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Abstract

Chitosan has a number of commercial and possible biomedical uses. Chitosan as a polysaccharide
is a bioactive polymer with a variety of applications due to its functional properties such as
antibacterial activity, non-toxicity, ease of modification, and biodegradability. In this work, cross-
linked chitosan/thiolated graphene quantum dot as a biocompatible polysaccharide was modified
by gold nanoparticle and used for immobilization of ractopamine (RAC) aptamer. A highly
specific DNA-aptamer (5'-SH-AAAAAGTGCGGGC-3'), selected to RAC was immobilized onto
thiolated graphene quantum dots (GQDs)-chitosan (CS) nanocomposite modified by gold
nanostructures (Au NSs) and used for quantification of RAC. Different shapes of gold
nanostructures with various sizes from zero-dimensional nanoparticles to spherical structures were
prepared by one-step template-assistant green electrodeposition method. Fully electrochemical
methodology was used to prepare a new transducer on a glassy carbon surface which provided a
high surface area to immobilize a high amount of the aptamer. Therefore, a label free
electrochemical (EC) apta-assay for ultrasensitive detection of RAC was developed. A special
immobilization media consisting of Au NSs/GQDs-CS/Cysteamine (CysA) was utilized to
improve conductivity and performance of the biosensor. The RAC aptamer was attached on the
Au NSs of the composite membrane via Au-S bond. The fabrication process of the EC aptamer
based assay was characterized by some electrochemical techniques. The peak currents obtained by
differential pulse voltammetry decreased linearly with the increasing of RAC concentrations and
the apta-assay responds approximately over a wide dynamic range of RAC concentration from

0.0044 fM to 19.55 pM. The low limit of quantification was 0.0044 fM.
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1. Introduction

B-agonists were are well-known drugs for the treatment of pulmonary disease and asthma [1].
However, due to their potential roles in decreasing adipose tissue deposition and increasing protein
accretion in livestock, they are illegally used as feed additives [2]. Because of good stability B-
agonists can be easily deposited in human beings after meat consumption, and result in many
serious health problems such as cardiovascular and central nervous diseases [3]. For their toxic
side-effects, many countries have forbidden the use of p-agonists in stockbreeding [4]. Among
them, ractopamine (RAC) is widely used in illegal applications and resulting in huge economic
loss for export exchange transaction of edible meat products [5]. Based on the above facts, the
routine monitoring of RAC abuse becomes exceedingly important for public health [6-10].

In the past few decades, electrochemical aptasensors based on the specificity of aptamer-target
recognition have received particular attention because of their high sensitivity, low sample volume,
short detection time, simple pretreatment procedure, low cost instrumentation, and automated
detection [11, 12]. Different nanomaterials, including gold nanoparticles, carbon nanostructures,
and quantum dots, have been used to modify detection signals to obtain highly sensitive
electrochemical aptasensors [11-15]. However, many disadvantages, such as complicated
procedures, high costs, and poor reproducibility and quantification, especially when complex
samples are detected, have also been observed in the application of these nanomaterials [6-10].
Thus, simple aptasensors for ultrasensitive and convenient detection of drugs remain an urgent
need.

Gold nanostructures (Au NSs) owing to the unique physical and chemical properties are useful to
fabricate transducers of sensors and biosensors [16]. Au NSs are biocompatible and can be readily

tuned by changing their size, morphology and surrounding chemical entity [17]. In addition, Au



NSs can offer multifunctional surfaces with a wide range of organic or biological macromolecules
for selective binding and provide an excellent platform to fabricate other metallic nanostructures
[18-20]. On the other hand, biomolecules such as aptamers can provide chelating groups for the
interaction with Au NSs and act as signal amplification agents; this approach to generate
nanomaterials is somewhat similar to the bio-mineralization behavior of many organisms in nature
[18-20].

Fabrication of nanoparticles (NPs) and especially gold nanoparticles into graphene based materials
(graphene nano-sheets, graphene oxide and graphene quantum dots (GQDs)) is a new method to
enhance conductivity of these nanomaterials and is an excellent pathway for preparation of
organic-inorganic nano-hybrid with high electrical properties which improved by incorporation of
NPs [21-29]. Lately, application of graphene based materials modified by NPs/polymers and the
use of these nanocomposites for bioanalytical aims was described in the literature [30]. One of
important graphene based materials for this purpose is GQDs which could be an excellent
candidate for electrodeposition and lead to preparation of a conductive interface for conjugation
with NPs [31]. On other word, this matrix could be functionalized by NPs for better

electrochemical performance.

In this work, considering benefits of the GQDs, Au NSs, CS, and Cysteamine (CysA) ,as thiolating
species), we used these materials for the construction of a novel aptasensor to apply the synergy
contributions on the enhancement of apt-assay characteristics. GQDs were modified with thiol (—
SH) groups by binding the COOH groups of GQDs to the amine (NH2) groups of CysA through
amide bonds. The SH modified GQDs/CysA were used thereafter for electrochemical assembly of

Au NSs.



The possibility of using the AuNSs/GQDs-CS-Cys A as a platform for the immobilization of
aptamer and development of electrochemical aptasensors is examined. The superior performances
encouraged us to explore the possible leading role played by the presence of AUNSs/GQDs-CS-
Cys A on glassy carbon electrode (GCE) which could increase the surface area to interact with
aptamer which is necessary for detection of RAC. Interestingly, various morphology of Au NSs
can be providing different electrically conductive film towards amplifies Faradic currents of RAC.
A novel low toxic and biocompatible interface of Au NSs/GQDs-CS-Cys A as using
electrochemistry methods which show durable electroactivity toward the electrooxidation of RAC
is prepared. To the best of our knowledge, the use of ordered Au NSs/GQDs-CS-CysA for
immobilization of RAC aptamer and its application to fabrication of a label-free electrochemical

aptasensor for the detection of RAC has not yet been reported.

2. Materials and methods

Chemicals and reagents

Potassium  ferrocyanide  KsFe(CN)s, 1-ethyl-3-(3-dimethylaminopropyl)  carbodiimide
hydrochloride (EDC), N-hydroxysuccinimide (NHS), cysteamine hydrochloride, hydrogen
tetrachloroaurate(l1l)hydrate (HAuCl4+3H20), were obtained from Sigma-Aldrich (Ontario,
Canada). RAC were purchased from Sigma-Aldrich and reconstituted in Tris-HCI buffer 0.1 M.
Aptamer was obtained from Boster Biological Technology Co. Ltd (Pleasan-ton, CA, USA), and
the sequence were: 5'-SH-AAAAAGTGCGGGC-3', 5’-SH-CCCCCCAGTGCGGGCCCCCC-3/,
and 5’-SH- ACGCAGTGCGGGCGA-3'. Human plasma samples were obtained from the Iranian
Blood/Plasma Transfusion Research Center (Tabriz, Iran).

Synthesis and Cytotoxicity of GQDs



GQDs was synthesized according to our previous report [32]. An easy bottom-up method was used
for the preparation of GQDs. At first, GQDs were synthesized by pyrolyzing citric acid and
dispersing the carbonized products into alkaline solutions. Briefly, 2 g of citric acid was put into a
beaker and heated to 200 °C by a heating mantle until the citric acid changed to an orange liquid.
Then, for preparing GQDs, 100 mL of 10 mg/mL NaOH solution was added into the orange
homogenous liquid dropwise with continuous stirring. The obtained GQD solution was stable for
at least one month at 4 °C.

To determine the effects of GQDs-induced toxicity NIH-3T3 and HepG2 cells were exposed to
different concentrations of GQD (0, 10, 20, 50,100 and 200 ppm) for 24, 48 and 72 hour. Fig. S1
(see supporting information) represents the impact of GQDs treatment on the viability of cancerous
cell line (HepG2) (A) and non-tumorigenic cell line (NIH-3T3) (B). Assessment of cell viability
by MTT reduction cell viability test revealed that the increasing doses of GQD up to 200 ppm did
not show any significant effects on cell death of both cell lines.

Also, the average lateral dimension of as-prepared GQDs was quite small compared with HepG2
cells. It has been reported that nano-sized GQDs could be internalized into cells faster compared
with the micro-sized GO sheets. Moreover, as-prepared GQDs emitted intense green
luminescence, so it might be a good candidate for fluorescent probes in cell imaging. As shown in
Fig. S1 (C-D (see supporting information)), the laser scanning confocal microscopy image of the
cells incubated (Fig. S1B and C (see supporting information)) with 200 ppm of GQDs was
obviously brighter than that of the cells without GQDs treatment (Fig. S1A (see supporting
information)), demonstrating that GQDs had internalized into the cells and mainly existed in cell
membrane and cytoplasm, in agreement with the previous finding reported by Yuan’s group. The

results revealed that even at the low concentration of 50 ppm, the fluorescence of the cells was still



bright, which held great potential for bioimaging. In addition, GQDs could enter the cell

cytoplasm, indicating another prospect of GQDs in drug delivery.

Synthesis of GQDs-CS

The nanocomposites of CS-GQDs were prepared as follows: CS solution (2 g L) was prepared
by dissolving CS in 0.1 M acetic acid, and then the yellow GQDs aqueous solution (2 g L) was
added into the CS solution under stirring. After 10 min of stirring, the mixture was adjust by
addition of 10% (w/w) sodium hydroxide solution dropwise. The precipitate was washed with
ultrapure water several times to remove the residual impurities, and the obtained CS-GQDs were
freeze dried in a lyophilizer at -40 -C for 24 h.

Characterization of GQDs and GQDs-CS nanocomposite

For characterization of GQDs-CS, FT-IR, DLS, Zeta Potential analysis, DSC, XRD were used.
The FT-IR spectra of GQDs-CS nanocomposites are shown in Fig. S2 (see supporting
information). For GQDs, the two peaks at 1766 and 1716 cm™ are assigned to the stretching
vibrations of C=0 from the —COOH groups. Two characteristic peaks centered at 1650 and 1604
cm are observed at CS, which are attributed to the stretching vibrations of C=0 from -NHCO—
and the bending vibrations of N—H from —NH>, respectively. The spectra of CS-GQDs
nanocomposites exhibit a combination of characteristics similar to pure CS and GQDs, including
the absorption peak located at 1708 cm™ owing to the C=0 stretching of GQDs, and the peak at
896 cm™* due to the N—H out of plane bending vibrations from CS. Compared with pure CS and
GQDs, the peaks at 1604 and 1766 cm™ disappear at the spectra of CS-GQDs, suggesting the
existence of strong electrostatic attraction between CS and GQDs. In addition, the C=0 stretching
of GQDs is downshifted from 1716 to 1708 cm™, which might be due to the formation of H-

bondings within the nanocomposites.



Zeta potential analysis of GQDs and GQDs-CS was investigated to determine the surface charge
and the stability of the synthesized material. As results revealed, the negative zeta potential value
was changed to more negative potentials approving the attachment of CS where the negative
charge have a major effect in stability of GQDs-CS. Particle size of materials is normally observed
by DLS. DLS analyses of GQDs and GQDs-CS show an increase in the particle size of the GQDs-

CS which confirmed by zeta potential analysis.

Finally, these results indicating that the GQDs-CS nanocomposites prepared via simple and
convenient assembly exhibit a well-dispersed status due to the strong interactions, electrostatic
attraction and H-bindings, between CS and GQDs [32].

Aptasensor assembly

Physical and electrochemical cleaning of the electrode

First, the physically cleaning of GCE was done in three steps: polishing with alumina powder on
polishing pad, sonication in ethanol and then in distillated water, and finally drying with nitrogen
stream.

For pre-treatment of GCE, the electrode was washed with 0.1 M nitric acid/ hydrochloridric acid
solution and 1:1 of distillated water/acetone, respectively. Then the electrode was polished on the
polishing pad with 0.2 um alumina slurry. For more cleaning of the electrode surface, the GCE
was soaked in 0.5 M H2SO4 and cycled between -0.2 to 0.8 V for 30 times with CV technique until
reaching repetitive cycles.

Electrodeposion of GQDs-CS on the surface of GCE

Fig. 1 shows the electrochemical deposition of GQDs-CS on the surface of GCE. The procedure
for electrodeposition of GQDs-CS on the GCE surface was not previously reported in the literature.

Herein, the electrochemical deposition of GQDs-CS on GCE is considered. In this work, the GCE



was placed in the cell containing 10 mL of GQDs-CS and subsequently, electrochemical
deposition of GQDs-CS on the electrode surface was conducted through CV with 30 consecutive
cycles in the potential range of 0 to 1 V vs. Ag/AgCl with sweep rate of 100 mV/s (Fig. 4). For
this purpose, GQDs-CS/GCE was prepared by CV technique.

2
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Figure 1: Electrochemical deposition of GQDs-CS on the surface of GCE. The cyclic
voltammogram depicts grasignal growth of GQDs-CS after 30 successive cycles in the range of 0

to +1 V with scan rate of 0.1 V/s.

In acidic media, CS can be protonated to its cationic state via the protonation of the —NH2 groups
at the C-2 position of the D-glucopyranose repeating unit; [33, 34] meanwhile, the surface of
GQDs is highly negatively charged when dispersed in water as the result of ionization of oxygen-
containing functional groups (mainly-COOH) on the GQDs, which is favor of their combination
with positively charged CS. Further evidence comes from the measurement of zeta potentials, CS
with NHs" groups is positively charged (+65 mV) and GQDs are negatively charged (—10 mV).
The —NH3" groups on CS contribute to the electrostatic attraction with predominant —COO—
groups of GQDs. On the other hand, there also exist extensive H-bondings between—CH>OH

groups of CS and —OH groups on the surface of GQDs. Both electrostatic attraction and H-

9



bondings induce interfacial adhesion of CS and GQDs and result in the formation of homogeneous
nanocomposites of CS-GQDs (Scheme 1).

GQDs have good water solubility in a wide pH range, which is attributed to the plenty of
hydrophilic groups existing on GQDs [35]. Also, pure CS would be dissolved in aqueous solution
at pH below 6.3 due to the protonation of its —NH> groups. [36, 37] So in this work, both GQDs
and pure CS can not be used to modify GCE individually. However, the strong electrostatic
interactions between positively charged CS and negatively charged GQDs result in the aggregation
and subsequent preparation of the CS-GQDs, leading to stable existence of the nanocomposites
over a wide pH range (4.5~11.0). This phenomenon is similar to previously reported cationic CS-
based polyelectrolyte complexes with anionic k- carrageenan [38], carboxymethyl cellulose [39],
and poly(2-acryloylamido-2-methylpropanesulfonic acid) [40]. It should be pointed out extreme
acidity (pH < 4.5) or alkalinity (pH > 11.0) can cause the dissociation of the CS-GQDs owing to
the blocked Coulomb forces between the two components and the destroyed condensed state of
the complex by the increased local charge density. Anyway, the enhanced stability of the CS-
GQDs over the pH range from 4.5 to 11.0 compared with pure CS and GQDs makes the
nanocomposites an ideal electrode modifier to be used in the acetate buffer of pH 5.5.

Thiolation of GQDs-CS nanocomposite towards electrodeposition of Au NSs

The GQDs/GCE were further modified with thiol (—SH) groups by binding the COOH groups of
GQDs to the amine (NH2) groups of CysA through amide bonds. The SH modified electrode
(CysA/GQDs-CS/GCE) was used thereafter for electrochemical assembly of Au NSs. For this
purpose, a fully electrochemical method for preparation of the substrate were used. The

CysA/GQDs/GCE was placed in the solution contained 10 mM (HAuCls), H2SO4 (100 mM), and
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arginine (Arg) (20 mM). Electrodeposition was performed at 0-1.5 V V for 500 s. Then CysA/Au

NSs/GQDs-CS/GCE electrode was then rinsed thoroughly with distilled water.

Previous studies revealed dependency of deposition potential on the size and morphology of
generated Au NSs. Shi et al. demonstrated that the crystal density of generated Au NSs increases
by shifting toward negative electrodeposition potentials from -0.3 to 0.3 V on ITO electrode,
because of increase in nucleation rate when over saturation occurs at higher overpotentials [41].
Electrodeposition has an important role on the morphology, distribution and thickness of Au NSs
on the surface of GCE. For electrodeposition of Au NSs on the surface of GCE, the
electrodeposition of metallic gold ions by chronoamperometry technique was carried out in the
cell containing solution of 10 mM (HAUCIs), H2SO4 (100 mM), and arginine (Arg) (20 mM). Au
NSs was electrodeposited on the GCE modified by CysA/GQD, and CS. Briefly, 10 mL of above
mentioned solution was transferred to electrochemical cell. In the present study, the
electrodeposition was controlled by the potential of chronoamperometry (E=0, 0.2, 0.5, 0.7, 1, and
1.5 V vs. Ag/AgCI). Therefore, the electrodeposition potential was set and time duration of the
chronoamperometry was adjusted at 500 s. For the fabrication mechanism of Au NSs, it can be
mentioned that gold atoms or clusters are initially and rapidly formed, followed by promoted
nucleation. The Arg adsorption process causes to formation of AuNSs-stable Arg layer in which
Arg is involved to the surface via the zwitterions functional group, and its positively charged
functional group tends outward into the solution. Therefore, AuCls ion was electrostatically
absorbed on the surface of Arg and cause to preferential growth of Au by the diffusion-limited

aggregation mechanism (Fig. 2).
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Fig. 2. Chronoamperograms of GCE modified CysA-GQD-CS in the solution contain 10 mM

HAUCIls + 20 mM Arg + 100 mM H2SO4 in different potentials (A) E=0.0 V, B) 0.2V, C) 0.5V,

D)0.7v,E) 1.0V, and F) 1.5V, t=500 s.

Affinity of amino acid to bind with gold surface has been investigated both theoretically [42-45]

and experimentally [44, 46, 47]. Amino acids have also been employed as soft templates for the

synthesis of gold nanostructures [48]. Gold has also affinity to amine functional group [44, 47, 49,
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50]. During the electrodeposition of gold, nucleation, adsorption (of additives), branching, and
growth are the dominant steps. From these steps, Kinetics of the growth step is slow and controls
the total process. At the early stage of the electrodeposition, AuCls was quickly reduced to gold
atoms, followed by distribution of gold nuclei at the surface. If an additive (Arg in this case) is
present in the solution, it is rapidly and selectively adsorbed (mainly via hydroxyl functional
groups) on the specific planes of gold crystal. This adsorption prevents the newly generated gold
atoms to be aggregated with the previously deposited ones. On the other hand, the additives act as
shape directing agents and depending on their chemical structures facilitate the gold crystal growth
at a specific directions. If the electrodeposition is performed at low potentials, the hydrogen co-
evolution process would be the main shape-directing agent.

Regarding the real surface areas, gold nanostructure with petal shape and small tentacle had the
highest and gold nanoparticles with spherical structure had the lowest real surface areas. There
was a wide range of roughness factor, and different shapes of gold provide huge different surface
areas. Electrochemical activity of the gold structures was also different depending on the shape
and size from both kinetic and thermodynamic points of view. The different peak currents for the
redox peaks of the analytes (RAC) can be related to the active surface areas of the Au NSs and
different shapes and sizes causing the reactions to occur at different potentials. It depended on both
the entity of the analyte and the shape and size of the Au NSs; the best Au NS can be selected for
aptamer immoblization.

Immobilization of aptamer

After preparing the substrate containing Au NSs /CysA- GQDs-CS/ with different morphologies,
the electrodes were gently rinsed and after drying, the immobilization of aptamer on the surface of

electrodes was performed. For this purpose, 12 nM primary aptamer (5'-SH-

13



AAAAAGTGCGGGC-3') was diluted in 500 pL of (Tric-HCI buffer). The GCE modified by
different shapes of Au NSs /GQDs-CS/CysA was incubated with 10 pL of primary aptamer for 2
h at -4 °C. Then the blocking reagent 2-mercapto ethanol (2-MCE) was added to the surface of
Apt/Au NSs /GQDs-CS/CysA-GCE to reduce non-specific adsorption for 1 h. According to
previous studies, in the fabrication of aptasensors, one of the most popularly used electrode
materials is gold nanoparticles with different morphologies, upon which thiolated aptamer can be
immobilized via strong Au-S linkages [51-53]. The modification of DNA or RNA with a terminal
thiol is straightforward: simple phosphoramidite chemistry on the DNA/RNA synthesizer suffices.
The modification of Au NSs surfaces with the thiolated oligonucleotide strands is readily
accomplished by dipping a cleaned Au slide into the deposition solution to form an aptamer layer.
Although the initial adsorption of thiolated DNA strands onto Au NSs occurs within minutes, it is
necessary to allow the reaction to continue for up to 2 h to ensure a homogenous surface. The
resulting surface is usually subjected to a passivation step (i.e., treated with 2-mercapto-ethanol
solution) to minimize non-specifically bound oligonucleotide strands. Finally, the electrodes were
rinsed with deionized water to remove excess aptamer and used for further study. The schematic

representation of the attaching event is described in Scheme 1.
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Scheme 1: Schematic representation of aptasensor preparation

Apparatus

Electrochemical measurements were conducted using conventional three-electrode cell (from
Metrohm), containing Ag/AgCl-saturated KCI as reference, a platinum wire as counter electrodes
and GCE as working electrode (GCE) (d=2mm) which powered by an electrochemical system
comprising of Palmsens system with PS4.F1.05 (Palm instruments, Utrecht, The Netherlands).
The system was run on a PC using PSTrance 5.3 software.

The surface morphology of electrode surface was characterized by high-resolution field emission
scanning electron microscope (FE-SEM, Hitachi-SU8020, Czech) with an operating voltage of 3
kV, and chemical compositions of the Au NSs were analysed by an energy dispersive X-ray
spectroscopy (EDS) coupled with the FE-SEM equipment. Fourier transform infrared (FTIR)
spectra were recorded on a Shimadzu model FTIR prestige 21 spectrophotometer (Tokyo, Japan)

using KBr discs. X-ray diffraction (XRD) patterns were recorded on a Siemens D 5000 X-Ray
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diffractometer (Texas, USA) with a Cu Ka anode (A = 1.54 A°) operating at 40 kV and 30 mA.
The diffraction patterns were collected at 25 °C and over an angular range of 3.0 to 10 and 10 to
70° with a dwell time of 12 s per increment and step size of 0.05° per step. The particle size
distribution and zeta potential values were measured by Malvern particle size analyzer (Malvern,
UK). Differential scanning calorimetry (DSC) diagram was recorded by a model Jade DSC,

PerkinElmer (Aachen, Germany).

3. Results and discussion
Field emission scanning electron microscopy (FE-SEM) and energy dispersive X-ray

spectroscopy (EDS)

After electrochemical deposition of Au NSs on the surface of GQDs-CS-CysA-GCE, the
electrodes were employed for taking FE-SEM images for monitoring the distribution of Au NSs
and morphology of the engineered electrode surface. The FE-SEM images of the engineered
electrodes were shown in Fig. 3 (A-C) at different magnitudes. As can be seen, the surface of
unmodified GCE (Fig. 3A) is smooth although the FE-SEM image of the GQDs (Fig. 3B) displays
a number of aggregated bright dots positioned over the entire surface particularly at the wrinkle
sites. The results were confirmed by TEM images of GQDs on the surface of GCE (inset of Fig.
3B).

According to Fig. 3, it can be seen the white dots are related to the Au NSs attached on the GQDs-
Cs-Cys A; meanwhile the figure shows that some of Au NSs have been aggregated. The overall
shape and size of Au NSs were found to be about petal, cubic and spherical with 25, 50, 30 nm, in
the electrodeposition potentials (E= 0-1.5 v) respectively. For more confirmation, the chemical

composition of the Au NSs-GQDs-Cs-Cys A-GCE was measured by point EDS. The EDS result
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has been presented in (Fig. S3 (see supporting information). The EDS graph shows that the
nanocomposite consists of only Au and C, O, N, S elements. It also confirms the attachment of Au

NS on the GQDs-Cs-Cys A.
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SEM MAG: 100 kx Det: InBeam I MIRA3 TESCANR SEM MAG: 200 kx Det: InBeam
WD: 4.94 mm Bl: 7.00 500 nm WD: 4.94 mm BI: 7.00
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Figure 3. FE-SEM images of the GCE (A) and GQDs-CS/GCE (B), GQDs-CS-Cys A (C), (D-1)
Au NSs- Cys A/GQDs-Cs in different deposition potentials (E=0.0, 0.2, 0.5, 0.7, 1, and 1.5V),

respectively. Inset of A) TEM image.

The FE-SEM images of Au NSs/GQDs-CS-CysA/GCE show spherical/cubic/rod/flower like
particles with uniform structure (Fig. 3), revealing that the Au NSs were indeed assembled onto
the surface of thiolated GQDs-CS. Interestingly, more dispersed and less aggregated Au NSs are
seen upon the electrostatic interactions of GQDs-CS-CysA with the Au NSs. Possibly the binding
of positively charged GQDs-CS-CysA to the negatively charged Au NSs reduced the aggregation
of the NSs through steric hindrance, although the loss of some Au NSs from the GQDs-CS-CysA
surface cannot be eliminated.

All of the above results were summurized in the Scheme 2.
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Scheme 2: The effect of different modification steps of the aptasensor.
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Electrochemical characterization of electrode surface modification

CV technique has been proven as one of the common tools for probing the features of surface
modified electrodes. In this work, CV was carried out to study the modification of the electrode
surface. To understand the electrochemical properties of modified electrode, CVs were recorded
with [Fe(CN)g]*’* as a supporting electrolyte. As shown in Fig. S4 (see supporting information),

a couple of well-defined redox peaks could be observed at the modified electrode.

The aptasensor fabrication steps were also monitored by recording CVs, SWVs, and DPVs from
an equimolar solution of [Fe(CN)s]*"*. CVs of the [Fe(CN)g]*/* containing 0.1 M KCI solution
at the GCE, GQDs-CS- GCE, CysA-Cs/GCE surface showed a peak potential at about 0.6 V (Fig.
S4 (see supporting information)). After the assembly of Au NSs onto the CysA/GQDs/GCE
surface, the peak potential shifted to -0.034 V and the peak current increased. Upon aptamer
binding onto the Au NP surface, the peak current decreased which confirmed the successfully
immobilization of aptamer on to Au NSs-CysA/GQDs-CS/GCE. Finally, further decrease of the
I, was observed following the MCH blocking of the Apt-Au NSs-CysA-GQDs-CS-GCE surface
by covering the remaining exposed Au NSs and GQDs surfaces.

In the case of bare GCE, the peak potential difference (AEp) of 96.2 mV (Ipc/lpa = 1) was observed,
which indicates a quasi-reversible redox reaction. Also, the peak current is 4.69 pA. Whereas in
the case of Au NSs modified CysA-GQDs-CS-GCE, the anodic peak current increased
considerably (1,5=5.09 pA), which indicates the high redox reaction of KsFe(CN)s]*’* at the
interface due to the thin layer of Au NSs formed at the Cys-GQDs-CS-GCE. On the other hand,
this is attributed to the reduction of Au(l) to Au(0) at the electrode surface. After the
immobilization with aptamer, a small shift in the oxidation peak toward negative potential is

obtained with a slight decrement in the redox current, indicating the proper binding of aptamer on
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Au NSs modified electrode. The decrease in peak current at the electrode interface is attributed to
the proper binding of aptamer with Au NSs through the 5’ end SH groups present in the aptamer
with gold nano-cluster formation, which in turn enhance the electron transfer and thus
electrochemical activity of the final modified electrode Apt/Au NSs-CysA-GQDs-CS-GCE was
decreased. The changes in the current response during each stage of modification of GCE reveals
the formation of AuNSs thin film and the proper immobilization of aptamer. Following aptamer
incubation, the electrodes were thoroughly rinsed in Tric-HCI (pH 7.4) to remove the unbound
aptamer. Then 2-MCE solution (0.1 M) was added to the modified surface and left for 1 h to block
the free sites of Apt/AuNSs-CysA-GQDs-CS-GCE surfaces to minimize the non-specific binding.
Finally, further decrease of the I, was observed following the 2-ME blocking of the Au NSs surface
by covering the remaining exposed Au NSs surfaces. The aptasensor were then directly subjected
to apta-assay reaction with RAC or to electrochemical measurements.

Also, Fig. S4 (see supporting information) shows CVs of different modification steps. According
to obtained results, in the absence of RAC, the peak current is 3.77 by CV technique. But, in the
presence of RAC the I, was decreased to 3.44 which confirmed the interaction of aptamer with
target analyte. Therefore, it is obvious that this aptasensor has a suitable ability to detect RAC.
Similar results were obtained by DPV technique (Fig. S4 (see supporting information)). All of
obtained results were summarized in the Fig. 4 which shows histogram of peak current in different

modification steps.
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Fig. 4: Histograms of the different modification steps.
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According to obtained results, in the presence of RAC, it was observed that the anodic peak current
increased to about 20 pA. This implies that most of the electrode surface is covered by aptamer.
Also, this observation demonstrates that the covalent immobilization of aptamer has been achieved
successfully. The results indicate that a sensing interface is effectively constructed and
successfully applied for the detection of RAC. This suggests that in the presence of RAC, due to
the formation of complex RAC/aptamer functionalized AuNSs on the surface of the electrode, the
aptamer folds into a RAC-binding three-way junction and hence, AuNSs with negative charge at
the end of the aptamer move to a location near the electrode surface. Therefore it can be said that
the existence of a greater negative charge (negative charges both of the aptamer phosphate group
and Au NSs) led to a greater repulsion of the electrode surface with [Fe(CN)s]*/*> anions and the

interfacial charge transfer was increased.

During the determination of RAC using the developed aptasensors based on one kind of gold
nanostructures modified GCE, the variations of electrochemical performances were characterized
through, DPV. Among them, DPV has been regarded as a sensitive method to probe the electron
transfer of an interface between the electrolyte solution and modified electrode. In the DPV, the
peaks observed at E~0.3 V vs. Ag/AgClI corresponds to the electron transfer limiting process using
GCE modified by Au NSs with petal structure. Also, the peak current was 2.8 HA because changes
of the peak currents were as lp Au NSs-petal> I, Au NSs-cubic> I, Au NSs- spherical. When Glassy
carbon electrode modified by Au NSs with cubic structure, peak current was substantially received
to 2.5 A, which suggested that this film accelerate the electron transfer and electrochemical
activity of the gold electrode. In addition to the Au NSs within the nanocomposite, the organic
phase of aptamer strands was predominant. Consequently, the presence of oligonucleotide

molecules can block the electron transfer at the interface between the electrolytes and electrode,
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thereby leading to the increase of the peak current. Finally, the peak current was further reduce to
1.2 pA, when AU NSs with spherical structure were coated on GCE, which indicated the covering

of RAC onto the electrode surface to further prevent the electron transfer.

Kinetic study

The scan rate effect on the electrochemical behavior of the different modified electrodes was
studied in the presence of 0.01 M [Fe(CN)s]*’* The scan rate was swept up between 2 to 1000
mV/s and their voltammograms have been illustrated in Fig. S6 (see supporting information shows

the scan rate effect.

To display the effect of structure on the detection of RAC using aptasensors based on different
developed strategies, Fig. S7 (see supporting information) shows the scan rate effect on the peak
currents obtained from each step for the six modified electrodes. The results demonstrated that the
peak currents value of the AU NSs-petal was the highest, thereby suggesting its relatively suitable
electrochemical performances. Therefore, the Au NSs-CysA-GQDs-CS-GCE with the highest
peak currents exhibited the most desirable aptasensing ability towards RAC detection. This
observation can be explained with the homogeneous distribution of the Au NSs and high intensity
of aptamer strands, which can improve the binding points with protein molecules. As shown in Fig.
S7 (see supporting information), the surface coverage of the Au NSs with different structure/size
coated on the GCE with relatively low electrochemical activity inhibits the access of electrons,
leading to suitable electron-transfer efficiency of the system, which peak currents of the modified
electrodes were increased.

The special surface coverage (I”) of the Au Ns modified CysA-GQDs-CS-GCE was calculated

using the study of the effect of the scan rate (\V//s) on the oxidation peak current and the electrode
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response. As presented in Fig. S7 (see supporting information), there is a linear relation between
the oxidation peak of the electrode (A) and V/s at low scan rates indicating the electrocatalytic
feature of the engineered system [32]. The value of the 7™ were calculated as about 1.42x108 mol

cm using Eq. 1: [32]

Ip = (25 ) var @)

where, Ip,n, F, R, T, v, A and I'" are the oxidation peak current, total transferred electron, Faraday’s
constant (96486, A.s.mol™), gas constant (8.314, JK*mol ), temperature (298 K), potential sweep
rate (V/s), total electrode surface (cm?) and special surface (mol cm?) covered in different

modification steps.

Analytical approach

To evaluate the analytical performance of the designed aptasensors, SWVs were recorded by
adding different concentrations of RAC to the sensor to examine whether the peak currents could
be used for quantification (Fig. 5). It demonstrates that the I, values further decreases after the
RAC detection, indicating that the binding of RAC with aptamer strands inhibits the access of
electrons to the modified surface. The SWVs of different modified electrodes were conducted in
0.01 M [Fe(CN)g]*’*. Three samples exhibited the same trend: electrode materials presented a
smaller current response. This difference in current response could be caused by that electrode
materials blocked the electron transfer between the electrodes and solution. When RAC was
assembled on the above aptamer-modified GCE, increase in the peak current was obtained. This

confirmed successful interaction of RAC with APT modified interface.
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Fig. 5: A) DPVs of Apt-AuNSs- CysA-GQDs-CS-GCE in the presence of different concentration

of RAC. B) Calibration curve

As shown in the Fig. 5B, the calibration plots displayed a good linear relationship in low
concentration between the peak currents and RAC concentrations ranging from 19.51 uM-0.0044
fM. The lower limit of quantification (LLOQ) was 0.0044 fM. The same approach was used in the
determination of the LLOQ for the detection RAC in unprocessed human plasma samples using
proposed aptasensor. According to the obtained results, it was possible to apply this technique to
the quantitative analysis of RAC in real samples using SWV techniques. For this purpose, 1 mL
of unprocessed human plasma were taken and added into supporting electrolytes to reach a total
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volume of 9 mL. Compared with the reported electrochemical methods listed in Table 1 for the
RAC detection, the proposed aptasensors showed significant improvement in the detection of
RAC. As can be seen, a lot of EC sensor methods for RAC have been reported and the
representative method was shown in Table 1. Comparing with the published electrochemical
methods in Table 1, advantages of the developed electrochemical apta-assays was apparent: (1) It
could be seen that the detection limit of our aptasensor, is obviously better than other sensors. (11)
About two orders of magnitude dynamic range in lower concentration level obtained in this study
was wider than most reported electrochemical sensors and rivaled by only a few, with most only
operating within 2-3 orders of magnitude of their level of detection. (111) The superior performance

of the apta-assays over the reported methods highlighted the benefits that can be attributed to the

novel preparation method of the apta-assays.

Table 1: Compartment the analytical parameters of some aptasensor for the detection of RAC

Biosensor structure LOD Dynamic range Ref.
Mesopores cellular foam (MCF) modified carbon paste | 0.010 uM 0.050 - 3.0 uM 54
electrode (MCF/CPE)
Ordered mesoporous carbon modified electrode 0.060 uM 0.085 - 8.0 uM 55
Carbon nanotube film-modified electrode 0.059 uM 0.15-5.9 uM 56
Poly taurine/zirconia nanoparticles modified electrode 0.15 uM 1.0-28 uM 57
_ | Electrode modified with gold nanoparticles 0.00010 uM 0.00010 -1.0 uM 58
@ | nanoparticles and multi-walled carbon nano tubes in a
§ poly-arginine film on glassy carbon electrode
-n‘i; Carbon nanoparticle modified electrode 0.0020 pMm 0.0020 -0.030 uM 59
g Flower-like gold nanostructure on ordered mesoporous | 0.0044 uM 0.030 -75 uM 60
g carbon electrode
8 | disposable molecularly imprinted electrochemical 0.000042 uM 0.000050 - 0.0010 uM | 61
5 | sensor based on
I | screen-printed electrode modified with ordered
mesoporous carbon and gold nanoparticles nanoparticles
Glassy carbon electrodes modified with G/IGNR 0.00051 pM 0.001- 2.7 uM 62
composites
AP-Ago (aptamer-agonists)-based gold electrode 1130 uM 0.000284-0.0284 uM 63
AuNPs/GCE 0.0003 uM 0.001-10 uM 64
Molecularly imprinted polymer film on gold electrode 0.0238 pM 0.2-14uM 65
surface
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molecularly imprinted quartz crystal microbalance
(QCM) by electro depositing a poly-o-aminothiophenol
membrane on an Au electrode surface modified by self-
assembled Au nanoparticles(AuNPs)

1.17 uM

2.5-150 pM

66

electro-polymerization of 4,5-dihydroxy-3-[(2-hydroxy-
5-sulfophenyl)azo]-2,7-naphthalenedisulfonic acid
trisodium salt (acid chrome blue K (ACBK))at a
graphene oxide (GO)-nafion modified

0.0023 pM

0.0284-0.0512 pM

67

Immobilizing complete antigen in agarose hydrogel
films modified on a glassy carbon electrode

0.0284-2.84 uM

68

silver—palladium alloynanoparticle-
basedelectrochemicalbiosensor

0.00000432 pyM

0.0000284-0.284 uM

69

electrochemical immunosensor based on 3D
Cu/Cu,0@rGO nanocomposite

0.0000231 uM

0.000284- 0.0284 uM

70

Electrochemical-Facial
Deposition of MnO2 nanoflowers onto 3D RGO/Ni
Foam templates

0.0116 M

0.017 - 0.962 uM

71

GO-modified GCE

0.0483 uM

0.0711-2.84 yM

72

aptamer-bound AuNPs and graphene
composite film

0.0000005 pM

0.000001 -0.01 pM

73

label-free electrochemical immunosensor based on
Au@AQg2S core@shell nanoparticles/magnetic
chitosan/thionine matrix film (CSMCM)

0.00000711 pM

0.0284- 0.0000284 puM

74

Screen-printed electrodes were modified with multi-wall
carbon nanotubes (MWCNT) and molecularly
imprinted membranes (MIM)

75

electrochemical biosensor based on Mn3(PO4)2-like
nanoflowers

Mn3(PO4).@RACanti

Mn3(PO4).@19G

Mnz(PO4),@BSA@AUNPs

0.0000265 M
0.00001309 puM
0.000074 pM

0.0000284-2.84 uM

76

aptamer based assay based on aggregation of gold
nanoparticles in combination with a molecularly
imprinted polymer

0.0284 pM

0.0284-1.138 UM

77

electrochemical immunosensor based on chit-
AuNPs

0.00000654 pM

0.00002484-0.0142 pM

78

Apt-AuNSs-CysA-GQDs-CS-GCE

0.0044 fM

0.0044 fM - 19.55 uM

This
work
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Stability and repeatability of the developed aptasensors

The reusability of the aptasensor is considerably important for practical application, such as
clinical diagnoses and biological monitoring, which is dependent on the stability and regeneration
ability of the aptasensor. In the present work, when the fabricated aptasensor was stored at 4 °C
for one week and subsequently measured by DPV, the change in the peak currents response was

only 3.7% compared with the initial test, which indicated the good stability of the aptasensor.




Analysis of real plasma samples

To examine the potential practical applications of the apta-sensor, different concentrations of RAC
were spiked into human plasma samples (Fig. S8 (see supporting information). The human plasma

samples were not processed and treated. Then, the calibration curve was obtained.

4. Conclusions

In summary, biopolymer nanocomposites of CS-GQDs were prepared by a simple assembly
strategy using CS as the matrix and GQDs. Well-dispersed status of GQDs within CS was achieved
via electrostatic attraction and H-bondings between CS and GQDs. Variety of shapes of gold
nanostructures with different sizes from zero-dimensional nanoparticles to spherical structures
were prepared by one-step template-assistant green electrodeposition method. Fully
electrochemical methodology was used to prepare a new transducer on a GCE surface which
provided a high surface area to immobilize a high amount of the aptamer. Therefore, a label free
electrochemical (EC) aptasensor for ultrasensitive detection of ractopamine (RAC) was developed.
A special immobilization media consisting of Au NSs /CysA GQDs-CSA was utilized to improve
conductivity and performance of the biosensor. The RAC aptamer was attached on Au NSs of the
composite membrane via Au-S bond. The results show that Apt, Au NSs/CysA GQDs-CSA
exhibited good biocompatibility, and acceptable specificity for RAC detection; thus, the related
fabricated electrochemical aptasensors exhibited considerably low limit of quantification 0.0044
fM. Also, under the optimized experimental conditions, the proposed aptasensor of exhibited
excellent analytical performance for determination of RAC in human biofluids, ranging from
0.0044 fM to 19.55 uM with a low limit of quantification of 0.0044 fM. The results indicated that

the presence of Au NSs and GQDs-CS-CysA can improve the affinity of the RAC binding.
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