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Abstract

- ShiXiong Deng?

The authors report on a method for the determination of ractopamine (RAC) via liquid crystal (LC) optical imaging and gold
nanoparticle-induced signal enhancement. The gold nanoparticles (AuNPs) were blended with the desired concentrations of
RAC, and this is found to strongly improve the performance of the assay. The RAC aptamers were immobilized on the self-
assembled film of a glass slide for specific recognition of RAC. This causes a homeotropic re-orientation of the LCs. Notably, the
aptamers need not be immobilized on the nanoparticles like in other methods. The addition of RAC causes the formation of an
AuNP-RAC-aptamer conjugate on the sensing interface. This disrupts the orientation of LCs and results in a change of the
polarized images of the LCs. The method has a detection limit as low as 1 pM of RAC.

Keywords Aptamer - Biosensor - Self-assembled film - Glass slide - Recognition - Conjugate - Sensing interface - Orientation -

Polarized image - Homeotropic re-orientation

Introduction

Ractopamine (RAC) is a synthetic 3-adrenergic agonist which
is often used as a drug to treat human respiratory diseases [1]. It
is also widely used as nutrient agent in animals to enhance the
muscle tissues production [2]. However, RAC can be residues in
animal tissues and eventually become enriched after entering the
human body through the food chain which will generate some
detrimental side effects such as headache, nervousness, nausea,
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muscle tremors, and tachycardia [3, 4]. Although, RAC has
been banned for animal feed additives in many countries [5],
driven by profits, RAC are still being used in large quantities. It
is urgent and important to develop a sensitive and rapid tech-
nology of detecting RAC. Up to now, a lot of analytical methods
have been applied for the detection of RAC, including gas
chromatography—-mass spectrometry [6], liquid
chromatography-mass spectrometry [7-9], immunoassay [10],
capillary electrophoresis [11], and chemiluminescence [12].
Nevertheless, some of the above techniques also exhibit some
disadvantages. For example, they are expensive, time-
consuming and have tedious pretreatment procedures.

Two approaches are usually adopted to improve the detection
sensitivity. One way is to use the instrument for the signal en-
hancement. This method usually needs the use of large expen-
sive instruments and requires tedious pre-treatment and profes-
sionals, resulting in high detection costs. The other approach is
the use of a biotin-avidin system combined with nanomaterials,
but this method generally requires complex preparation proce-
dure, leading to problems such as low repeatability of the detec-
tion method. Abbott proposed a liquid crystals (LCs) biosensor
which can detect biochemical binding events on sensor surfaces
by using of the inherent natural signal amplification of LCs [13,
14]. LCs own many unique characteristics, such as sensitive
orientation response, elastic strain and birefringence [15].
Minute changes of the substrate surface can be smartly sensed
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by LCs due to their sensitive orientation response. Then the
response of LCs will be naturally amplified into the bulk LC
film for macroscopic distances because of their elastic strain.
This amplified response is further transduced into the changes
of optical appearance through a crossed polarizer due to the
birefringence of LCs, which can be observed visually.
Therefore, LC is a very good molecular recognition element
for signal transduction and amplification.

Aptamer-based liquid crystal biosensors which are
called LC aptasensors have been widely developed as
a sensing platform for detecting proteins, oligonucleo-
tides and small inorganic molecules [16—18]. Aptamers
are single-stranded DNA/RNA molecules selected for
their high affinity and selectivity for the target mole-
cules including small molecules, drugs, inorganic ions
proteins, and even cells [19]. In these LC assays,
aptamers act as molecular recognition probes which
can be immobilized on the sensing interface. These
LC assays share the common advantages of LCs and
aptamers.

Gold nanoparticles (AuNPs) have unique chemical and phys-
ical properties, including good biocompatibility, easy prepara-
tion and their large surface areas [20, 21]. Consequently, AuNPs
can be applied for the fabrication of various biological and
chemical systems [22]. It has been reported that many organic
compounds containing electron-rich groups can be adsorbed to
the surfaces of gold nanoparticles [23]. This is because there is
an interaction between the atom containing the lone pair of
electrons and the positive state of the surface of the gold
nanoparticle. Therefore, in our study, based on the same
principle, the hydroxyl (-OH) in RAC can be adsorbed
onto the surfaces of gold nanoparticles [24-26] to
achieve the signal enhancement. Additionally, the RAC
aptamers coated on the self-assembled film can only
recognize RAC so that the other several organic com-
pounds with -NH or -OH groups will not interfere with
the selectivity of the biosensor. As a result, we pro-
posed a novel method for RAC detection of high sen-
sitivity and good selectivity by using optical images of
liquid crystals based on the gold nanoparticles.

Materials and methods
Chemicals and reagents

The RAC aptamer was obtained from Sangon Biotech Co.,
Ltd. (Shanghai, China, www.sangon.com). RAC aptamer [5'-
NH,-(CH,)s-ACGCAGTGCGGGCGA-3'] (reported by Dr.
Yao [27]) was synthesized by Sangon Biotech Co., Ltd.
(Shanghai, China, www.sangon.com). Silane coupling agent
(3-aminopropyl)triethoxysilane (APTES), N,N-dimethyl-N-
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(3-(trimethoxysilyl)propyl)-1-octadecanaminiuchloride
(DMOAP) were provided by Sigma-Aldrich (St. Louis, USA,
www.sigmaaldrich.com). Glutaraldehyde (GA) was obtained
from Sinopharm Chemical Reagent Co., Ltd. (Shanghai,
China, www.sinoreagent.com). LC 4-cyano-4'-
pentylbiphenyl (5CB) was purchased from Huajing
Scientific and Technological Development Co., Ltd. (Hebei,
China, http://hebeihuajinghb.ce.c-c.com/). Copper grid (150
mesh, 20 pum in thickness) was obtained from Beijing
Zhongjingkeyi Technology Co., Ltd. (Beijing, China, www.
emcn.com.cn). Glass slides were provided by Xinhua
Laboratory Glassware Company (Haimen, China, www.
xhyq.net). RAC (Germany, Dr. Ehrenstorfer) was provided
by Chonggqing huierli biotechnology Co., Ltd. Dopamine
hydrochloride, terbutaline sulfate, albuterol sulfate and
penicillin were purchased from Beijing solarbio technology
Co., Ltd. (Beijing, China, www.solarbio.com). AuNPs
(10~20 nm, 0.1 gL' (500 umol-L™"), No:XFJ15) were
provided by Nanjing Xianfengnano material technology Co.,
Ltd. (Nanjing, China, www.xfnano.com). The solutions and
buffers used in our work were as follows: aptamer buffer
(20 mM Tris-HCI, 10 mM MgCl,, pH=7.4), aptamer
cleaning buffer (2 x SSC containing 0.01% (v/v) SDS, pH =
7.0). All the other reagents were of analytical grade. All
solutions were prepared with ultrapure water from a
purification system (Ulupure, China, www.ulupure.jdzj.com).

Slides preparation of the liquid crystal (LC) aptasensor

The glass slides were first cut into size of 2 cm X 2 cm square.
To clean the surface, glass slides were then immersed in fresh-
ly piranha solution (70% H,SOy4, 30% H,0,, v/v) at 80 °C for
1 h to remove all organic contaminants. After that, the glass
slides were rinsed thoroughly with anhydrous ethanol and
deionized water in turn for at least four or five times, drying
under the nitrogen and heating at 110 °C for 3 h. The cleaned
glass slides were decorated to the DMOAP-coated glass slides
and then used as top slides (Fig. S1A) in the LC aptasensor.
The cleaned glass slides were also decorated to the RAC
aptamers modified glass slides and then served as bottom
slides (Fig. S1B) in the LC aptasensor. The detailed prepara-
tions of the decorated glass slides were in the ESM (Electronic
Supplementary Materials).

Preparation of AuNP-RAC mixtures

The AuNPs-RAC mixed solutions were made into a series of
gradient concentrations. Briefly, RAC of different concentra-
tions were immersed in colloidal gold solvents to be prepared
into the desired AuNPs-RAC mixed solutions. The AuNPs-
RAC mixed solutions stored at 4 °C for next experiments.
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Preparation of copper grids

The copper grids (150 mesh, 20 um in thickness) were im-
mersed in absolute ethanol with ultrasonic wash for 3 min,
rinsed with absolute ethanol and deionized water, dried under
nitrogen, and then heated at 60 °C for 1 h. The copper grids
were for subsequent experiments. The role of copper mesh is
to control the liquid crystal thickness and provide proper space
for the LC molecules.

Fabrication of LC aptasensor and optical
measurement

For the fabrication of the LC aptasensor, 200 L. AuNPs-RAC
mixed solution was dropped onto the RAC aptamer modified
glass slide at RT for 1 h, then rinsed with plenty of ultrapure
water, dried under tiny flow of N,. After that, a copper grid
was placed on AuNPs-RAC-aptamer conjugate coated glass
slide, 2 pL of the SCB was then dropped on the copper grid
and a DMOAP-decorated glass slide was placed onto it. At
last, two decorated glass slides sandwiched a copper grid and
LCs were held together with three binder clips (Fig. S1C).

The optical appearance of the fabricated LC aptasensor was
used for RAC detection by using a polarized light microscope
(XP-201POL, Changfang, Shanghai, China). Micrographs
were obtained with a digital camera (Cannon A640, Japan)
mounted on the polarized light microscope.

Spectrophotometer measurements and TEM
measurements

To examine the characteristics of the AuNPs-RAC mixture,
different concentrations of AuNPs-RAC solutions were ana-
lyzed by the spectrophotometer (Multiskan GO-1510, Thermo
Fisher, Finland) and TEM (Transmission Electron Microscope
Hitachi-7500, Japan) measurement.

Atomic field microscopy (AFM) measurements

To analyze the surface topography of the LC aptasensor films,
the AFM images were performed by a SPM-9700 scanning
probe microscope (Shimadzu, Japan). In detail, the aptamer-
coated glass slide, the RAC (without AuNPs) immobilized
glass slide and RAC-AuNPs decorated glass slide were char-
acterized using AFM, respectively.

Result and discussion
Principle of gold nanoparticle-based signal
enhancement detection of RAC using optical image

of liquid crystals

The basic strategy of gold nanoparticle-based LC aptasenser
for sensitive RAC detection is illustrated in Scheme 1. Firstly,
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in Sch. 1a, the (APTES+GA)/DMOAP mixed self-assembly
films are immobilized onto the glass slides. GA molecules can
provide the aldehyde groups to immobilize the RAC aptamers
(decorated with amidogen on the 5" end). The APTES mole-
cules can form covalent Si-O-Si bonds on the surface of the
cleaned glass slide. The DMOAP molecules assume
homeotropic orientations of the LCs on the glass surface
[17]. The appropriate amount of RAC aptamers are decorated
on this self-assembly film which do not disrupt the
homeotropic orientation of the LCs (Sch. 1a), and the corre-
sponding polarized image is dark (Sch. 1¢). Secondly, RAC
can be adsorbed to the AuNPs by the interaction between
AuNPs and RAC [24-26] to form AuNPs-RAC mixtures, as
shown in Sch. le. Lastly, the mechanism for orientation be-
havior of LCs on the substrate surface coated with the
Aptamer-AuNPs-RAC conjugates is shown in Sch. 1b. RAC
aptamers modified on the substrate can only bind specifically
to RAC. Therefore, in the presence of RAC, the aptamer rec-
ognized RAC to form the Aptamer-AuNPs-RAC conjugates,
which remarkably destroyed the homeotropic orientations of
the LCs. As a result, the corresponding polarized images of
the LCs change from dark to color (Sch. 1d).

Optimal conditions

The orientation of LC molecules is sensitive to the minute
changes of a bounding interface within 100 um [28].
Excessive amounts of aptamers will disrupt the
homeotropic orientation of LCs. However, too few
aptamers will reduce the sensitivity of the aptasensor.
Herein, to ensure the homeotropic orientation of the LC
molecules and facilitate the following detection for RAC,
the optimal concentration of aptamers must assume “stand
up” orientation on the GA/DMOAP-coated glass slides. As
we know, when the LCs are of a homeotropic arrangement,
light will not pass through the crossed analyzer and result
in a dark polarized image. In contrast, when the
homeotropic arrangement of the LCs is disrupted, the light
will go through. Then some light will pass through the
analyzer, resulting in a bright and color optical appearance
of LCs [29]. As shown in Fig. S2, the polarized images of
the LCs change from color to dark when the concentrations
of RAC aptamers decrease from 500 nM to 50 nM. A
uniformly homeotropic orientation of LCs can ensure the
detection accuracy of the aptasensor. Consequently, we
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Fig. 1 (1) The absorption spectrograms and the optical photos of actual
samples of the AuNPs-RAC mixed solutions at the different
concentrations of RAC: (a, A) 0 pM, (b, B) 10 nM and (c, C) 10 uM;
(2) The corresponding TEM images of the AuNPs-RAC mixed solutions
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at the different concentrations of RAC: (D) 0 pM, (E) 10 nM and (F)
10 uM; (3) AFM results of surfaces modified with (G) aptamers
(100 nM), (H) RAC (10 nM) and (I) AuNPs-RAC mixtures (10 nM)



Microchim Acta

Page 5 of 9

RAC-AuNPs

Fig. 2 The polarized images of
LCs for RAC-AuNPs at different
RAC concentrations: (a) 0 pM,
(b) 0.5 pM, (¢) 1 pM, (d)

0.01 nM, (e) 1 nM, (f) 10 nM; and
the polarized images of LCs for
only RAC at different
concentrations: (g) 0 nM, (h)

0.5 nM, (i) 1 nM, (j) 10 nM, (k)
20 nM, (1) 100 nM

infer that the appropriate amount of RAC aptamers
immobilized on the LC aptasensor is 100 nM (Fig. S2E).

In this assay, the characteristics of AuNPs-RAC mixed solu-
tion were first investigated by the spectrophotometer. The pure
AuNPs without any RAC (0 pM), AuNPs-RAC mixed solution
at the RAC concentrations of 10 nM and 10 uM were chosen as
the different samples respectively. The scanning results of the
absorption spectra for different samples are shown in Fig. 1(1).
The corresponding wavelengths of the maximum peaks of ab-
sorption for the three different samples are 513 nm (Fig. 1(1)a),
517 nm (Fig. 1(1)b) and 542 nm (Fig. 1(1)c), respectively. Then
their corresponding particle sizes were calculated from eq. (1)
[26, 30]. The particle size of AuNPs without any RAC was
about 10 nm, and 10 nM of AuNPs-RAC mixture was about
16 nm, which was the result of RAC adsorbed onto the AuNPs.
It has been proved that different absorption spectrum peaks
correspond to different sizes of nanoparticles [31]. Hence, as
the RAC concentration increased, the particle size of the
AuNPs-RAC mixture increased. Especially when the concen-
tration of RAC is 10 uM, there is a clear red shift in the max-
imum absorption peak (Fig. 1(1)c). This result can also be con-
firmed by observing the color of the mixtures visually, as shown
in Fig. 1(1)A, B, C.

Amax = 507.1 + 8.68 X In[0.2 X size(AuNPs)(nm)]

Amax : absorption peak. (1)

The adsorption between AuNPs and RAC was also verified
with TEM (Transmission Electron Microscopy). Figure 1(2)
shows the TEM images of pure AuNPs (Fig. 1(2)D), 10 nM of
AuNPs—RAC mixture (Fig. 1(2)E) and 10 uM of AuNPs—
RAC mixture (Fig. 1(2)F). By comparing Fig. 1(2)D, E, we
can find out that when RAC of 10 nM was mixed with
AuNPs, the RAC-AuNPs mixture had a bigger particle size
than pure AuNPs. Furthermore, apparent reunion occurred
when RAC of 10 uM was blended with AuNPs, as deduced
from the TEM image (Fig. 1(2)F). Compared with AuNPs,

10 nM

20 nM

100 nM

AuNPs-RAC mixture possesses a brighter aura and a bigger
particle size. These phenomena confirmed that RAC was
adsorbed to the AuNPs.

To investigate the LC aptasensor substrate surface decorat-
ed with different molecules, AFM scanning was performed for
the study. AFM results are shown in Fig. 1(3). Previous results
have manifested that ss-DNA molecules are globular, while
short ds-DNA molecules are generally rod-like in shape [17,
32]. Therefore, as shown in Fig. 1(3)G, we infer that the
aptamers coated on the glass slide without binding RAC did
not form similar ds-DNA structures by themselves because
the AFM result (Fig. 1(3)G) shows globular structures in the
image. Specific binding of aptamers to RAC greatly changed
the substrate topography (Fig. 1(3)H, I). Furthermore, com-
paring Fig. 1(3)H with Fig. 1(3)L, it can be concluded that
RAC was adsorbed to the AuNPs. Because if RAC was not
adsorbed onto the AuNPs, there will be no differences be-
tween Fig. 1(3)H, L.

RAC.Aunps T 1922507
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R=0.96859

B (3.} 2]
o o o
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Mean brightness value
w
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Fig. 3 Calibration plot of the mean brightness value of the polarized
image vs the logarithm of RAC-AuNPs concentration (Y is the mean
brightness value of the polarized image, Crac.aunps 1S the
concentration of RAC-AuNPs, n = 3)
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Table 1 Comparison with

currently available methods for Method of detection Limit of detection References
the detection of RAC
Colorimetric method 0.22 umol-L™" [33]
Electrochemiluminescence (ECL) immunosensor 2.6 pg-mLfl [34]
Gas chromatography—mass spectrometry 3.6ngg ' (428 ngmL ") [6]
Liquid chromatography-mass spectrometry 0.4 ngg ' (0.48 ngmL ™) [7]
Immunoassay 2.5 pg'mLﬂ [10]
Chemiluminescence 0.5 ngmL™' [12]
AuNP-based liquid crystal aptasensor 1 pmol'L ™" (0.3 pgmL ™) This work

Detection sensitivity

With these optimal conditions, the aptamer-AuNP-based LC
biosensor was performed to realize the detection of RAC. The
polarized images of LCs for RAC-AuNPs mixtures at differ-
ent RAC concentrations are exhibited in Fig. 2a-f. The polar-
ized images of LCs are dark in the absence of RAC (Fig. 2a).
The results demonstrated that aptamers did not react with
AuNPs and the AuNPs did not interfere with the detection
results. We inferred that it was due to that the aptamers had
been vertically modified onto the substrate surface rather than
being in a free crimp state. When the concentration of RAC-
AuNPs increased from 0.5 pM to 10 nM (Fig. 2b-f), the bire-
fringent textures in the polarized images were intensified,
showing that the detection limit of this assay is as low as 1
pM (Fig. 2c), which benefited from both the large surface
areas of the gold nanoparticles and the high sensitivity of LC
molecules to the minute changes of the substrate surface. As
shown in Fig. 2c-f, the bright and color areas grow larger
constantly as the RAC concentration increased, suggesting

Repeat #1

Repeat #2

Repeat #3

that a greater number of Aptamer-AuNPs-RAC conjugates
were presented on the surface to destroy the orientational pro-
file of LCs.

To confirm the gold nanoparticles can indeed improve the
detection sensitivity, the AuNPs-RAC mixture solutions were
replaced by RAC solutions. The polarized images of the only
RAC detection results are shown in Fig. 2g-1. It can be certi-
fied that the detection sensitivity by using AuNPs is a great
deal higher than that without AuNPs. Through the use of gold
nanoparticles, that interact with RAC, a significant signal en-
hancement is achieved.

As indicated in Fig. 3, the calibration curve showed ap-
proximate linear relationship between the mean brightness
value of the polarized image and the logarithm of RAC-
AuNPs concentration in the range from 0.5 pM to 10 nM.
This method has a satisfactory detection limit of 1 pM for
RAC. Notably, the sensitivity of this method is higher than
those of reported methods (Table.1). As shown in Table 1, the
proposed lowest detection limit for RAC assay (2.5 pgrmL ™)
was about 8 times higher than our detection limit

Fig.4 Selectivity and reproducibility of AuNP-based LC aptasensor to (al, a2, a3) RAC (10 nM), (b1, b2, b3) dopamine hydrochloride (10 nM), (c1, c2,
c3) terbutaline sulfate (10 nM), (d1, d2, d3) albuterol sulfate (10 nM), (el, €2, e3) ampicillin (10 nM)
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Fig. 5 The polarized images of
LCs for RAC-AuNPs mixtures in
real samples at different RAC
concentrations: (a) 0 pM, (b) 0.5
M, (¢) 1 pM, (d) 0.01 nM, (e)

1 nM, () 10 nM

(1 pmol-L™"). The high sensitivity of this assay may be as-
cribed to both the nanoparticles and the efficient domino effect
of the LC molecules.

Detection selectivity and reproducibility

Lastly, the selectivity and the reproducibility of the LC assay
were evaluated by replacing with relevant interfering agents
that had the similar structures with RAC and were difficult to
distinguish. The interfering agents were also made into mix-
ture solutions by blending with AuNPs. The interfering agents
were dopamine hydrochloride, terbutaline sulfate, albuterol
sulfate and ampicillin, respectively. The polarized images of
these interferents are exhibited in Fig. 4. As shown in Fig.
4B1-El(Repeat#1), the polarized images of LCs are dark with
few bright spots, while most of the images show a uniform
dark background. This approach also has a good reproducibil-
ity, as confirmed in Fig. 4 b2-e2 (Repeat #2) and Fig. 4 b3-e3
(Repeat #3). Results indicated that there were not obvious
differences in the control groups, because the interfering
agents cannot be recognized specially by the RAC aptamer
to form Aptamer-RAC-AuNPs conjugates. For RAC-AuNPs
groups, the situation was just reversed, and the birefringent
textures in the polarized images were clearly visible (Fig. 4 al,
a2, a3). Hence, this approach possesses a good detection se-
lectivity and reproducibility.

Real sample analysis

The International Olympic Committee has introduced policies
that prohibit the use of 32 agonists such as clenbuterol and

stimulants. Therefore, detection of RAC residues in human
urine is also significant. To further evaluate the practical per-
formance of the sensing system for detecting real samples, the
human urine samples were firstly diluted 10 times by ultrapure
water to yield testing sample solutions. And then, AuNPs-
RAC mixtures at different RAC concentrations (0 pM, 0.5
pM, 1 pM, 0.01 nM, 1 nM and 10 nM) were spiked into the
diluted testing samples, respectively. As shown in Fig. 5, the
detection results for real samples were the same as the detec-
tion results in ultrapure water. As the concentration increased
from 1 pM to 10 nM (Fig. 5c-f), the birefringent textures in the
polarized images were intensified. While when the concentra-
tion of real sample was 0 pM, the polarized image shows a full
dark optical appearance (Fig. 5a), which indicated that the
AuNPs in real samples didn’t bring interference to the detec-
tion results. The real sample analysis suggested that this new
method for RAC detection was reliable and feasible.

Conclusions

We have developed a new LC aptasensor for sensitive and
selective detection of RAC based on AuNPs. AuNPs used in
this study can remarkably improve the performance of the LC
aptasensor. With AuNPs, this method owns the detection
scope in the range from 1 pM to 10 nM. This method also
has some limitations. There is still a lot of work to do on the
quantitative detection of the LC biosensor. Our group will
further improve the application of this method in actual sam-
ple detection. The detection results can be easily observed
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visually through a crossed polarizer. This method is superior
to the reported methods for RAC assay.
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