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Simple, rapid and sensitive detection of
Parkinson'’s disease related alpha-synuclein using
a DNA aptamer assisted liquid crystal biosensorf

’ '.) Check for updates ‘

Cite this: Soft Matter, 2021,
17, 4842

Xiuxiu Yang,? Xiaofang Zhao,® Fengwei Liu,® Haiyu Li,® Claire Xi Zhang {2 *° and
Zhonggiang Yang (2 *@

Alpha-synuclein (aS) has been proposed as a potential biomarker for the diagnosis of Parkinson'’s disease
(PD). However, the detection of oS using a simple, rapid and sensitive approach is still challenging.
Herein, we construct a new type of biosensor for the detection of aS, combining the stimuli-
responsiveness of liquid crystals (LCs) and the specific interaction of a DNA aptamer with proteins. In
principle, the positively charged surfactant hexadecyltrimethylammonium bromide (CTAB) binds with the
negatively charged DNA aptamer via electrostatic interactions; in the presence of aS, the DNA aptamer
specifically binds with oS and releases CTAB, which is an amphiphilic molecule and subsequently
assembles at the LC—aqueous interface, resulting in a homeotropic alignment of LCs with a dark optical
signal. In the absence of aS, CTAB binds with the DNA aptamer without affecting the alignment of LCs,
which shows planar anchoring with a bright optical signal. The response time of LCs towards oS is rapid
and can be down to minutes. The LC biosensor established here has a good specificity for aS and can
recognize oS even from a mixture of proteins. The LC biosensor also exhibits high sensitivity with a limit
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of detection of aS as low as 10 pM, which is comparable to that of the enzyme-linked immunosorbent
assay. This work provides a new strategy for the detection of oS in a simple, rapid and sensitive manner,
possessing promising potentials towards early diagnosis and clinical applications.

DOI: 10.1039/d1sm00298h

rsc.li/soft-matter-journal

Published on 06 April 2021. Downloaded by University of Prince Edward Island on 5/16/2021 9:27:22 AM.

Introduction

Parkinson’s disease (PD) is the second widespread neurode-
generative disease, especially affecting elderly people."” At the
onset of motor deficits including rigidity, bradykinesia, postural
instability, and tremor, patients usually lose more than 60%
dopamine neurons in the pars compacta of the substantia
nigra.3 Up to now, PD is not curable; however, the disease
progression may be slowed down and suppressed if early
diagnosis and intervention are available.* SNCA is the first gene
linked to familiar PD and its protein product alpha-synuclein
(aS) is the central component of Lewy body, one of the major
hallmarks of PD pathology.>® In addition, oS is found in body
fluids, such as cerebrospinal fluid,” blood,®® saliva'® and tears,"*
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making oS a potential biomarker for the early diagnosis of PD.
Currently, the detection of oS mainly depends on the enzyme-
linked immunosorbent assay.'> However, it is costly and anti-
bodies may have stability and batch problems. A number of
analytical tools such as electrochemical sensors,'® surface
plasmon resonance optical sensors’ and nanopore-based
sensors™® have been developed for the detection of aS. But these
methods are often tedious, time-consuming, and require complex
instruments and skilled personnel. Therefore, a simple, rapid and
sensitive approach for the detection of oS is still lacking.
Beyond ubiquitous displays, liquid crystals (LCs) with the
unique stimuli-responsive properties have become promising
analytical candidates for chemical and biological detection.'®™
In principle, molecular interaction at the interface can disturb
LC orientation. This disruption is enlarged to micron level
through LCs and transformed into optical signals, thereby
achieving a label-free, simple, real-time and zero power detection
purpose.*° So far, LC biosensors have been investigated to report
the presence of biological species, such as DNA,>"*?
proteins,*™® viruses,*” bacteria,”® cells,”® etc. In terms of bio-
molecular analytics, the specificity and sensitivity of the LC
biosensor is critical but still challenging. This is largely because
LC itself does not distinguish between targets and other species
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present in the aqueous solution. Therefore, in order to impart
the LC biosensor with a specific responsiveness to targets, it is
necessary to tailor the LC interface, which usually varies from
case to case. DNA aptamer is a single stranded DNA sequence
which may bind with a specific target ranging from small to big
chemical or biological species in a highly specific and sensitive
manner.*® The introduction of a DNA aptamer into LC biosensor
has shown its capacity in detecting tumor markers,*
kanamycin,*” and reporting aptamer-ligand binding events.*?
Recently, we have established a solid-surface based LC setup to
detect aS.>* Typically, DNA aptamer for S is anchored to gold
substrates. By adding LCs on the aptamer decorated gold
substrates, the presence of oS disrupts LC alignment and
achieves a label-free detection. This LC biosensor based on
LC-solid interface, however, has several limitations of the
requirement of fresh and expensive gold coated substrates,
multi-step operations, and relatively long detection time (in hours).
More importantly, the sensitivity of the biosensor for oS reaches a
limit around the concentration of 50 nM, intrinsically restricted by
the low density of the DNA aptamer fixed on the substrate. Herein,
in order to address these problems, we develop a new and general
strategy for the detection of «S. The target protein oS was
premixed with the DNA aptamer and amphiphilic surfactant in
solution before being directly applied onto the LC interface. The
competitive binding of oS with the DNA aptamer released the
surfactant and the triggered homeotropic alignment of LCs,
causing a dark optical signal. This one-step sensing procedure is
simple and straightforward compared to the previous method
which involves the preparation of gold coated substrates and
multiple steps of incubation, washing and drying. The response
of LC interface is instant upon the addition of «S, leading to a
much faster and highly sensitive detection.

Experiments
Materials

4-Cyano-4’-pentylbiphenyl (5CB) was obtained from Jiangsu
Hecheng Display Technology Co., Ltd (Nanjing, China). Hexa-
decyltrimethylammonium bromide (CTAB), dimethyloctadecyl
[3-(trimethoxysilyl)propylJammonium chloride (DMOAP), lysozyme
from chicken egg white, o-lactalbumin from bovine milk,
thrombin from bovine plasma, a-chymotrypsinogen A from
bovine, bovine serum albumin (BSA), phenylmethylsulfonyl
fluoride (PMSF), isopropyl-p-p-thiogalactoside (IPTG), Coomassie
brilliant blue R, and sodium chloride were purchased from
Sigma-Aldrich (USA). Plasmids were bought from Shanghai
Heyuan Company (Shanghai, China). Protease inhibitor cocktail
(PI) and lysozyme from hen egg white used in the purification of
recombinant alpha synuclein (aS) were bought from Roche
(Switzerland). Glutathione Sepharose 4B was purchased from
GE Healthcare. BL21 (DE3) Chemically Competent Cell (E. coli)
was obtained from TransGen Biotech (Beijing, China). The
buffer solution used in this work was PBS (2 mM KH,PO,,
8 mM Na,HPO,, 136 mM NaCl and 2.6 mM KCl, pH 7.4). Other
salts and solvents were purchased from Sinopharm Chemical
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Reagents Co., Ltd (Shanghai, China), which were all of analytical
grade or above. DNA aptamers were synthesized by Beijing
Qingke Biological Technology Co., Ltd (Beijing, China). Gold
grids (20 um thickness, 333 um pitch, and 55 pm bar width) were
purchased from electron microscopy sciences (Fort Washington,
PA, USA). Glass microscope slides (Fisher’s Finest Premium
grade) were obtained from Fisher Scientific (Pittsburgh, PA,
USA). Silicone isolators were purchased from Grace Bio-Labs
(Bend, OR, USA). The water used in all experiments was Milli-Q
water (18.2 MQ cm). The sequence of DNA aptamer used for aS
was: 5-ATCGAGTGTGTACGGGGTCCGGTAGGGTGGCGAGGTCT
TCCTGTCGTAGCAGGATCCA-3'.

Preparation of DMOAP coated glass

The glass slides were functionalized wusing published
procedures.®® Briefly, the glass slides were first cleaned using
piranha solution (70% (v/v) H,SO, and 30% (v/v) H,0,). Then,
the piranha-cleaned glass slides were coated with 0.5% v/v
DMOAP solution in water.

The preparation of recombinant wild-type oS

Recombinant oS was expressed and purified as described
before.>**”

Preparation of oS fibril

By incubating 2 mg mL™" oS at 37 °C with constant shaking at
1000 rpm (Thermomixer C, Eppendorf) for 7 days, oS fibrils
that were micrometers long and tens of nanometers wide in
size were prepared. The transmission electron microscopy
image of oS fibril is showed in Fig. S3 (ESI¥).

Preparation of the optical cells and the liquid crystal (LC)
interface

The gold grids were put on the surface of the DMOAP-treated
glass. Then, 5CB was dispensed onto each grid. Two silicone
isolators (4.5 mm in diameter and 1.7 mm in depth) were
placed on the glass slide and pressed to cling to the glass slide.
Then, the LC interface was obtained.

Detection of oS

30 pL of 12.5 pM CTAB and 30 pL of 0.75 pM DNA
aptamer solution were first mixed and incubated for 20 min
at 25 °C. Then, the above solution was mixed with 60 pL of oS
solutions with a stated concentration and incubated for 20 min
at 25 °C. Finally, 30 pL of the mixed solution was dropped
onto the LC-air interface; after 10 min, the optical images
were taken. Other proteins were detected by the same
procedure.

Optical examination of LC signal

The optical images were examined by using A Nikon Eclipse Ti
microscope with a digital camera (Nikon DS-U3) in a transmission
mode. Images were captured at a resolution of 1600 x 1200 pixel,
a gain of 1.00x, and a shutter speed of 1/30 s.
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Results and discussion

The strategy for the detection of oS using the DNA aptamer
assisted LC biosensor is illustrated in Fig. 1. Positively charged
surfactant hexadecyltrimethylammonium bromide (CTAB) is
chosen as it efficiently binds with negatively charged DNA
aptamer through electrostatic interaction. In the presence of
oS, DNA aptamer preferentially interacts with oS due to
higher affinity and releases CTAB. The free amphiphilic CTAB
subsequently self-assembles at the LC interface, resulting in a
homeotropic LC alighment which exhibits a dark optical signal.
In the absence of S, CTAB binds with the DNA aptamer and
fails to assemble at the LC interface, leading to a planar
orientation of LCs with a bright optical output.

In this work, nematic LC 4-cyano-4’-pentylbiphenyl (5CB)
was confined in a gold grid supported by dimethyloctadecyl
[3-(trimethoxysilyl)propylJammonium chloride (DMOAP)-treated
glass slides. LCs form a homeotropic alignment fixed by the
interaction with DMOAP. First, we determined the optimal
concentration of CTAB. In an ideal situation, the concentration
of CTAB should be as low as possible but still sufficient to allow
CTAB to stably assemble at the interface and produce a uniform
dark optical signal. Because too much CTAB would electro-
statically attract more DNA aptamer and consequently higher
amount of oS is needed to competitively bind with DNA aptamer
and kick off CTAB. In a typical screening experiment, 30 pL of
CTAB in PBS (pH 7.4) was added directly on top of LCs and
reached a final concentration of 5 puM, 7.5 uM, 10 pM and
12.5 uM, respectively. After 1 h, as shown in Fig. 2a, the LC sensor
gave an all bright optical signal when the concentration of CTAB
was 5 M. With the increase in CTAB concentration from 7.5 uM
to 10 uM, CTAB started assembling at the LC interface and
inducing a dark optical signal but only in some areas, shown in
Fig. 2b and c. When the concentration of CTAB was elevated to
12.5 pM, the stable homeotropic alignment of LCs was generated
and stayed uniformly dark under a cross polarized microscope
(Fig. 2d). Therefore, the optimal concentration of CTAB for it to
stably assemble at the LC-aqueous interface was 12.5 uM in this
system and was used in the following experiments.
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Fig. 1 The schematic illustration of the DNA aptamer assisted LC biosen-
sor for aS detection. The scale bar is 100 pm.
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Fig. 2 Optical images (crossed polars) of (a) 5 uM, (b) 7.5 uM, (c) 10 uM
and (d) 125 pM CTAB assembled LC-aqueous interface for 1 h,
respectively. The scale bar is 100 um.

Next, we determined the optimal concentration of DNA
aptamer. Ideally, it is the amount of DNA aptamer that can
merely bind with CTAB and prevent CTAB to assemble at the LC
interface, resulting in a total bright optical signal. In this case,
excessive DNA aptamer is not favorable because these free DNA
aptamers will bind with target oS without releasing CTAB, and
therefore, the sensitivity of LC biosensor is lowered. In this
study, the reported DNA aptamer for oS was used, named F5R1,
which is a 58 nt single strand with a K4 of 2.4 nM.*® For
screening DNA aptamer concentration experiment, 30 uL mixture
of 12.5 uM CTAB and DNA aptamers with the concentrations of
0.60 uM, 0.65 UM, 0.70 uM and 0.75 uM were added onto the LC
interface, respectively. The inspection of Fig. 3 revealed that, after
10 min, with the increase in the DNA aptamer concentration, LCs
gradually changed from dark to bright and gave an all bright
and stable optical signal at the DNA aptamer concentration of
0.75 uM. This suggested that DNA aptamer at 0.75 pM concen-
tration could prevent the stable assembly of CTAB and lead to a
whole bright optical image as desired. In addition, the control
experiment showed that 0.75 uM DNA aptamer alone could not
induce the LCs to form a homeotropic alignment (Fig. S1, ESIf).
These results conclude that the optimal DNA aptamer
concentration was 0.75 puM, which was used in the following
experiments.

Then, we investigated the detection behavior of the LC
biosensor for oS. In a typical experiment, 30 pL mixture
solution containing 12.5 uM CTAB, 0.75 pM DNA aptamer
and oS ranging from 0 pM to 60 pM was added directly on
top of LCs. It usually takes 10 min for optical signals to become
stable and then LC images were taken. Fig. 4 shows that when
the concentration of oS fell below 10 pM, the interaction
between oS and DNA aptamer was insufficient to promote
CTAB to be released from the bounded DNA strands; therefore,
the orientation of LCs did not show an observable change,
retaining the bright optical signal, Fig. 4a and b. Between
10 pM and 15 pM, though naked eyes could hardly distinguish

Fig. 3 Optical images (crossed polars) of LC—aqueous interface in the
presence of 30 uL mixture of 12.5 uM CTAB and (a) 0.60 uM, (b) 0.65 uM, (c)
0.70 uM, and (d) 0.75 uM DNA aptamer for 10 min, respectively. The scale
bar is 100 um.
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Fig. 4 Optical images (crossed polars) of LC-aqueous interface after
adding mixture of 12.5 uM CTAB, 0.75 pM DNA aptamer and (a) 0 pM, (b)
10 pM, (c) 12.5 pM, (d) 15 pM, (e) 17.5 pM, (f) 20 pM, (g) 22.5 pM, (h) 25 pM, (i)
27.5 pM, and (j) 30 pM oS for 10 min, respectively. (k) Relationship between
grey scale intensity and concentration of aS. The scale bar is 100 um.

the little difference among the LC images, with the aid of
Matlab (the code is given in the ESI}), we can precisely
determine the average grey scale intensity of 9 random selected
sample (error bars represent standard deviation), see Fig. 4k.
It is reasonably demonstrated that with increase in the oS
concentration from 10 pM to 15 pM, the average grey scale
intensity continuously increased, i.e., the optical images
became darker. Above 15 pM, the optical image in Fig. 4e-i
was visually becoming darker, so as the average grey scale
intensity gradually increased as shown in Fig. 4k. The optical
signal began to turn completely dark when the oS concentration
reached 30 pM or above (Fig. 4j and k). This phenomenon
indicated that with more and more oS present in the system,
the competitive binding between oS and DNA aptamer became
dominating and more CTAB was released. Therefore, free CTAB
molecules started to assemble at the interface and trigger the
orientational change of LCs to the homeotropic alignment, which
produced an evident dark optical signal. Examination of Fig. 4j
and k also indicated that when oS was above 30 pM, the optical
signal became saturated and the average grey scale reached a
plateau. This meant the amount of CTAB released at the threshold
of 30 pM oS was sufficient to trigger a homeotropic alignment of
LCs. Therefore, further increase in the concentration of oS would
not cause an additional increase in the average grey scale. Finally,
in order to preclude the effect of oS alone on the optical signal of
LCs, oS with a concentration of 100 pM was explored. The optical
image shown in Fig. S2 (ESIf) stayed bright during the entire
period of observation, which indicated that oS under our experi-
mental condition would not induce a homeotropic orientation of
LCs or interfere with the optical signal. It is also noted that the
operation procedure is easy, only involving mixing and laying the
solution on top of LCs. Furthermore, the response time of LCs to
oS is rapid, within minutes. Combining these results, it can be
concluded that the limit of detection of the LC biosensor for oS
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can reach as low as 10 pM, which is 5000-fold more sensitive than
the former solid surface based LC biosensor. Moreover, the
current approach is much simple and faster.

Finally, the selectivity of the LC biosensor was evaluated. As
control proteins, oS fibril with a size of several micrometers
in length and tens of nanometers in width (Fig. S3, ESIT), BSA,
a-chymotrypsinogen A, o-lactalbumin and lysozyme were chosen.
Mixture of 12.5 uM CTAB, 0.75 pM DNA aptamer and 100 pM
above proteins was directly added on top of the LC interface.
After 10 min, the optical signal became stable and was imaged.
Fig. 5a-g show that only monomeric oS gave a completely dark
optical output, while samples with other proteins or blank control
all generated bright images. It was also noted in Fig. 5i that the
average grey scale intensity of all other proteins was significantly
lower than that of oS. These results indicated that the non-specific
interaction between DNA aptamer and control proteins was not
sufficient to compete with the interaction between DNA aptamer
and CTAB. Therefore, the optical image of LCs stayed bright.
It was worth noting that oS fibrils which contained oS but in the
aggregated form did not produce a high average grey scale
intensity, ie., the LC biosensor did not respond to oS fibril.
This selectivity is attributed to the specificity of the DNA aptamer
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Fig. 5 Optical images (crossed polars) of LC—aqueous interface after
adding 12.5 uM CTAB, 0.75 uM DNA aptamer and 100 pM (a) oS, (b) oS
fibril, (c) BSA, (d) a-chymotrypsinogen A, (e) a-lactalbumin, (f) lysozyme, (g)
blank and (h) mixture of proteins (S, oS fibril, BSA, a-chymotrypsinogen A,
a-lactalbumin and lysozyme at equal ratio), respectively. (i) Grey scale
intensity of 100 pM protein either oS, control proteins, blank or mixture. (j)
The average grey scale intensity for 100 pM mixture of proteins (oS, oS
fibril, BSA, a-chymotrypsinogen A, a-lactalbumin and lysozyme at equal
ratio) corresponding to the position of aS grey scale intensity curve.
The scale bar is 100 pm.
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for aS monomer and not for fibril.*® Finally, we found that a
mixture of proteins at a total concentration of 100 pM, consisting
of oS, aS fibril, BSA, a-chymotrypsinogen A, o-lactalbumin and
lysozyme at equal ratio, generated a partial dark image as shown
in Fig. 5h, and the optical signal located right on the curve of
relationship between grey scale intensity and oS concentration,
Fig. 5j. While the mixture without oS showed a completely bright
optical image and grey scale intensity was lower than that of the
mixture solution with oS (Fig. S4, ESIt). These results suggested
that the LC biosensor was robust and exhibited high specificity for
the detection of oS from a protein mixture.

Conclusions

In this work, we demonstrated a new type of DNA aptamer assisted
LC biosensor for the detection of PD related protein, oS. The LC
biosensor established here owns several superior advantages: (i)
the setup is simple and the materials involved are commercially
available, benefiting for the development of disposable sensing kit.
(ii) The operation is straightforward, requiring only mixing and
pouring the analytes onto LCs. With the aid of a smartphone, the
optical signal can be readily imaged and analyzed, making it more
user friendly than most other detection methods, which typically
need labelling, washing, etc.>**° (iii) The detection is cost-effective
and does not require complex instruments or professional
personnel. (iv) The response is rapid, within minutes. This also
builds up its foundation for practical use. (v) The LC biosensor can
selectively detect target oS even from a mixture of proteins.
Additionally, (vi) the LC biosensor has good sensitivity with a
detection limit as low as 10 pM, comparable to the now commonly
used enzyme-linked immuno-sorbent assay. The level of oS in
human plasma and cerebrospinal fluid ranges from 16 pM to
4.5 nM,">*" which is just in the detection window of the LC
biosensor. This opens up the possibility that the LC biosensor
can be not only for clinical but also for home based use and, in
the long term, help patients for early diagnosis and treatment.
We are also aware of the limitations as the current results were
based on an idealized pure substance system. In the application
of detection of complex biological samples, this problem can be
overcome by simple sample purification. Moreover, oS has been
found in saliva'® and tears,"* whose composition are much
simpler than cerebrospinal fluid and blood, making the LC
biosensor a promising analytical approach for those system in
future. Additionally, as the aptamer-based LC biosensor exhibits
high specificity, it can be potentially applied for screening
disease-associated proteins and aggregates. Finally, this LC
biosensor provides a general sensing methodology and can be
adopted for the detection of a variety of targets and inspires the
design and application of analytical tools.**
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