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Editor: D. Aga Polychlorinated biphenyls (PCBs) are considered persistent bio-accumulative toxicants which threats global food
Keywords: safety and environmental health. Traditional analytical techniques for detection of PCBs are time-consuming and
Polychlorinated biphenyls they do not satisfy urgent need for rapid and accurate monitoring of these persistent pollutants. Biosensor
Liquid crystals technology may be promising in this respect. Here we demonstrate a novel liquid crystal (LC)-based aptasensing
Biosensor platform as a promising label-free and rapid biosensor for PCB77 detection. This novel molecular strategy utilize
Aptamer triple-helix molecular conformational switch which is mediated formation of duplex on sensing platform in

Polarized light microscopy presence of target. Duplex forming leads to optical change from dark to bright in a liquid crystal based apta-

sensor. The limit of quantification of the LC-aptasensor to PCB77 is 1.5 X 10~° pg/L with comparable se-
lectivity. Besides, we also demonstrated that this system is able to detect PCB77 in tap water, environmental
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water and milk. This strategy has potential for label-free and portable detection of different targets without any
aptamer sequence length restrictions.

1. Introduction

Polychlorinated biphenyls (PCBs) are a toxic class of man-made
chemicals from persistent organic pollutants (Safe, 1994). PCBs as li-
pophilic pollutants accumulate in mammal fat tissues and their in-
creasing levels threat food safety and human health (Carpenter, 2006;
Robertson and Hansen, 2015). Their production and usage in industrial
processes have been banned since the 1970s due to the highly irre-
parably effects of PCBs on humans such as carcinogenicity, mutageni-
city, an endocrine disorder, and thyroid dysfunction (Choi et al., 2004;
Knerr and Schrenk, 2006). PCBs as an ecosystem threat could remain
persistence in the environment for long periods of time, and then get
taken in the food chain. The present of different micro-pollutants in the
water is a global concern (Alver and Bastiirk, 2019; Argun et al., 2017;
Alver and Kilic, 2018; Alver et al., 2018). The maximum level of 0.5 pug/
L of contaminant PCBs in the drinking has regulated by the Environ-
mental Protection Agency (EPA) (Ahmad et al., 2019). Monitoring of
PCBs in food and environment is the most efficient approach to evaluate
the risk of human exposure. The coplanar PCBs such as PCB77 (struc-
ture in Fig. S1) among 209 congeners are the most toxic dioxin-like
chemicals (Chiu et al., 2001). The traditional PCBs detection methods
for the quantification of PCBs in suspected samples are often gas
chromatography-mass spectrometry (GC-MS) and high-performance
liquid chromatography-mass spectrometry (HPLC-MS) (Ozcan et al.,
2009; Berger et al., 2004; Zhang et al., 2016). However, they are very
expensive, time-consuming, and need the exhausting pre-treatment
process with hiring a specialized technician. The biosensor technology
as a simple, rapid, affordable, portable, and user-friend tools is a pro-
mising strategy to solve such problems (Verdian, 2018). At the moment,
ELISA commercial kits which validated by the U.S. EPA are available
(Chiu et al., 2001; Verdian et al., 2019). However, antibodies as the
recognition elements in ELISA commercial kits have several limitations
in terms of stability, screening cost, and production time (Javidi et al.,
2018). Recently, aptamers as proper alternatives have been attending
for detection assays. Aptamers have many advantages, such as high
affinity and specificity, cost-effectiveness, better target versatility,
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reusability, low immunogenicity, and faster synthesis compared to an-
tibodies (Khoshbin et al., 2019, 2018). In the past decade, publications
have reported the selection of novel DNA aptamers for the binding to
PCBs (Verdian et al., 2019; Mehta et al., 2012). Researchers’ attention
about the next generation of the biosensors, moved to portable devices
and point of care (POC) market (Zarei, 2017). The appearance of liquid
crystals (LCs) biosensors as a promise POC device opened a new per-
spective and opportunities for scientists (Popov et al., 2017; Hussain
et al., 2016). LCs-based biosensors can be portable through smart-
phone-integrated microscopies (Nandi and Pal, 2018). These soft ma-
terials with fluidity and long-range order in orientation have properties
intermediate between solid and liquid. LCs with very low anchoring
energy that makes them very sensitive to external stimuli are responsive
materials to any nano-scale interfacial interactions based on the change
of orientation LC mesogens. Since, LCs are birefringent materials, the
polarizing microscopy with a vicinity molecular occurring takes dis-
tinctive optical images. In addition, LC-biosensors are label-free, high
sensitive and selective assays for the detection of analytes without using
bulky and expensive instrumentation (Yang et al., 2012; Tan et al.,
2014). Therefore, LC-aptasensors have been applied for the detection of
some analytes in over a decade (Kim et al., 2018; Kim and Jang, 2019;
Wang et al., 2017; Qi et al., 2019; Ren et al., 2019; Du et al., 2019;
Clemente et al., 2019; Rouhbakhsh et al., 2020).

The LCs orientational order is very sensitive to the chemical and
physical properties of the surfaces. Therefore, a suitable pre-treatment
of the substrate surfaces is necessary for LC-based sensors. On the basis
of previous observations, there is a restriction regarding the LC or-
ientation behavior on the substrate surface-immobilized with ssDNA
oligonucleotides (Steel et al., 2000; Shen et al., 2017). The LCs or-
ientational order in the mesophase can easily disrupt when the aptamer
strands are longer than 24 bases and the longer sequence takes a
random curly state (Steel et al., 2000). To address the above-mentioned
issues, we introduced a novel molecular engineering strategy for the
development of a universal and convenient LC-based sensing platform
for the long-sequence aptamers based on a well-known triple-helix
molecular switch (THMS) structure (Zheng et al., 2011; Bagheri et al.,

Scheme 1. The schematic diagram of the ap-
tamer-based LC biosensor for PCB77. After the
aptamer binding with PCB77, the structure of
THMS is disassembled and liberated STP bind
to the STP’ on LC-cell. Duplex forming on the
LC cell considerably disrupts the homeotropic
alignments of LCs. The corresponding optical
responses associated with this orientation
switch of LCs from dark to bright appearances.
(For interpretation of the references to colour
in this Scheme text, the reader is referred to the
web version of this article.)
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Fig. 1. Optical appearances and corresponding surface plot of the LC cells under crossed polarizers with (a) 100 nM STP’; (b) 150 nM THMS in the absence of PCB77;

(c) 150 nM THMS in the presence of 1.5 pg/L PCB77.

Fig. 2. Optical appearances of the LC cells under crossed polarizers of different concentration of PCB77: (a) 0 ug/L; (b) 1.5 x 10°° ug/L; (¢) 0.3 X 1074 ug/L; (d) 0.3
x 1073 ug/L; (e) 0.3 x 107 ug/L; () 0.3 x 107! ug/L; (g) 0.3 pg/L; (h) 1.5 pg/L and (i) 15 pg/L.

2018; Verdian et al., 2014). We choose PCB77 aptamer as a proof-of-
concept model and design a displacement-based strategy. Compared to
the known molecular switch strategies, the THMS possesses several
unique characteristics such as, high stability, selectivity and affinity of
the original aptamer. It is a label-free strategy and above all, this
strategy is generalizable namely, just an signal transduction probe
(STP) used for the detection of the multiplicate target by selecting
different types of aptamers (Zheng et al.,, 2011; Hu et al., 2020).
Therefore, this approach is not only highly sensitive and selective but
also generalizable and convenient which decreases the complexity and
cost of the STP synthesis. In the developed LC-based biosensor, a short
sequence as STP’ immobilized on the surface of glass slide which in-
duces a homeotropic orientation of LCs with a dark background. STP” is
a complementary sequence of signal transduction probe (STP) in THMS
structure. The binding of aptamer and PCB77 breaks down the THMS
structure and released STP hybridized to STP’ on the surface and dra-
matically disrupt the orientation of LCs mesogens.

2. Materials and methods
2.1. Materials and reagents

The standard glass microscope slides were purchased from HDA
china. Copper grids (150 mesh, 165 pm pitch, and 20 pum in thickness),
4’-Pentyl-4-biphenylcarbonitrile (5CB) nematic liquid crystal 98 %, (3-
aminopropyl)triethoxysilane (APTES) 99 %, and N,N-dimethyl-N-(3
(trimethoxysilyl) propyl)-1 octadecanaminiuchloride (DMOAP) 72 %,
3,3’,4,4’-Tetrachlorobiphenyl(PCB77), bisphenol A (BPA) 99 %, were
provided by Sigma-Aldrich. Naphthalene 99 %, 4,4’-biphenol 97 %, 1,2-
diphenylhydrazine, and benzyl butyl phthalate (BBP) 98 % standards
were obtained from Merck.

The DNA sequences were synthesized and purified by using reverse-
phase (RP) high performance liquid chromatography with the se-
quences as follows:

STP: 5-AGA GAG AGA GAG AG-3’

STP”: 5’-C¢-Amine-CTC TCT CTC TCT CT-3’

PCB77 aptamer: 5-CTC TCT GGC GGG GCT ACG AAG TAG TGA
TTT TTT CCG ATG GCC CGT GTC TCT C-3’ (Mehta et al., 2012).
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Fig. 3. Graph representing average grayscale intensity of the POM micrographs
as a function of PCB77 concentration (n = 3).

The following sequences were dissolved in a Tris-HCl buffer (pH
7.6) containing 100 mM NaCl, 2 mM MgCl,, 5 mM KCl, and 1 mM
CaCl,. Glutaraldehyde solution (GA) 50 %, glycine 99 %, acetonitrile
99.98 %, sulfuric acid 99.9 %, sodium dodecyl sulfate (SDS), and hy-
drogen peroxide 30 %, obtained Sigma-Aldrich.

2.2. Instruments

The LC optical cells were imaged under a polarized light microscope
(Olympus BH2-UMA) in a transmission mode equipped with a crossed
polarizer. All LC images were acquired by a digital camera (KECAM)
affixed to the polarized light microscope. AFM (JPK-NanoWizard II)
was performed to measure the topography of substrates. The AFM
images were obtained in the contact mode with a scan rate of 1.2 Hz
and scanning scope of 100 ym X 100 pm and 1 ym X 1 pm.
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2.3. Cleaning of glass substrates

The glass slides substrates were cleaned in fresh prepared piranha
solution (30 % H,0, and 70 % H,SO,) at 80 °C thermostat water bath
about 2 h, and were then rinsed several times with HPLC-grade water
and ethanol, blew dry with nitrogen and drying in thermostat oven at
110 °C for 3 h before modification.

2.4. Slides preparation of the LC aptasensor

2.4.1. Preparation of DMOAP-treated substrate

The cleaned glass substrates were immersed in an aqueous solution
of 0.35 % (v/v) DMOAP for 30 min at RT and then rinsed several times
with ethanol and ultra-pure water respectively. Finally, The DMOAP-
treated substrate was dried under tiny flow of nitrogen and was kept in
a 110 °C oven for an hour. The DMOAP-decorated glass slides were then
used as top substrate in the LC-based aptasensor.

2.4.2. Preparation of DMOAP/APTES-treated substrate

The cleaned glass slides were immersed in ethanol solution con-
taining 3 % (v/v) APTES and 0.3 % (v/v) DMOAP at 80 °C for 2 h, then
rinsed with ethanol and water, respectively and baked at 110 °C for 1 h
after drying under nitrogen stream.

2.5. Immobilization of STP’ aptamers on DMOAP/APTES -treated substrate

To immobilize the STP’ linkers from amines terminals on the apta-
sensor, DMOAP/APTES -Treated substrate were immersed in 0.5 % (v/
v) GA water solution at RT for 45 min, washed with HPLC-grade water,
and dried under N».

Then the glass/DMOAP/APTES/GA substrate were immersed in the
STP’ aptamer solution (200 pL, 100 nM, prepared with Tris-HCI buffer
(pH 7.6) containing 100 mM NaCl, 2 mM MgCl,, 5 mM KCl, and 1 mM
CaCl,), and incubated two hour at 37 °C and then rinsed with aptamer
cleaning buffer and deionized water and dried under N.

After that, the modified substrate rinsed with a solution included of
0.3 M sodium chloride/0.03 M trisodium citrate containing SDS 0.01 %

Fig. 4. (a) AFM three-dimensional images after assembling 100 nM STP’; (b) upon addition of THMS + PCB77 (1.5 pg/L); upper and lower images in scanning scope

100 x 100 ym and 1 X 1 um, respectively.
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2.7. The fabrication process of the LC-cells

2 uL of 5CB (isotropic state at 40 °C) was spotted onto the copper
grid and the excessive LCs removed by using a clean capillary tube.
After that, the DMOAP-treated substrate was put onto assembled cell. It
was sandwiched between two modified substrate, and secured with
binder clips.

2.8. Analysis of the selectivity of the LC-based aptasensor

The specificity of the proposed LC-based platform was examined by
POM image analysis of other similarly structured analogs, such as bi-
sphenol A, naphthalene, 4,4’-biphenol, 1,2-diphenylhydrazine, and
benzyl butyl phthalate (0.1 nM the concentration of each material) as
mentioned before. Data are means = SD, n = 4

2.9. Detection of PCB77 in real samples

2.9.1. Detection of real water sample

To investigate the application of the proposed LC-aptasensor in real
water samples, tap water, and lake water samples used in this study.
Lake samples were collected from the Jamab River, Mashhad, Iran.
Before analyzing via the water samples, all samples were pre-treated
filtered with a Whatman filter to eliminate the gross particles. Then, the
samples were centrifuged at 12,000 g for 5 min, and the upper super-
natant stacked up. Finally, the sample was passed several times through
a 0.22 pym Millipore filter to remove the suspended matters. Different
concentrations of the target molecule were spiked into filtered samples
of water. After preparing the LC-cell according to the mentioned in-
struction and immobilizing the aptamers, 100 microliters of the real
sample containing a certain concentration of PCB 77 was injected into
the cell and after incubation for 15 min, the cell was washed with
distilled water and the images were recorded.

2.9.2. Detection of milk sample

To reduce the interference of the complex milk matrix solution (fat
content of 3.2 % (w/v)) during the detection, the milk samples were
diluted 100 times with the ultra-pure water. The diluted milk sample
and cold acetonitrile and (1:3) were gently mixed and incubated for 60
min at 4 °C to separate the milk proteins. The mixture was centrifuged
at 9500 g for 15 min, and the supernatant was stacked up and preserved
at 4 °C for subsequent assays. Then, the increasing concentrations of
PCB77 were spiked to pretreated samples. After preparation of the LC-
cell and immobilizing the aptamers, 100 microliters of the spiked milk
sample was injected into the cell, and its recovered concentrations were
recorded.

3. Results and discussions
3.1. Assembling of THMS structure and sensing platform

Scheme 1 illustrates the sensing strategy of the proposed LC apta-
sensor for PCB77 based on the THMS structure. The aptamer contained
triple-helix molecular switch (THMS) is formed by pre-hybridization of
a central, target-specific aptamer sequence (red) flanked by two term-
inal fragments (brown) with STP (in navy blue), is complementary of
aptamer terminal fragments based on Hoogsteen and Watson-Crick base
pairings. In the presence of PCB77, aptamer preferentially bind to the
target, which disrupts the arrangement of the THMS. Thus, STP dis-
sociates from the THMS and hybrids with STP” on LC cell.

STP’ immobilized on the DMOAP/APTES-treated substrate via
amide bonds between active aldehyde surface groups and amine-
terminals of STP’ with GA as a crosslinking.

It has demonstrated that the alignment agents (such as DMOAP)
induced the homeotropic orientation of 5CB. As we know, when the LC
has a homeotropic orientation, light cannot pass through crossed
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analyzer, so a dark polarized light image appears. However, in the
presence of PCB77, STP hybrids with the STP’ immobilized on the
substrate and considerably disrupt the homeotropic orientation of LC
molecules. As a result, the POM images of the 5CB change from dark to
bright after hybridization (Scheme 1).

3.2. The performance of the sensing platform

As shown in Fig. 1a, a uniform dark image was recorded for the LC
aptasensor when STP’ immobilized on LC-cell, indicating that STP’
could not disrupt the homeotropic alignment of LC mesogens. In the
absence of PCB77 when the THMS added to the STP” immobilized LC-
cell, the change in the surface topology was very little and the POM
background image remained dark Fig. 1b.

While, a great change in the surface topology happens by PCB77
and induce LCs to undergo homeotropic-to-tilted transition, causing
birefringence in the optical image, as shown in Fig. lc.

3.3. Optimiation of the chemical modifiers on the substrates

To provide long aliphatic chains favoring the vertical alignment of
LC mesogens and active groups for the aptamer immobilization,
DMOAP and APTES immobilized on the substrate, respectively. The
ratio of these two silane agents on sensor substrates should be opti-
mized to avoid background interference and reach to the maximum
sensing efficiency.

Since the presences of APTES affect the fixation amount of aptamer,
we choose two different percent of DMOAP with different DMOAP/
APTES volume ratio (1:1, 1:2, 1:5 and 1:10).

Figs. S2 and S3 show the DMOAP/APTES volume ratios 1:5 and 1:1
are the optimal ratios in 1 % and 0.3 % of DMOAP, respectively, in
which the homeotropic orientation of cylindrical shape LC molecules
has been preserved.

We investigated various GA percent for the optimal APTES/DMOAP
ratios. We found that the POM images were dark up to 0.5 % GA, ir-
respective of the DMOAP percent. In contrast, when the GA percent was
above 0.5, the colored pixels began to appear in the POM images (Figs.
S4 and S5), suggesting that a cross-linking reaction occurred between
the APTES molecules and disrupted the orientation of LC films.

Similarly, the amount of STP” can affect the surface density of LC
layer. We immobilize 50-300 nM concentrations of STP’ as the capture
probe with optimal concentrations of modifier agents on the sensing
platform.

As shown in Fig. S6, the bright colored areas were observed in POM
images in 1 % of DMOAP with 1:5 APTES/DMOAP ratios, indicating
that the orientation of the LC layer was highly affected by STP’ amount.

In contrast, in 0.3 % of DMOAP with 1:1 APTES/DMOAP ratio up to
100 nM STP’ a uniformly dark background of the LC POMs achieved
(Fig. S7).

Based on these results, we chose the 1 % DMOAP with DMOAP/
APTES 1:1 vol ratio, 0.5 % GA and 100 nM STP’ as the optimal para-
meters for the assembling of our LC-based aptasensor.

3.4. Detection of PCB77 by LC-based aptasensor

To confirmation of the proposed aptsensor feasibility, we in-
vestigated the LC aptasensor POMs in different concentrations of
PCB77.

A homeotropic orientation and uniform dark POMs were observed
at CPCB77 = 0 pg/L (Fig. 2a). In contrast, A few bright patches ap-
peared at CPCB77 = 1.5 x 10 ° pg/L (Fig. 2b) and a complete
homeotropic-to-tilted transition were observed at CPCB77 = 15 pg/L
(Fig. 2i).

Hence, the captured STP on the surface of LC cell could be dis-
rupting the LC-decorated monolayer, thereby inducing a change of the
optical response from 1.5 x 107> ug/L to 15 pg/L of PCB77. The
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corresponding 3D surface plot of LCs images associated with the con-
centrations of PCB77 was given in Fig. S8.

In addition, there is a good linear relationship between the average
gray-scale intensities (GIs) of the POMs and the logarithm of
PCB77concentrations (using the ImageJ free software), presented in
Fig. 3.

Quantification analysis of the POMs, reveals that the LC-based ap-
tasensor can detect the PCB77 through the changes of POMs from dark
to bright in the range from 1.5 X 10~ ° pg/L to 15 ug/L with the limit of
quantification 1.5 X 107> ug/L.

The atomic force microscope (AFM) images (Fig. 4a) indicates that
the assembled STP’ layer possesses an almost uniform surface micro-
structure. In contrast, in the present of PCB77 the liberated STP from
THMS structure can well hybridize with the STP’, and causing the tilted
orientation of LC molecules. Therefore, the corresponding AFM image
showed that the topographical structure changed considerably
(Fig. 4b).

The results support the assumption that binding PCB77 and the
recognition aptamer disrupted THMS and, the duplex formation
changed the surface topography.

To prove the sensitivity of LC-based aptasensor, we compared our
work with other previously reported aptasensors for the detection of
PCB77, as shown in Table 1. These approaches try to improve the
binding affinity of PCB77 aptamer (GGC GGG GCT ACG AAG TAG TGA
TTT TTT CCG ATG GCC CGT G) including the optimization of various
conditions such as buffer, ions, pH, temperature, stabilization of ap-
tamer structures, the accessible surface area, conjugation of binding
motifs, and use amplifier signal agents such as nanomaterials.

The ultra-low detection limit of PCB77 of the LC-based aptasensor is
found to be 1.5 x 107> ug/L, which is well below the other reported
LODs. On the other hand, we do not need sophisticated and expensive
devices in this detection assay.

3.5. The specificity of monitoring PCB77

Basically, a LCs-based sensing platform must be highly specific to-
ward its analyte for practical applicability. Therefore, to further con-
firm the feasibility of PCB77 detection, we tested the LC-based apta-
sensor with similar chemical analogs. As can be seen in Fig. 5,
bisphenol, naphthalene, 4,4’-biphenol, 1,2-diphenylhydrazine, and BBP
having no specific binding to the PCB77 aptamer. Therefore, similar
chemicals could not disturb the ordered alignment of LC molecules,
indicating that the LC-based aptasensor has a good selectivity to PCB77.

3.6. Real sample analysis

After verifying the performance of the LC-based aptasensor for
sensing PCB77, we tried to investigate recoveries of the spiked real
samples including, tap water, environmental water and milk. The
analytical results in Table 2 indicate the recoveries are between 92.11
% and 110.06 %. It indicating good accuracy of the proposed LC- based
aptasensor for the PCB77 detection. The real sample analysis suggested
that this new LC aptasensing platform for PCB77 detection was reliable
and feasible for food safety, and environmental sample analysis.

4. Conclusions

In summary, we developed a novel molecular engineering strategy
as a universal LC-based sensing platform for the long-sequence apta-
mers based on a THMS structure. We studied optical behavior of LC cell
in the present of target under the polarized microscope. We choose
PCB77 as a proof-of-concept model owing to its toxic effects on health
and food safety threat. The detection mechanism is based on specific
binding of PCB77 to the aptamer and duplex forming on the LCs cell,
which alters considerably the homeotropic orientation of LC. As a re-
sult, the POM images of the 5CB shift from dark to bright in the range of
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1.5 x 107° to 15 ug/L. The limit of quantification the ultra-sensitive
developed LC aptasensor was 1.5 X 107 ° pg/L. Besides, we also
showed that this aptasensor could be applied in real samples such as tap
water, environmental water and milk. Our approach offers the oppor-
tunity to overcoming many challenges of LC-aptsensors for different
analytes as an easy-to-operate, ultra-sensitive, and portable assay.
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