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ABSTRACT: The performance of surface plasmon resonance (SPR) sensor modified with chitosan-graphene quantum dots (CS-GQDs)/Au
bilayer thin film for dopamine (DA) detection was evaluated in this work. The sensor’s selectivity to DA was evaluated in the presence of
various interfering substances. The sensor’s stability was examined over three weeks. Additionally, the repeatability of this sensor was
assessed through nine successive measurements, and its reproducibility was evaluated using six different sensor films. The sensor demon-
strated excellent selectivity to DA when 1 pM of DA was introduced to a 100 pM mixture of epinephrine, ascorbic acid, and uric acid.
Furthermore, the storage stability of the sensor was found to be excellent. The sensor showed good repeatability as well as reproducibil-
ity with relative standard deviation (RSD) values of 0.343% and 0.229%, respectively while detecting 1 fM of DA. The real-time DA
detection showed that obtained response signals were stable after roughly 10 minutes of injection of all concentrations. By fitting the
experimental data to Pseudo-first-order (PFO) kinetic model, the equilibrium SPR angular shift was 0.318

◦
with adsorption rate constant

of 0.240min−1 for 1 fM DA contacting the sensor surface. AFM images revealed that DA influenced the surface morphology of the
sensor film, changing its average roughness by 0.710 nm, and FTIR spectra showed changes in the spectral bands and peaks intensities.
These findings showed that CS-GQDs/Au based SPR sensor is an advantageous option for rapidly and economically diagnosing DA
deficiency with high selectivity and sensitivity.

1. INTRODUCTION

Recently, due to advances in science and technology, the
development of highly sensitive biosensing techniques

has shown impressive progress. Plasmonic-based biosensor,
in particular, is an essential technology that allows for the
miniaturization of biosensors, increasing detection throughput
and lowering operational costs [1–4]. Plasmonic biosen-
sors use plasmonic phenomena such as surface plasmon
resonance (SPR) [5–10], localized SPR (LSPR) [11–13],
surface enhanced Raman scattering (SERS) [14, 15], surface
enhanced infrared absorption spectroscopy (SEIRAS) [16, 17],
and surface-enhanced fluorescence (SEF) to detect ana-
lytes [18, 19]. Among these plasmonic-based approaches,
sensing platforms based on SPR offer the ability to detect
biomolecules in a fast, highly sensitive, and label-free manner.
It can detect small variations in refractive index that result
from the interactions between the SPR chip’s surface and
the target [20–29]. Furthermore, the binding kinetics at the
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surface can also be studied in realtime [30–35]. The most
significant characteristics for assessing an SPR sensor’s per-
formance are its sensitivity, selectivity, stability, repeatability,
reproducibility, and detection limit [36, 37].
However, one of the key obstacles in employing SPR sen-

sors is detecting biological and chemical entities with extremely
low concentrations or with low molecular weight. This dis-
advantage may be effectively overcome by using sensitivity
enhancement methods. The modification of the SPR sensor’s
bare metallic film with gold nanoparticles (Au NPs) can sig-
nificantly improve sensor sensitivity due to the combined im-
pact of increased surface area and the electromagnetic coupling
between the sensor film and Au NPs [38–40]. In addition, us-
ing Au nanostructures and magnetic NPs as amplification la-
bels in bio-recognition processes might increase the recognition
components’ refractive indices and thus enhance the sensitivity
of the SPR sensor. Furthermore, utilizing multilayer thin film
structures has proved efficiency in increasing SPR sensitivity
for many applications [41, 42]. The effects of high refractive in-
dex thin layers, as well as the specific number of layers needed
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to improve SPR sensor sensitivity and increase resonance an-
gular shift, have been theoretically investigated, and numerous
experiments were carried out using bimetallic layers of Ag and
Au [43, 44], carbon-based nanostructures, polymers, and other
materials to analyze the effect of the used layers on the limit
of detection (LOD) of various targets with varying molecular
weights and concentrations [45–55].
Dopamine (DA) is a crucial neurotransmitter in the central

and peripheral neural systems of mammals. Abnormal DA con-
centrations in the human body may result in neurodegenerative
disorders including schizophrenia, senile dementia, and Parkin-
son’s disease [56–66]. DA coexists at extremely low concentra-
tions in biological samples with interfering species such as elec-
troactive ascorbic acid (AA), uric acid (UA), and epinephrine
(EP) at relatively high concentrations [67–70]. Therefore, de-
veloping a sensitive and selective sensor for monitoring and
detecting DA concentrations is necessary in order to aid in dis-
ease diagnosis and prevention. Dutta and co-workers electrode-
posited crosslinked p-aminostyrene (PAS) polymer thin films
onAu and ITO substrates for SPR determination of DA, achiev-
ing good reusability, selectivity, and sensitivity from picomolar
to micromolar concentrations [71]. Kamali et al. developed an
SPR sensor using Ag/GO nanocomposite, demonstrating excel-
lent selectivity for DA, with distinct SPR absorbance peaks for
AA and UA that differed from those for DA [72]. Raj et al.
developed an SPR fiber optic sensor using green-synthesized
Ag NPs, achieving a 0.2µM detection limit, good selectivity,
and a 6-minute response time [73]. Jiang et al. functional-
ized an SPR sensor with a conjugated polymer, enabling re-
generation through reversible swelling. The sensor selectively
detected DA, even in the presence of AA, glucose, and UA,
with increased DA adsorption at higher concentrations, reduc-
ing detection time. It remained stable for at least 2 weeks [74].
Manaf and co-workers designed an SPR sensor with a coat-
ing structure of four layers based on platinum NPs for sensitive
and selective DA measurements when AA, glucose, and lysine
were present [75]. Jabbari et al. introduced an SPR biosen-
sor for the direct detection of DA using laccase immobilized
on a carboxymethyl dextran (CMD) surface of SPR chip. This
biosensor demonstrated a lower LOD of 0.1 ng/mL and a linear
range from 0.01 to 189µg/mL, providing good sensitivity and
specificity for DA. The amine-coupling method comprising N-
ethyl-N’-(3-diethylaminopropyl) carbodiimide (EDC) and N-
hydroxysuccinimide (NHS) maintained enzyme activity, and
pH 5.6 optimization enhanced DA interaction. Molecular
docking studies confirmed the strong binding where KD was
48.545 nM, with minimal interference from compounds such as
AA, urea, and L-dopa. However, compared to other enzyme-
based DA sensors, this method does not significantly surpass
existing approaches in terms of performance [76]. Build-
ing on advancements in DA detection, Wekalao and Mandela
(2024) proposed a graphene metasurface-based SPR biosensor
in the terahertz regime, achieving 500GHz/RIU sensitivity and
a 0.867 ppm detection limit. The sensor, optimized with ma-
chine learning throughK-nearest neighbors (KNN) regression,
outperformed conventional ones in detecting DA across con-
centrations from 10 to 0.001 ppm. However, selectivity was
not reported, and further miniaturization and in vivo testing are

needed for clinical applications [77]. Karki et al. (2024) devel-
oped an SPR biosensor with zinc oxide (ZnO) nanowires and
cerium oxide (CeO2) NPs for DA detection. The multi-layered
sensor achieved a sensitivity of 95 deg/RIU and detected DA
as low as 0.001 pM. While optimization improved sensitivity,
selectivity tests were not conducted, leaving its performance
in complex biological samples unaddressed [78]. Sharma et
al. (2024) introduced a DA detection biosensor using a 2D
material-assisted, LSPR-enhanced etched core mismatch opti-
cal fiber with Au NPs and GO coatings. The sensor demon-
strated a sensitivity of 0.3842 nm/µM, linearity of 95.06%, and
reproducibility at a DA concentration of 0.4µM. Although the
sensor showed strong potential for real-time DA monitoring,
selectivity results were not provided [79]. Huang et al. re-
cently developed an economical optical fiber SPR sensor with
a hybrid structure of molybdenum disulfide nanosheets (MoS2
NSs) and Au NPs using polydopamine-accelerated electroless
plating. The sensor exhibited refractive index sensitivity rang-
ing from 678.85 to 7231.64 nm/RIU, showing improvements
of 52.35% and 16.37% over conventional sensors in low and
high refractive index ranges. However, selectivity, stability,
and reproducibility were not evaluated [80]. Despite these ad-
vancements, many DA sensors still face challenges related to
selectivity, reproducibility, and the ability to detect DA at very
low concentrations without interference from other biological
species. Therefore, there is a need for further improvement in
sensor design to address these issues.
In our previous works, chitosan-graphene quantum dots (CS-

GQDs) nanocomposite thin film has been utilized and signifi-
cantly enhanced the sensitivity of the developed SPR sensor to
DA [81]. The proposed thin layer enabled the sensor to detect
DA down to 1 fMwhich is the lowest LOD achieved for DA us-
ing SPR sensors [82–86]. Moreover, the effect of the adsorbed
DA on both the thickness of the sensing layer and its optical
properties was studied [87]. However, for more reliability of
the appropriateness of the developed SPR sensor to detect DA,
this CS-GQDs based SPR sensor still needs thorough evalua-
tion of its efficiency in terms of selectivity, repeatability, re-
producibility, and stability. In addition, the kinetic behaviour
of DA solution that comes into contact with the sensor film
should be studied. Furthermore, the reported studies did not
use the structural measurements to investigate the behaviour of
DA adsorption at the sensor film’s surface. So, in this work,
the selectivity tests of the developed CS-GQDs/Au based SPR
sensor were conducted using samples including DA and other
potentially interfering substances such as EP, AA, and UA. Ad-
ditionally, the repeatability of this sensor was evaluated through
many successive measurements, and the sensor reproducibility
was assessed using different sensor films, while the sensor sta-
bility was tested over three weeks. The realtime detection of
DA using this sensor was investigated by fitting the experimen-
tal results for different concentrations of DA interacted with
CS-GQDs/Au sensor film to Pseudo-first-order (PFO) kinetic
model. The structural analysis of the CS-GQDs/Au bilayer film
was carried out to validate the adsorption of DA on the sensor
layer, and the characterization was conducted both before and
following DA injection, using Fourier transform infrared spec-
troscopy (FTIR) and the atomic force microscopy (AFM).
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FIGURE 1. SPR spectroscopic system in Kretschmann configuration. FIGURE 2. The angular shift response of CS-GQDs based sensor ex-
posed to 1 pM DA, 100 pM of EP, AA, and UA separately.

(b)(a)

FIGURE 3. SPR reflectivity curves of CS-GQDs/Au bilayer film exposed to: (a) (EP, AA) and (EP, AA, DA) mixtures; (b) (EP, AA, UA) and (EP,
AA, UA, DA) mixtures.

2. MATERIALS AND METHODS

2.1. Materials and Reagents
Graphene quantum dots with concentration of 1mg/mL,
medium molecular weight (MMW) CS, acetic acid (as-
say ≥ 99.7%), (-)-epinephrin (EP, MW = 183.20 g/mol),
dopamine hydrochloride (DA, MW = 189.64 g/mol, pow-
der), L-ascorbic acid (AA, MW = 176.12 g/mol, 99%), uric
acid (UA, crystalline, MW = 168.11, ≥ 99%), and sodium
hydroxide (NaOH, MW = 40 g/mol) were purchased from
Sigma-Aldrich. Deionized water (DW) was used for dilution
during the experiments. Menzel-Glaser, Germany provided a
triangular prism with a refractive index of 1.7786, glass cover
slips measuring 24 × 24mm with thickness of 0.13–0.16mm.
Low viscosity index matching liquid (IML) with refractive
index value of 1.52 at 589 nm was purchased from Norland
(USA) to minimize the losses in reflection at the glass/air
contact. The prism and cover slips were cleaned using acetone
to ensure that their surfaces were free from contamination and

any residual adsorbents that could impact the accuracy of the
measurements.

2.2. Preparation of Target Solutions

Briefly, 50mL of DW was used in order to dissolve 9.482 g of
DA powder, resulting in a DA solution with a concentration
of 1M. EP solution of 0.5M was obtained by using 5.58 g of
EP to be dissolved in 50mL of 0.1M NaOH. The dissolution
of 1.7612 g of AA in 20mL of DW resulted in a 0.5M of AA
solution. Furthermore, 0.84055 g of the crystalline UAwas dis-
solved in 47.5mL of NaOH (0.1M) to produce a UA solution
of 100mM. Then, DA, EP, AA, as well as UA solutions were
diluted using DA to obtain extremely low levels down to 1 fM
based on this formula (M1V1 = M2V2). Separate mixtures
were also prepared, including (EP, AA), (EP, AA, UA), (EP,
AA, DA) as well as (EP, AA, UA, DA) by combining equal
amounts of DA (1 pM), and 100 pM of EP, UA, and AA.
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2.3. Preparation of Sensor Chip

The glass cover slip was washed with acetone prior to deposit-
ing a 50 nm gold thin film on its surface using a Quorum Tech-
nologies Ltd K575X sputter coater (West Sussex, UK). The
50 nm Au layer was selected for its optimal balance between
strong SPR signals and sharp resonance curves. This thick-
ness is effective in coupling light to surface plasmons, provid-
ing the suitable penetration depth for surface interaction de-
tection. A range of 45–65 nm is generally effective, as it en-
sures robust sensor performance with minimal impact on sen-
sitivity [88, 89]. The sputtering was conducted with the target-
substrate distance set to 25mm and the gas pressure maintained
at 5 psi. The coating process duration was 67 seconds, with a
current 20mA and voltage 2.2 kV. After getting the gold chips,
the solution of the sensing layer (CS-GQDs) was prepared as
explained by the authors in the previous work [76]. Lastly,
0.5mL of that solution was carefully applied to the surface of
the gold film. The sensor film (CS-GQDs/Au) was then de-
posited by spin coating for 30 seconds at 2000 rpm using a P-
6708D spin coater.

2.4. Experimental Setup

The sensing capabilities of CS-GQDs/Au nanocomposite layer
for detecting DA were investigated using a custom-built SPR
spectroscopic system, set up in the Kretschmann configuration,
as illustrated in Fig. 1. The system operated with the angular in-
terrogation technique, incorporating a He-Ne laser of 632.8 nm,
a light chopper, a linear polarizer, a pinhole, a prism, a flow
cell, an optical programmable rotating platform, with a motion
controller offering a resolution of 0.001◦, alongside a photode-
tector and a lock-in amplifier. The SPR chips were securely
bonded to the surface of the prism using the IML, and a flow
cell holding the target solutionwas placed in touchwith the SPR
chip. This flow cell is a compact, custom-designed chamber
constructed from durable materials. It ensures uniform analyte
distribution across the SPR sensor surface for consistent inter-
action with the sensing layer. Its design features a well-aligned
inlet and outlet to facilitate efficient analyte delivery while min-
imizing dead volume and ensuring consistent interaction with
the sensing layer. The flow cell was securely sealed to prevent
any leakage during measurements and was firmly mounted to
maintain precise alignment with the prism and sensor surface.
Subsequently, SPR measurements were conducted in a dark

environment. DW was introduced into the flow cell to con-
tact the CS-GQDs/Au bilayer film generating the reference sig-
nal for the subsequent experiments. Following this, SPR mea-
surements were carried out using a 1 fM DA solution. For this
concentration of DA, the experiments were performed multiple
times with the same sensing layer. Then, the sensing film was
replaced many times while detecting 1 fM of DA. The measure-
ments for 1 pM of DA were then performed using a new sens-
ing film. Sequentially, SPR curves were recorded when the
solutions of EP, AA, and UA at concentrations of 100 pM were
injected separately into the cell to interact with the individual
sensing films. Next, around 3ml of each mixture (EP, AA),
(EP, AA, DA), (EP, AA, UA), and (EP, AA, UA, DA) were

sequentially introduced into the cell to record the SPR signals
and assess the sensor’s selectivity for DA.

2.5. Structural Analysis Techniques
FTIR spectra of CS-GQDs nanocomposite film, both before
and after interactions with DA solution, were recorded in the
range from 400 to 4000 cm−1 using ALPHA II FTIR Spectrom-
eter in ATRmode Topographical measurements, and roughness
analysis of the CS-GQDs films following DA interaction was
conducted at room temperature with a Bruker Dimension Edge
AFM, using a scanning size of 1µm × 1µm and PeakForce
Tapping mode.

3. RESULT AND DISCUSSION

3.1. Selectivity of CS-GQDs/Au Based SPR Sensor
Previously, the ability of CS-GQDs/Au based SPR sensor to de-
tect DA at 1 fM concentration was demonstrated [81]. Herein,
SPR experiments showed that the response of this sensor to
1 pM DA was greater than its response to 100 pM of EP, AA,
and UA samples when they were tested individually, where the
SPR angular shift was 0.837◦ from the baseline for 1 pM of DA
contacting the nanocomposite film 0.558◦ for 100 pM of AA
while it was around 0.001◦ in case of 100 pM of UA and EP
when tested separately as shown in Fig. 2. This indicates that
this CS-GQDs/Au based SPR sensor is more sensitive to DA
than other analytes. This aligns with Kamali et al. [72], who
reported selectivity for DA using Ag/GO nanocomposites, but
our sensor achieved a significantly lower LOD of 1 fM.
Figure 3(a) depicts SPR reflectance curves of the CS-

GQDs/Au bilayer film exposed to a mixture of 100 pM AA
and EP, both in the absence and presence of DA. It is obvious
that adding 1 pM of DA to the (AA, EP) mixture led the SPR
dip to shift by 0.280◦ . In addition, as shown in Fig. 3(b),
the sensor film’s responsiveness were enhanced after adding
the same concentration of DA (1 pM) to the mixture of AA,
UA, and EP in equal volumes. This demonstrates the high
selectivity of the proposed sensor to DA, as it can effectively
detect DA even in the presence of high concentrations of
other potential interfering substances. These results can be
attributed to the specific and quantitative interaction of DA
with the sensor surface, which is influenced by the distinct
structural characteristics of DA compared to the interfering
substances, such as AA and UA. The sensor’s selectivity
for DA is largely determined by the molecular recognition
of DA’s unique functional groups, enabling more specific
binding to the CS-GQDs/Au sensor surface. DA contains a
primary amine group (-NH2) that forms a stronger and more
specific interaction with the sensor material, allowing it to
bind more effectively than other substances like AA or UA,
which do not possess similar functional groups. Furthermore,
the sensor shows greater selectivity for DA over EP, likely due
to the presence of a primary amine group in DA, in contrast to
the methylated amine group in EP. DA synthesis starts with
tyrosine through two main enzymatic steps: hydroxylation
by tyrosine hydroxylase (TH) and decarboxylation by aro-
matic amino acid decarboxylase (AADC). The resulting DA
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FIGURE 4. Assessment of the repeatability performance of the CS-
GQDs based sensor.

FIGURE 5. The reproducibility test of CS-GQDs based sensor.

undergoes further hydroxylation by dopamine β-hydroxylase
(DBH) to form norepinephrine (NE), which is then methylated
by phenylethanolamine N-methyltransferase (PNMT) to
produce EP [90]. Thus, the structural characteristics of DA,
including the primary amine group and its synthesis pathway,
significantly enhance its interaction with the sensor surface,
leading to the observed high selectivity for DA over potential
interfering substances.

3.2. Repeatability, Reproducibility and Stability of CS-GQDs/Au
Based Sensor

A sensor’s repeatability is defined as its ability to yield the
same findings in successive measurements while operating and
ambient conditions are stable [91]. The repeatability of CS-
GQDs/Au based sensor was evaluated by measuring the reso-
nance angle shift following the injection of 1 fM of DA using
the same sensor film as illustrated in Fig. 4. The observed peak
likely resulted from the adsorption dynamics of DA molecules
on the sensor surface. During repeated injections of DA at
1 fM concentration, slight variations in molecular interaction
and surface coverage can occur, causing minor fluctuations in
the resonance angle. The range of changes in ∆θ observed on
the y-axis is between 0.277◦ and 0.280◦ , which indicates that
the variations are minimal and fall within a narrow range. This
observation, combined with the calculated relative standard de-
viation (RSD) of 0.343%, highlights the remarkable precision
and outstanding repeatability of this sensor, likely attributed to
substantial DA adsorption on its surface.
The reproducibility of the sensor is an important performance

criterion for its application [92]. So, the reproducibility of the
proposed CS-GQDs based SPR sensor was also assessed by an-
alyzing the response of six independent sensor films to 1 fM
DA, as illustrated in Fig. 5. The calculated RSD value was
0.229%, indicating consistent and reliable performance of the
sensor.

The sensor’s stability was evaluated over a three-week pe-
riod by exposing the sensor film to DA solution with the con-
centration of 1 fM and recording the sensor response. After
one week, a minor increase in the angle shift was observed,
from 0.2772◦ to 0.2778◦ . The resonance angle shift increased
to 0.2789◦ after two weeks. The amount of angular shift was
0.2786◦ after three weeks as shown in Fig. 6. It was clearly
seen that although the resonance angular shift decreased after
the third week, it was still higher than the initial value, demon-
strating excellent storage stability. These results indicate that
the CS-GQDs based sensor demonstrates excellent repeatabil-
ity, reproducibility, and durability over time, outperforms the
two-week stability demonstrated by Jiang et al. [74] using con-
jugated polymer layers.

3.3. Real-Time Detection of DAwith CS-GQDs/Au Based Sensor
The sensing process relies on the adsorption of DA molecules
onto the CS-GQDs/Au surface, which induces a shift in the SPR
angle. This shift is directly related to the concentration and ad-
sorption kinetics of DA on the sensor surface. When a DA sam-
ple is introduced to the sensor, the DA molecules begin to bind
to the CS-GQDs/Au film, leading to an increase in the refractive
index at the sensor surface. This change is detected as a shift
in the SPR dip, which is measured in real time. The kinetic be-
havior of the DA sample on the sensor film may be investigated
by fitting the experimental findings to Pseudo-first-order (PFO)
kinetic model represented as follows [93]:

∆θ(t) = ∆θeq
(
1− e−kP t

)
(1)

where∆θ (t) signifies the resonance angular shift related to the
adsorption of DA at time t; ∆θeq represents the equilibrium
resonance angular shift; and kP is the adsorption rate constant.
The experimental findings for different concentrations of DA

interacted with CS-GQDs/Au sensor film were fitted to PFO
kinetic model to study the kinetic behaviour of DA on the sur-
face of the sensor. Fig. 7 displays the shift in time of SPR dips

5 www.jpier.org



Kamal Eddin et al.

FIGURE 6. The stability evaluation of CS-GQDs based sensor. FIGURE 7. The sensorgram of DA adsorption on CS-GQDs/Au bilayer
film in real-time.

throughout the first 12 minutes, encompassing the association
phase and steady state before beginning the dissociation phase.
During the interaction, the SPR dip initially shifted in response
to the DA molecules binding to the sensor surface, reaching
a steady state when adsorption is nearly complete. The equi-
librium SPR shift increased with higher concentrations of DA,
as more molecules interacted with the sensor surface. After
reaching equilibrium, the sensor signals remained stable, re-
flecting the maximum binding capacity of the sensor surface
for the given DA concentration. For 1 fM DA contacted the
sensor film, the equilibrium SPR angular shift was 0.318◦ , and
the adsorption rate constant was 0.240min−1. Next, for higher
concentrations, the sensor response increased significantly as
shown in Table 1. In case of 1 pM of DA, the fitting yielded the
highest equilibrium SPR angular shift of 0.887◦ and adsorption
rate constant of 0.712min−1 with R2 of 0.976. The stable re-
sponse signals were observed around 10minutes after the injec-
tion of all DA concentrations. Therefore, SPR measurements
were conducted 10minutes post-injection for all concentrations
to ensure complete interaction between DA and the CS-GQDs
film.

TABLE 1. The kinetic parameters derived from PFO kinetic model for
the adsorption of DA on CS-GQDs/Au bilayer film.

DA Concentration (fM) ∆θeq (degree) kP (min−1) R2

1 0.31 0.240 0.748
10 0.580 0.445 0.955
100 0.87 0.347 0.960
1000 0.88 0.712 0.976

3.4. Structural Characterization of CS-GQDs Film
To investigate the chemical structure and evidence, the func-
tional groups exist in DA, and CS-GQDs nanocomposite be-
fore and after contacting with DA, and FTIR analysis was per-
formed. The FTIR spectrum of DA shown in Fig. 8 revealed

characteristic peaks at 3347 cm−1 for amine N-H stretching,
1632 cm−1 for amine N-H bending, 1523 cm−1 for aromatic
C =C stretching, and 1279 cm−1 for amine C-N stretching [94].
In FTIR spectrum of CS-GQDs layer, the O–H bond

stretching has been linked to the vibrational peaks at 3863
and 3740 cm−1 as shown in Fig. 9. While the peak located at
3010 cm−1 originates due to the stretching of C–H [95–100],
the peaks found at 2783 and 2378 cm−1 originate owing to
the stretching of C = O [96, 101–104]. The available peak at
2139 cm−1 is a result of the stretching vibrations of C ≡ C,
whereas the peaks at 2004 and 1772 cm−1 are attributed to
the stretching vibrations of C = O [95, 105–108]. The band
seen at 1706 cm−1 region corresponds to the vibration of
C= C stretching [109, 110]. The located peak near 1512 cm−1

is due to imine bond — C = N produced because of the
major amines of CS [111]. The peak located at 1342 cm−1

is attributed to the C-H and N-H stretching vibration and the
bending vibrations of C-N = bond [98, 103, 105, 112–114].
That peak at 1210 cm−1 appeared as a result of C-O-C
stretching, and the available peaks at 863, 702, and 587 cm−1

are attributed to C-H bending [104, 105, 108, 110, 115]. The
spectra of CS-GQDs/DA corroborated the loading of DA into
the nanocomposite, since the peaks at 3863, 3740, 3010, and
1512 cm−1 showed a reduction in their intensity attributed
to overlap with the stretching vibrations of N-H bond. Con-
versely, the peaks around 2090, 1342, and 1199 cm−1 showed
enhanced intensity, corresponding to the stretching vibrations
of C-N. The new peak emerged at 618 cm−1 attributed to the
amine C-N stretching [98, 102, 116, 117]. These results show
that CS-GQDs nanocomposite film was effectively deposited
on the gold surface and confirm that DA binding occurred on
the sensor surface, altering its refractive index.
The surface morphology of CS-GQDs/Au bilayer film, prior

to and following the interaction with DA with scanning size of
1µm × 1µm is shown in Fig. 10(a) and Fig. 10(b), respec-
tively. The three-dimensional (3D) AFM image (Fig. 10(c)) of
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FIGURE 8. FTIR spectrum of DA solution. FIGURE 9. FTIR spectrum of CS-GQDs nanocomposite prior to and
after interaction with DA solution (the transmission level with DA was
intensionally increased by a constant for easy comparisson with that
without DA).

(a) (b)

(c) (d)

FIGURE 10. AFM-based analysis of CS-GQDs nanocomposite: (a) The 2D image prior to contact with DA sample; (b) The 2D image following
contact with DA sample; (c) The 3D image prior to contact with DA sample; and (d) The 3D image following contact with DA sample.

CS-GQDs nanocomposite in the absence of DA showed some
broad, divergent peaks of varying heights. Interestingly, the
adsorbed DA molecules on the sensor film clearly affected its
surface morphology, as seen in Fig. 10(b). The peaks became
denser, sharper, shorter, and more uniformly distributed com-
pared with the peaks before DA injection (Fig. 10(d), with

a concentration of 1 fM DA). The average roughness Ra of
the nanocomposite film changed from 1.610 to 0.900 nm when
DA solution was introduced to the sensing system, and Rq de-
creased from 2.080 to 1.130 nm. The obtained results show that
DA binding to the CS-GQDs nanocomposite film happened and
significantly impacted its morphology.
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4. CONCLUSIONS
To conclude, in this study we conducted a thorough analysis
of the sensing performance of the proposed sensor toward the
clinically significant neurotransmitter DA. The sensor’s abil-
ity to detect DA in the presence of other potentially competi-
tive interfering samples was evaluated. The results revealed the
sensor potential to detect extremely low levels of DA solution
(1 pM) even in the presence of higher concentrations of EP, UA,
and AA. Furthermore, the results demonstrated outstanding re-
peatability and reproducibility of the sensor with RSD values of
0.343% and 0.229%, respectively, as well as long-term stabil-
ity. By fitting the experimental data to the PFO kinetic model,
the kinetic behavior of DA molecules on the sensor surface
was also investigated. Real-time DA detection demonstrated
that the obtained response signals were stable after roughly 10
minutes of DA injection at all concentrations. The adsorption
of DA to the CS-GQDs/Au sensor film was validated through
the structural investigation of the sensing film, which revealed
changes in the spectral bands and peak intensities of FTIR spec-
tra, as well as alterations in the sensor film’s surface morphol-
ogy and roughness. The benefits of this sensor’s sensitivity,
selectivity, stability, and efficiency in real-time target detec-
tion, as well as other detecting features, make it superior and
preferable to other sensors.
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