit (QIAGEN,
Hilden, Germany) according to the method described by the
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manufacturer's protocol with a starting material volume of 200 pL for
each sample. All samples were centrifuged at 3000 rpm for 10 min prior
to RNA extraction. The total RNA obtained was eluted with elution
buffer (TE buffer: 10 mM Tris-CL and 1 mM EDTA) using QIAamp mini
column at a final volume of 60 pL and was stored at — 80 °C when not in
use. The quality and quantity of the isolated RNA were then determined
using NanoDrop spectrophotometer to fulfil all the requirements for
cDNA synthesis and RT-PCR. The first strand cDNA synthesis kit
ReverTra Ace qPCR RT Master Mix Kit (Toyobo, Japan) was used for
cDNA synthesis. An amount of RNA at 100 ng was used for RT-PCR with
the addition of 4 uL RT mix and the nuclease free water to a total vo-
lume of 20 pL. The reaction mixture was incubated at 37 °C for 15 min
followed by heating at 98 °C for 5 min. The resulting cDNA was directly
used for PCR amplification or stored at —20 °C.

2.9. PCR amplification of cDNA, gel electrophoresis and DNA sequencing

The amplification of cDNA was performed by conventional PCR Top
Taq Master Mix (QIAGEN, Hilden, Germany) using primer pair of
DENV_F (5’-CATGGCCCTGGTGGCG-3’) and DENV_R (3’-CCCCATCTCT
TCAATATCCCTG-5") (300nM), Top Taq DNA polymerase (6.25uL),
1.65 pL nuclease free water, 2 puL CoralLoad Gel loading dye and 2 pL of
cDNA template in a total reaction volume of 12.5 uL. PCR amplification
was carried out by initial denaturation at 94 °C for 3 min followed by 35
cycles of denaturation at 95°C for 45s, annealing at 56 °C for 30s,
extension at 72 °C for 1 min and final extension step at 72 °C for 5 min.
The PCR product was later confirmed by gel electrophoresis analysis on
4% agarose gel stained with RedSafe Nucleic Acid Staining Solution in
1 X TBE buffer (Tris/Borate/EDTA). The DNA agarose gel electro-
phoresis was run at 90 V for 60 min.

The DNA fragments required for subsequent DNA sequencing pro-
cedure was cut off from the agarose gel using sterile surgical blade, and
kept in sterile microcentrifuge tube. Gel extraction was performed using
QIAquick Gel Extraction Kit (QIAGEN, Hilden, Germany) according to
the manufacturer's recommendations. Cloning of the resulting PCR
product was done using the CloneJet PCR cloning kit (Thermo
Scientific) based on the sticky end cloning protocol for ligation into
pJET1.2 cloning vector in a total reaction volume of 20 uL. The se-
quence of the cloned materials was confirmed using DEN-2 specific
forward and reverse primer pairs synthesized by Integrated DNA
Technologies (IDT).

2.10. Detection of DEN-2 genome in urine, saliva and blood samples with
optical DNA biosensor

Detection of DEN-2 genome in dengue infected human fluid samples
(e.g. blood, urine and saliva) with the developed reflectometric DNA
biosensor were carried out in triplicate for each sample type, and the
results obtained were statistically compared with standard RT-PCR
method using paired t-test (Student's t-test) for statistical consideration
at 3 degrees of freedom (df) and 95% confidence level (p = 0.05).
Paired t-test, also known as paired samples t-test or dependent samples
t-test, the mean results acquired from the optical DNA biosensor and
RT-PCR techniques were based on the null hypothesis, whereby the
pairwise difference between the two methods was equal (Hp:pg = 0)
[63].

3. Results and discussion

3.1. Physical and chemical characterizations of Zn®™* Schiff base complex
and polyacrylate microspheres

The prominent peaks for Zn®* Schiff base complex 'H-NMR
(400 MHz, TMS, DMSO-dg, 25 °C) were observed at § = 6.57-6.59 (d, 3J
(H,H) = 9Hz, 2H, arom, Hy), 6.76-6.77 (d, “J(H,H)= 3 Hz, 2H, arom,
He), 6.82-6.85 (dd, 3J(H,H)= 9Hz, “J(H,H)= 9Hz, 2H, arom, Hg),



N.-F. Mazlan et al.

Talanta 198 (2019) 358-370

(A)

%38

95

%0

35

30 AN s10gs 3843

\ 2874.06
7 941.14
293525 |
70 \ﬁi
2050.13 \
L A alkene sp?
3
- \ 106336 C-H bend
3 1117.75
55 sp3 C-H stretch sp* C-H bend anis
50
%T
alkoxy C-O
*
* sp? C-N
35 X y
F N
0 H3C O o O (|) |
25 N (@)
(®) 1157.46

- 1727.66

15

10
5 | ester C=0 (conjugated)

0.0

3600 3200 2300 2400

(B)

1800

1600 800

cm.1

Fig. 2. (A) The FTIR spectrum showing the main functional groups across the AMs, poly(n-butylacrylate-co-N-acryloxysuccinimide) samples. (B) The FESEM image
shows smooth and spherical shape of the polyacrylate microspheres at 10k X magnification with an average diameter of ~2 um.

7.34-7.36 (dd, °J(H,H)= 6Hz, “J(H,H)= 3Hz, 2H, arom, H,),
7.86-7.88 (dd, J(H,H) = 6 Hz, “J(H,H) = 4 Hz, 2 H, arom, H,), 8.52 (s,
2H, Ar-OH, H;) and 8.87 (s, 2H, N = C-H, H,) (Fig. A.1). In addition,
the Zn>* salphen complex *C-NMR (400 MHz, TMS, DMSO-ds_ 25 °C)
exhibited prominent peaks at § = 116.83, 118.39, 118.58, 123.92,
125.55, 127.49, 139.79, 145.10, 162.35, 167.20 (Fig. A.2). FTIR
(Germanium) spectrum of the metal salphen complex shows absorption
bands at v=3333cm™! (Ar-OH), 3023cm~! (aromatic C-H),
1611 cm ™! (HC=N), 1539-1363 cm ™! (Ar C=C), 1291 cm ™' (C-N) and
1217-1151 ¢cm ! (C-O) (Fig. A.3). Mass-spectrometry MS (ESI) analysis
confirmed the Schiff base compound molecular weight at m/
z = 432.9974 [M + Na]* (Fig. A.4).

FTIR (Germanium) spectrum of the as-synthesized poly(nBA-NAS)
microspheres, on the other hand, exhibited absorption bands at
y = 2959-2874 cm ! (sp3 C-H stretch), 1728 cm ™~ * (conjugated ester
C=0), 1451cm™! (sp> GC-H bend), 1395-1379cm™ ' (sp*> C-0),
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1242 cm ™ (sp® C-N), 1157 em ! (acyl C-O), 1118-1064 cm ™~ ! (alkoxy
C-0) and 941-738 cm ™! (alkene sp® C-H bend) (Fig. 2A), which were
consistent with those functional groups reported in the previous study
[64]. The micro dimensional structure of AMs was also confirmed
through FESEM image showing an average size of ~2pum at 10k x
magnification (Fig. 2B). The AMs micro particles are spherical in shape
having smooth surfaces to allow high loading capacity of DNA mole-
cules during immobilization process.

3.2. Selectivity of DEN-2 genosensor via optically active Zn®* Schiff base
complex label

As Fig. 3 indicates, the bare AMs loaded in the microcentrifuge
tube's cap gave the highest reflectance reading at Ap.x = 670.06 nm
(reflectance intensity, a.u. = 1497.72) ascribed to its bright white
spheres’ background that reflected all seven colours of the rainbow
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Fig. 3. Selectivity profile of the optical reflectance DEN-2 DNA biosensor to-
wards the determination of 1 uM tcDNA, 1mDNA and ncDNA in 0.05M PPB at

pH 7.0. The inset shows the selectivity of immobilized cpDNA towards tcDNA,
ncDNA and 1mDNA.

spectrum. Upon covalent immobilization of the amine (-NH,) functio-
nalized capture probe to the succinimide-modified poly(nBA-NAS) mi-
crospheres (AMs-cpDNA), the DNA biosensor response showed slight
decrement in terms of reflectance intensity (Ayna.x = 670.06 nm, re-
flectance = 1396.02) as it absorbed some photons from the feed fiber
optical light. However, the DNA biosensor exhibited no colour change,
and remained white in colour. Hybridization of the immobilized cpDNA
with target strand followed by intercalation of the immobilized double-
stranded DNA (dsDNA) with optically active Zn?>* Schiff base complex
(AMs-dsDNA-Zn), the DNA biosensor displayed an obvious change of
colour from white to yellow, and demonstrated the lowest light re-
flectance intensity at 670.06 nm as dark object (i.e. yellow coloured
microspheres) absorbs more photons than a lighter-coloured object (i.e.
white coloured microspheres). This has clearly shown the role of Zn?*
salphen optical properties in showcasing the selectivity of immobilized
cpDNA towards its tcDNA, in which it gave the highest relative intensity
of 192.7 (100%) compared to ncDNA (relative intensity = 42.73,
21.5%) and 1mDNA (relative intensity = 151.27, 77.8%). Herein, the
relative intensity is defined as the reflectance difference of the DNA
biosensor reflectance response before and after reaction with tcDNA
and Zn?* intercalator at the working reflectance wavelength of
670.06 nm. The DNA hybridization was indicated via intercalation of
Zn* salphen complex through m-m stacking between m-electron delo-
calization in nucleobase stacked aromatic rings and azomethines
(HC=N) as well as benzenes (C=C) groups of Zn?* labels. Zeglis et al.
[65] have recently revealed that octahedral metal complexes could bind
DNA non-covalently, and target reactions to specific sites as well as
target single base mismatches in duplex DNA through metallo-insertion.
The highest recognition of immobilized cpDNA towards tcDNA was
attributed to the maximum base-pairing between 16 complementary
bases of immobilized cpDNA and tcDNA that enabling the full hy-
bridization process to take place, in order to yield the immobilized
double helical structure of dsDNA. Detection towards 1ImDNA (AMs-
cpDNA-1mDNA-Zn) with the proposed reflectometric DNA biosensor
showed some 77.8% decrement in the relative reflectance intensity (i.e.
relative intensity = 151.27) as 93.8% of its bases were complementary
to the immobilized cpDNA. Boon et al. [66] described an electro-
catalytic method for the detection of single-base mismatches in fully
hybridized duplexes, based on electrocatalytic signal of redox-active
methylene blue DNA intercalator coupled to with [Fe(CN)61®~. A
substantially decline in the electrocatalytic signal was monitored upon
detection of mismatched or damaged DNA bases, which provides a
sensitive method for probing the integrity of DNA sequences.
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3.3. Optimizations of reflectometric DNA optode

Fig. 4 depicts the different parameters studied in order to determine
the best working conditions for the newly developed DEN-2 optical
DNA biosensor. In Fig. 4A, PPB was chosen as the best DNA hy-
bridization buffer compared to three other buffers (i.e. SPB, MNB and
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Fig. 4. (A) The reflectometric response of the DEN-2 DNA optosensor towards
different buffer types i.e. PPB, SPB, MNB and THB (0.05 M, pH 7.0) using 50 mg
AMs, 4 uM cpDNA, 1 uM tcDNA and 1 mM Zn?* salphen complex. (B) The pH
profile of the DEN-2 DNA biosensor between pH 6.0 and pH 8.0 using 0.05M
PPB, 50 mg AMs, 4 uM cpDNA, 1 uM tcDNA and 1 mM Zn?* intercalator. (C)
Buffer concentration effect on the reflectance DNA biosensor using various PPB
concentrations from 0.01 to 0.30 M at pH 7.5 whilst AMs, cpDNA, tcDNA and
Zn?* label loadings remained constant at 50 mg, 4 uM, 1 uM and 1 mM, re-
spectively. (D) Effect of AMs loading on the optical DNA biosensor response
using 4 pM cpDNA, 1M tcDNA and 1 mM Zn** salphen complex in 0.10 M
PPB (pH 7.5). (E) The cpDNA loading effect of the DEN-2 DNA biosensor using
45 mg AMs, 1 uM tcDNA and 1 mM optical Zn?* label in 0.10 M PPB at pH 7.5.
(F) The optical DEN-2 genosensor response trending at different Zn>* salphen
complex concentrations from 0.2 to 3.0 mM using 45 mg AMs, 3 uM cpDNA and
1 uM tcDNA.
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Fig. 4. (continued)

THB) used in the determination of 1 pM tcDNA owing to the highest
relative reflectance response obtained at 670.06 nm, which could pro-
vide high sensitivity in the subsequent DEN-2 DNA detection experi-
ments. The use of PPB rendered a benign environment for DNA hy-
bridization reaction by enhancing the electrostatic interaction between
the DNA bases of immobilized dsDNA to allow later intercalation of
optical Zn?" label into the hybridized dsDNA. The optimum pH of the
DNA hybridization medium at pH 7.5 (Fig. 4B) is in agreement with the
PPB pH used by other researchers in extracting viral dengue DNA from
cell cultures i.e. at pH 7.2 [67] and pH 7.4 [68]. Besides, an intense
yellow colouration was also perceived when PPB buffer capacity at
0.10 M was used (Fig. 4C). This can be explained by the fact that PPB
could provide less steric repulsion, and hence a greater electrostatic
interaction between negatively-charged DNAs. The monovalent cation
of PPB i.e. K* ion neutralizes the negatively charged DNA sugar-
phosphate backbone, and reduces the electrostatic repulsions between
DNA molecules to promote DNA hybridization reaction. Additionally,
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Fig. 5. (A) The sigmoid response curve of the reflectance DNA biosensor to-
wards DEN-2 tcDNA concentration determination between 1 zM and 0.1 cM.
The inset shows the linear response range of the optical DNA biosensor from 1
fM to 1 mM DEN-2 tcDNA. (B) The DNA hybridization time of the reflectometric
DEN-2 biosensor towards 1 aM, 1 uM and 1 cM tcDNA detection in the presence
of 1 mM Zn?* intercalator. (C) The reversibility profile of the DEN-2 biosensor
using 0.1 M NaOH as the DNA biosensor regeneration solution (SS1-SS6) and
rehybridization of the DNA biosensor using 1 uM tcDNA and 1 mM Zn?" sal-
phen complex in 0.10 M PPB at pH 7.5 (DS1-DS6).

the high salt content could also facilitate to stabilize the configuration
of the immobilized DNA double helix.

With respect to AMs loading effect, when more than 45mg AMs
were loaded, a horizontalized reflectance response was attained due to
the over packed arrays of the microspheres, which has prevented fur-
ther covalent binding of their succinimide functional groups with amine
functional groups of cpDNA (Fig. 4D). The cpDNA loading of more than
3 uM resulted in a plateau state response of the DNA biosensor, which
suggests a saturated DNA hybridization state has achieved with 1 uM
tcDNA and 1mM Zn?* salphen complex (Fig. 4E). By referring to
Fig. 4F, the DNA optode response gradually increased with the
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increasing of the Schiff base metal complex DNA intercalating agent
from 0.2 to 1.0mM, and 1.0 mM of Zn?* salphen complex optical DNA
label gave the highest relative reflectance response. The optical DNA
biosensor response decreased significantly when the Zn®* salphen
complex concentration increased to 2.0 mM and 3.0mM as a greater
DMSO volume was used in preparing the metal solution, and that
rendering it not miscible in aqueous buffered DNA solutions, thus
preventing effective intercalation of metal salphen complex into im-
mobilized DNA duplexes. Therefore, the concentration of Zn>* inter-
calative complex was maintain at 1 mM in the next DNA biosensor
optimization studies.

Fig. 5A refers to a sigmoidal response trend of the reflectometric
DNA biosensor in determining a series of DEN-2 DNA concentrations,
ranging from 1 x 102! M (1 zM) to 1 x 10~ 2 M (1 cM). As expected,
by increasing the concentration of DEN-2 tcDNA from 1 x 107° M (1
fM) to 1 x 10™3 M (1 mM) the relative reflectance response increased
proportionally as the yellow colouration gradually built up on the
micro-biosensor surface, which can be observed by a human naked eye.
This was attributed to the growing number of immobilized DNA du-
plexes formed on the DNA biosensor surface, thereby promoting a
higher number of yellow-coloured Schiff base complexes intercalated
into the immobilized dsDNA, and that reduced the amount of light
reflected from the darker DNA biosensor background. The correlation
coefficient (R?) of the linear response range of the optical DNA bio-
sensor (i.e. 1 fM-1 mM) was obtained at R? = 0.9978 with a linear
equation of y = 12.516 X + 429.35. And, the reproducibility of each
data point obtained within the dynamic linear range gave an average
relative standard deviation (RSD) of about 3.1% (n = 3). The response
curve of the DNA biosensor was eventually levelled off from 1 x 1073
M tcDNA and onwards due to the saturation phase has achieved on the
DNA biosensor surface. The DNA biosensor reflectance response to-
wards DEN-2 DNA concentrations at 1 x 1078 M (aM) and 1 zM was
found to show a negligible over-response compared to 1 fM tcDNA as it
gave only a slightly higher response of not > 3% than the target DNA at
fM concentration level. The limit of detection (LOD) of the DNA bio-
sensor was estimated to be at 1.21 x 107 M DEN-2 DNA based on the
limit of blank (LOB) formula given in Eq. (2) in terms of relative re-
flectance intensity, where SD refers to the standard deviation of blank,
and converted into molar concentration using the biosensor linear
equation followed by substituting the LOB value into Eq. (3).

LOB = meanyux + 1.645(SDpjank) 2

LOD = LOB + 1-64'5’(SDlow concentration sample) (3)

The response time trending in Fig. 5B illustrates the DNA hy-
bridization duration of the solid-state genosensor in the determination
of three different DEN-2 DNA concentrations i.e. 1 x 1072 M,
1x10"® M and 1 x 108 M tcDNA in the presence of 1mM Zn>*
salphen complex at pH 7.5 and 670.06 nm. It was noticed that a longer
time period was needed for the determination of low target DNA con-
centration at 1 X 107 M due to the low DNA hybridization reaction
rate at low DNA concentration range detection. The DNA hybridization
reaction rate increased with increasing tcDNA concentration at
1 x 10~° M, but still levelled off at a much lower rate as it required as
long as 75 min for the DNA hybridization process to go to completion.
By increasing the tcDNA concentration to 1 x 10~2 M, the maximum
reaction rate has greatly increased, and the DNA biosensor become
saturated at 30 min of DNA hybridization time. However, a significant
colour change can already be observed at min-15 of DNA hybridization
reaction, and therefore it was chosen as the optimal response time of
the proposed optical genosensor.

The bar chart in Fig. 5C exhibits the optical DNA biosensor rever-
sibility in detecting 1 uM tcDNA. The DNA biosensor was found capable
to be reused for optical DNA bioassay of DEN-2 up to four times (re-
peatability RSD = 2.5%, n = 3) after regeneration of the DNA biosensor
with 0.1 M NaOH solution for 15min. Upon exposure of the DNA

Talanta 198 (2019) 358-370

biosensor to NaOH regeneration solution, the hydrogen bonds between
nitrogenous bases of the immobilized dsDNA broken up leading to the
unwinding of double-helical structure of dsDNA, and consequently
causing intercalated label complexes to fall off from the DNA biosensor
surface. The repetitive regeneration steps allowed subsequent re-hy-
bridization of the DNA biosensor with the same tcDNA concentration
for further reflectometric evaluation until the DNA biosensor response
considerably declined. After four consecutive cycles of re-hybridization
of the solid-state DNA biosensor, the optical genosensor response de-
creased to about 76% of its initial response, and on the 6th cycle of re-
hybridization step, the DNA biosensor only remained about 62% of its
original response. The large decrement in the optical reflectance re-
sponse of the DNA biosensor was attributable to the desorption of im-
mobilized cpDNA from the AMs immobilization matrix after several
dehybridization and re-hybridization cycles of the DNA biosensor.

3.4. The purity and quantity of PCR product

Absorbance analysis of micro volume sample has become of para-
mount importance as there are many molecular biology techniques (e.g.
gene cloning, PCR and DNA sequencing) require accurate quantitation
of nucleic acids with minimum sample amount and smallest measure-
ment time in order to eliminate traditional containment devices such as
cuvettes [69]. Absorption of the nucleic acid samples is measured at
specific wavelengths in order to assess the purity and concentration of
nucleic acids, namely the ratio of absorbance at 260/230 nm and 260/
280 nm that could verify the nucleic acid purity [68]. Ratios of 1.9-2.0
indicate highly purified preparations of RNA. The presence of con-
taminants from residual especially protein molecules has always been
reported to lower the absorbance ratio [69,70].

In the present study, we examined five enrolled patients suspected
with dengue virus infection aged 23-42 years old. The collection of
blood, urine and saliva samples were performed from 17th of November
2017 until 5th of January 2018. Total RNAs of blood, urine and saliva
were successfully obtained, and the quantity and quality of the re-
spective extracted RNAs were evaluated by NanoDrop spectro-
photometer at the wavelength of 260 nm and 280 nm with the con-
centration obtained in the range of 5.6-48.8 ng/uL RNA. In addition,
we included RNA samples isolated from healthy volunteer's blood, urine
and saliva as negative control (Table A.1). The absorption of reagent
blank i.e. Milli-Q water was also taken prior to the RNA measurement
using UV-Vis spectrophotometer. The absorbance readings obtained
from the RNA samples showed inconsistent values ranging from 0.00 to
3.00 in the A260/230 and A260/A280 ratios indicating the presence of
contaminants such as protein, residual phenol and chloroform from the
extraction buffer, resulting in impurity of the RNA samples. Further-
more, Mackey and Chomczynski [71] had demonstrated in their study
and revealed that both pH and ionic strength of the solutions may
significantly reduce the RNA absorbance upon spectrophotometric as-
sessment of nucleic acid purity. Moreover, RNA itself is an unstable
molecule and has a very short half-life once extracted from the cell or
tissues [72], and that special care and precautions are required during
RNA isolation step as it is susceptible to degradation process. Most
importantly, it is crucial to obtain purified biomolecules such as DNA,
RNA and protein in sufficient quality and purity for the study related to
clinical sample for further use in the downstream testing applications
[73,74].

3.5. Detection of DEN-2 in blood, urine and saliva by PCR electrophoretic
analysis

In order to obtain DNA molecule, RNA must first be converted to a
double-stranded molecule. The product would contain a com-
plementary strand (first, antisense or minus-strand ¢cDNA) that is hy-
bridized to what remains of the original RNA template in a reaction
catalyzed by enzyme reverse transcriptase together with a suitable
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Fig. 6. (A-E) Detection of DEN-2 by PCR analysis in blood (B), urine (U) and saliva (S) samples for patient 1 (P1), patient 2 (P2), patient 3 (P3), patient 4 (P4) and
patient 5 (P5). The lane numbers indicate patients’ sample codes. Positive control of amplification was included and denoted as ‘C’. Amplicon size: 69 bp. DNA ladder
used: O’Range Ruler 20 bp and O’Range Ruler 100 bp. PCR products were detected on 4% Agarose in TBE buffer at 90 V for 60 min.

primer and addition of deoxyribonucleoside triphosphates (dNTPs)
[75]. Then, the RNA will be degraded, and cDNA will act as a template
for further amplification using PCR into dsDNA employing specific
primer pair. And, since the yields depend on the targets and the choices
of reverse transcriptase, it is imperative to use the same enzyme,
priming strategy and experimental conditions if the results are to be
comparable [75,76].

PCR analysis has been done for blood (B), urine (U) and saliva (S)
samples collected from patient 1 (P1) to patient (P5) to confirm the
presence of DEN-2 in these samples. As can been in Fig. 6A-D, the PCR
electrophoretic results show the human fluid samples from P1 to P4
were all positive, discerning with approximately 69 base pairs of the
expected amplicon bands, demonstrating the presence of DEN-2 in
these samples. However, it was noticed that faint bands were observed
for urine and saliva samples of P5, and no band was observed in the
blood samples (Fig. 6E). No visible or barely discernable bands were
observed for lanes P2B3, P2S1, P3B1, P3U1, P4S3 and P5S2 relative to
the other samples within the triplicate might be due to poor primer
annealing process, which gave no PCR product or primers bound non-
specifically to the template within the same samples or pipetting errors,
and resulted in weak bands observation. For these amplifications, po-
sitive control of 500 base pairs gBlocks of synthetic gene DEN-2 (C) was
included in the PCR electrophoretic analysis. However, genomic DNA
contaminations were discernible for saliva samples from P1 as multiple
bands can be observed during PCR amplification (Fig. 6A). Ad-
ditionally, no band was observed for the DNA of healthy volunteer (PH)
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used as negative control in the DEN-2 detection (Fig. 7A). In order to
validate these negative results, 3-actin DNAs were amplified using the
corresponding cDNA and amplicons were detected in all samples
(Fig. 7B), which indicates no inhibition in the PCR reaction. It is im-
perative to note that B-actin is expressed constitutively and involved in
the basic housekeeping functions required for cell maintenance. It has a
more stable expression level compared with other internal controls and
also known as one of the commonly used reference genes in quantifying
gene transcription [77].

3.6. DEN-2 sequencing analysis

The presence of DEN-2 was further verified with DNA sequencing
using genomic DNA isolated from one of the patient samples (i.e. P1S1).
List of Basic Local Alignment Search Tool (BLAST) hits that produced
significant sequences homology with the query sequence is exhibited in
Fig. A.5 in the Supplementary Data. By default, the results were sorted
in ascending order according to the Expect value (E-value). Based on
the list of BLAST hits, the sequence alignments indicate the query se-
quence was well-matched with the subject sequences in the database,
which then resulted in significant alignments (99% sequence identity)
with dengue type 2 (AY744150.1) (Fig. A.6).

Based on the results obtained in this study, infective DEN-2 virus
particles were found to exist in both urine and saliva of dengue virus
infected patients besides those commonly found in the blood samples.
The isolation of viral RNA from blood, urine and saliva samples were
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Fig. 7. (A) Detection of DENV-2 and (B) -actin by PCR electrophoretic analysis
in blood (B), urine (U) and saliva (S) samples for healthy volunteer (PH). The
lane numbers indicate patient's sample codes. Positive control of amplification
was included (denoted as ‘C’). Amplicon size: 69 bp (DENV-2) and 50 bp (B-
actin). DNA ladder used: O’Range Ruler 20 bp and O’Range Ruler 100 bp. PCR
products were detected on 4% Agarose in TBE buffer at 90 V for 60 min.

associated with the dengue virus infected patients from day 1 to day 5
of fever. As dengue viremia only last for a few days after the onset of
fever, the samples selected for the detection of viral genome were
mainly those collected during patient hospitalization period. Previously
reported studies had recognised the use of urine and saliva samples for
the detection and diagnosis of dengue virus infection in human via real-
time RT-PCR (RT-qPCR), the laboratory diagnostic method [55,78,79].
Furthermore, the detection of another flavivirus genome in urine has
been described earlier for yellow fever [80] and Japanese encephalitis
[81] using this method. Owing to the occurrence of viable dengue virus
in saliva, hence a large range of viruses may potentially occur in this
type of non-invasive specimen, such as Ebola, HIV, human papilloma-
virus (HPV), rubella, hepatitis B and hepatitis C viruses [82,83]. In fact,
most of the current laboratory diagnostic methods require blood spe-
cimens that need medically-trained staffs for specimen collection.

In this study, we assessed the possibility to employ saliva and urine
samples as alternatives to the blood specimen in the diagnosis of
dengue virus infection. Urine and saliva samples can be easily collected
via non-invasive procedures as they require only limited laboratory
facilities, and rendering the patients to easily agreed with the proce-
dures to diagnosis. Furthermore, a large volume of urine can be col-
lected from the patients for subsequent diagnosis purposes. In some
cases, dengue virus genome was still able to be determined in urine
samples even when the serum sample collected from the same dengue
virus infected patient already showed negative result by qPCR assay
[55,80]. This was in agreement with a previously reported study on
DEN-2 detection in human by RT-qPCR assay, which revealed a full
DEN-2 genome sequence from the urine sample on day 18 of fever,
hence providing the longest time frame ever reported for DEN-2 com-
plete genome detection [84].

3.7. Validation of DEN-2 reflectometric DNA biosensor with standard RT-
PCR method

Typically, the quality of cDNA can be accessed through the use of
primer pairs of reference genes that are stably expressed in the samples

Talanta 198 (2019) 358-370

Table 2
Validation of the reflectance DNA biosensor with RT-PCR method using DEN-2
cDNA at micromolar (uM) concentration levels.

Sample type Patient code cDNA concentration = cDNA t value
by DNA biosensor concentration by
(uM) RT-PCR (uM)
Blood P1B1 5.1 = 0.869 4.6 + 0.227 2.127
P2B1 1.6 = 1.123 1.3 = 0.046
P3B1 2.8 =+ 1.576 2.3 = 0.350
P4B1 1.6 + 2.599 1.7 = 0.258
Urine P1U1 4.2 + 0.384 4.8 + 0.217 1.879
P2U1 2.8 = 1.146 2.6 = 0.210
P3U1 2.4 + 1.263 2.2 + 0.167
P4U1 1.8 = 0.464 1.7 = 0.036
Saliva P1S1 1.2 = 1.222 1.4 = 0.053 0.197
P2S1 1.3 = 0.936 1.3 = 0.093
P3S1 1.3 + 0.359 1.1 = 0.019
P4S1 1.7 = 0.998 1.7 = 0.122

*t; = 3.182 (p = 0.05).

by qPCR analysis, and that the purity and concentration of cDNA con-
centration can also be determined by modern OD (optical density)
measurement via NanoDrop spectrophotometric analysis. The OD
A260/A280 ratio greater than 1.8 is usually considered as an acceptable
indicator of good cDNA quality [85]. Herein, the quality of cDNA ob-
tained from the patients’ fluid samples were found to give values of OD
A260/A280 ratio within the range of 1.74-1.86, which is an indication
of good cDNA quality (Table A.2). And, the concentration of RT-PCR
products in ng/pL were converted into molarity (mol/L) by dividing
their concentrations in mg/L with the molecular weight (My) of DEN-2
gBlocks (308,799.7 g/mol) (Table A.3).

In order to determine the accuracy and reliability of the developed
optical DNA biosensor for DEN-2 detection, the results obtained from
the DNA optode were compared with an established standard method of
RT-PCR for nucleic acid detection [86-89]. Since blood, urine and
saliva samples from the 5th patient showed some rather faint bands on
the agarose gel due to lack of RT-PCR product was obtained, therefore
only the first four patients were necessary in the validation study of the
reflectometric DNA biosensor. As summarized in Table 2, the t values
obtained for all sample types are less than the critical t value of
t = 3.182 with p values larger than 0.05, hence there were no sig-
nificant difference in the DEN-2 ¢cDNA concentration detections by both
measurement methods. This implies the proposed DNA biosensor based
on optical Zn?>* label was providing results that were statistically si-
milar with RT-PCR at 95% confidence level. Apart from this, the de-
veloped genosensor also proven to be capable in detecting DEN-2 cDNA
in an accurate manner regardless of the complexity of blood compo-
nents. The statistical analysis results are provided in Table A.4, Table
A.5 and Table A.6 in the Supplementary Data.

3.8. Performance comparison with other reported dengue-targeted
biosensors

Table 3 tabulates the analytical performance of the developed re-
flectometric DEN-2 genosensor in terms of dynamic linear range, LOD
and response time in comparison with other previously reported bio-
sensors with different design bases developed by other researchers in
detecting dengue virus particles. It is interesting to note that most re-
searchers designed their dengue-targeted biosensors based on electro-
chemical approaches, such as potentiostat-differential pulse voltam-
metry  (DPV) [90], potentiostat-electrochemical impedance
spectroscopy (EIS)-DPV [34], potentiostat-cyclic voltammetry (CV)-
DPV [91,92] and potentiostat-galvanostat-CV [93], nevertheless, there
have been no one reported on optical sensing of dengue virus particles.
Along with incorporation of hydrophobic AMs as the nucleic acid solid
support material and Schiff base metal complex DNA intercalating
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_g g5 ER achieve a more sensitive DEN-2 DNA linear detection range from 1 fM
S| S¢E g 2 to 1 mM with a lower detection limit at 0.12 fM. Furthermore, valida-
ECR 3 l tion study of both electrochemical immunosensor and nucleic acid
9 3 . . . . .
TEL 5 2 << 2 2 biosensor merely involved recovery testing over spiked synthetic cDNA
gl gaz>>& § in serum and buffer media without any application demonstrations
s using clinical samples of whole blood, urine and saliva from dengue
2 5 virus infected patients. Recovery analysis done to validate NS1 im-
E _E’ munosensor, on the other hand, showed better accuracy in detecting
g g spiked synthetic cDNA in buffer medium than in serum medium as-
; C',L cribed to the complexity of blood medium that restricted the efficiency
§ E. of the electrochemical immunosensor's antigen/antibody assay [93].
glueg § § 2 ° Even though the electrochemical genosensor based on pencil gra-
§ phite electrode (PGE) has been reported to show fast DNA hybridization
Sss = = time at 10 min for DEN-3 DNA detection [90], however, the DNA hy-
29 a 3 g bridization reaction required stirring (300 rpm) and annealing (52 °C)
a3 ‘3 g2 2 E steps to be done in a thermomixer. Moreover, it needed as much as
3 e .
ol LaxBa® S 70 uL of DEN-3 DNA for hybridization reaction to take place. In con-
Q1I33s839 |E trast, the developed optical DNA microsensor required much less
fg amount of DEN-2 DNA at 3.2puL to be simply loaded at the micro-
s s centrifuge cap at room temperature to provide a visible colour change
‘?o E E g without any pre-stirring and pre-heating steps were involved. Thus, the
> é s _51 IS developed reflectometric DNA biosensor is advantageous in offering
5 — @E X x g £ clinicians an early DEN-2 diagnosis in human through naked-eye ob-
— = . . .
% ° ; ‘3 cET S § servation as early as onset of illness, i.e. when fever symptom started to
&% ge . . .
% g 2 x 3 :;(:f:l o £ manifest in patient.
gl 528252y |1
58| xdxsxg |E
I3 A 4. Conclusions
& g
= <
<< . .
] Zz = =55 | £ g We have designed a novel optical genosensor to detect DEN-2 cDNA
8 . e . .
3 $38 88 ¢ % e with the utilization of Zn®* salphen as optical nucleotide label and AMs
= =]
g, ZZ g £ 5 N g k) polymer as DNA immobilization matrix. This design basis has provided
§ 222 g E‘E E o a very good selectivity in distinguishing one-base variation in nucleo-
k=] =2 3 . . sps s . .
3 g | BERBAEE | & S tide sequence, high sensitivity screening at low tcDNA concentrations
§ § % % % % % g 8 T and rapid hybridization time to give observable colour change at the
5 _“-é e —FE R —FE z | & DNA biosensor surface. In addition, demonstration of the DNA bio-
= 8 o Q . . X o .
El& | aaaea a 2 L sensor in testing of DEN-2 genome in clinical samples of blood, urine
5 9 . . . .
g S g and saliva from dengue-positive patients have been conducted in
§ .“U; g v comparison with RT-PCR reference method with no statistical sig-
B3] @ _§ 5 nificant different in the results generated by both methods. Thus, this
E | § 8 & genosensor can potentially be applied in the future as DEN-2 epide-
< ] N . . . . .
g - az? 2 o miological surveillance tool in larvae and mosquitoes.
& 6 Q0O < & 2
1S A& OE wn o
o <38 £ £
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