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A B S T R A C T

The selective electrochemical sensor was developed based on the surface functionalized selenium quantum dots 
(SeQDs) by β-cyclodextrin (β-CD) and boronic acid moieties and their incorporation into the multiwall carbon 
nanotubes (MWCNTs) on the GCE and SPE electrodes. The prepared β-CD-SeQDs-APBA-MWCNTs 
nanocomposite-modified electrodes were studied by cyclic voltammetry (CV) and differential pulse voltammetry 
(DPV) techniques for dopamine (DA) sensing. The SeQDs were synthesized using the solid-state hydrothermal 
approach without using solvent and demonstrated the average particle size of 6 nm. Initially, β-CD-modified 
SeQDs (β-CD-SeQDs) and then APBA (i.e., β-CD-SeQDs-APBA), and finally, this β-CD-SeQDs-APBA was func
tionalized with MWCNTs through non-covalent interactions. To the best of our knowledge, the novel β-CD- 
SeQDs-APBA- MWCNTs sensor was selectively detected DA in both GCE and SPE electrodes with the linear 
concentration ranges of 0–1000 nM and 0–5 μM in the PBS buffer using both CV and DPV techniques, respec
tively. These β-CD-SeQDs-APBA-MWCNTs nanocomposite was selectively applied for DA sensing and achieved 
desired detection limits over both GCE; 70.9 nM and 113.38 nM and SPE; 0.76 μM and 0.82 μM electrodes in the 
PBS buffer via CV and DPV techniques, respectively. In addition, nanocomposite showed high stability, repro
ducibility, and improved selectivity. The practicality of the sensor was also investigated for DA sensing in real 
samples like human serum.

1. Introduction

Dopamine (DA), a catecholamine-based neurotransmitter, controls 
the central nervous system, hormonal system, renal system, and meta
bolism. Alzheimer’s, Parkinson’s, Huntington’s, schizophrenia, and 
depression originate from its abnormalities [1]. Endogenous DA levels in 
the brain range from 10 nM to 1 μM, whereas healthy persons have 
levels between 0.01 and 10 μM [2]. Thus, DA detection requires high- 
sensitivity, high-specificity sensors. So far, a myriad of conventional 
detection methods is existing, which include HPLC-MS, capillary elec
trophoresis, chemiluminescence, fluorescence, colorimetry, and surface- 
enhanced Raman spectroscopy (SERS) [3–8]. Unfortunately, these DA 
detection devices are neither cost-effective nor time-saving. In general 
scenario, quantifying DA in physiological fluids aids neurological illness 
diagnosis. Therefore, we need targeted, precise, and simple methods for 

DA determination. Among these, electrochemical sensing is a popular 
approach because of its sensitivity, convenience, robustness, and 
reproducibility. Initially, it is very crucial to achieve highly-selective 
electrochemical sensors for DA determination because of the co- 
existence of structural analogues such as epinephrine (EP) and norepi
nephrine (NE), which can interfere redox peak current signals at glassy 
carbon electrodes (GCEs). By keeping this in mind, our team has been 
dedicated to the designing of divergent electrochemical biosensors for 
DA using 1D, 2D, and 3D materials such as carbon nanotubes (CNTs), 
covalent organic frameworks (COFs), metal organic frameworks 
(MOFs), MXenes, and conjugated microporous polymers (CMPs) [9–12]. 
Among these materials, MOFs appear to be promising due to their 
multifarious potentials, such as excellent porous crystallinity, enormous 
surface area, tunability, and mechanical stability. Significantly, its 
convenient surface functionalization through adopting desirable 
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electrocatalytic features of diversified 0D and conductive materials al
lows them to be explored as excellent sensing materials for detecting DA 
at nanomolar levels [10,11].

In this context, electrochemically active surface-functionalized li
gands are crucial for attaining desired sensitivity. For instance, 
β-cyclodextrin (β-CD) is an oligosaccharide that is composed of seven 
glucose units with a toroidal structure with a hydrophobic inside and a 
hydrophilic outside. β-CD is often used as a molecular receptor because 
it has a high level of molecular selectivity and enantioselectivity. This is 
especially true in medicine, the chemical industry, and electrochemical 
sensors. Till now, multifarious electrochemical sensors using β-CD have 
been reported for DA sensing [13–17]. Based on these studies, it is 
commonly believed that β-CD can enhance the dispersion and stability of 
various nanocomposites [18]. Especially, the host and guest recognition 
capabilities of hydrophobic cavities have the potential to enhance the 
ability of composite materials that identify each other in a distinct 
manner. Moreover, β-CD can contribute substantial electrochemically 
active surface area (EASA) and abundant active sites, and thereby 
accelerating the transfer of electrons between molecules and electrodes, 
and turning sensors into conveniently selective and sensitive devices. By 
forming inclusion complexes, β-CD can participate in both hydrophobic 
and hydrogen-bonding interactions. Thus, β-CD serves as a modulator, 
augmenting the sensitivity and selectivity of electrochemical sensors 
[19]. For instance, through host–guest interactions between β-CD and 
pyridoxal (PYL), our research team has previously designed an ultra- 
sensitive fluorescent sensor that utilizes the ability to switch on the 
fluorescence based on DA concentrations [20].

Semiconductor nanocrystals, or quantum dots (QDs), are nano
materials with diameters ranging from 2 to 10 nm. These materials differ 
from bulk materials due to their high surface-to-volume ratio and 
adjustable bandgap, which are a result of quantum confinement phe
nomena. High photochemical stability, narrow emission spectra, and 
wide absorption spectra distinguish QDs as fluorescent. Their unique 
optical and electrical characteristics have led to applications in biology, 
medicine, sensing, energy, electronics, polymers, and optoelectronics. 
Researchers have dedicated decades to creating QD materials that 
combine any metal with a chalcogenide element from group VI. The 
common chalcogenides include selenium (Se), tellurium (Te), and sulfur 
(S). Numerous researchers have extensively studied compounds con
taining cadmium, such as CdTe and CdSe. Despite its remarkable pho
toluminescence and electric/optoelectronic characteristics, its 
hazardous toxicity prompts researchers to seek alternatives [21,22]. In 
this regard, several reports have already been published based on the 
SeQDs [23–25]. Yang et al. developed a reversible fluorescent probe 
based on the extensive radical scavenging property of the SeQDs. These 
probes exhibit superior sensitivity and selectivity in scavenging •OH 
radicals and monitoring their activities in living cells [26]. In recent 
times, research has been widely expanded to the synthesis of sole SeQDs, 
selenide-based QDs, and Se-doped nanozymes for sensing and radical 
scavenging applications [27–29]. For instance, Li et al., synthesized 
SeQDs using selenocystine as a precursor via hydrothermal method. But, 
the average diameters of the SeQDs were very large i.e., in the range of 
20–40 nm, which attributed to their intermolecular hydrogen bonding 
effects [30]. In another study, researchers produced trigonal silica- 
SeQDs using selenous acid (H2SeO3) and tetraethyl orthosilicate 
(TEOS) as precursors by employing a solvothermal approach at 150 ◦C. 
Though, these silica-SeQDs were investigated for curcumin sensing by 
fluorescence approach, unfortunately, the larger average diameters (i.e., 
60 and 120 nm) of the prepared silica-SeQDs are suffering for electro
chemical sensing purposes [31]. Huang et al. developed sulfur/ 
selenium-doped CQDs using sodium selenite as the selenium precursor 
by hydrothermal method. These selenium-codoped CQDs were exhibited 
a better narrow size distribution with an average size around 6 nm and 
exploited for radical scavenging abilities [32]. Based on the molecular 
structure of DA, its electrooxidation can occur by transforming hydroxyl 
(–OH) groups into ketonic (C = O) groups. Adding heteroatoms, like 

chalcogenides, to QDs has been shown in many studies to improve their 
surface features, electronic structures, and charge carrier mobility. 
Earlier studies also suggested that the availability of redox centers from 
chalcogenide sites significantly enhances the electrocatalytic sensing 
capabilities for a diverse range of molecules [31,33–35].

According to numerous research studies, it is suggested that the QDs, 
or CDs, contain specific chemical moieties, such as boronic acid (B-OH) 
groups, that demonstrate an impressive capability to recognize 1,2-cis- 
diol-functional compounds like DA. Especially at pH around 7.4, the (B- 
OH) groups adopt a tetrahedral configuration, enhancing their ability to 
bind with DA. For instance, the large surface area of the CNTs signifi
cantly enhanced the density of the (B-OH) receptors over the electrode 
surfaces and immediately allowed them to specifically interact with DA 
[36–38].

Unfortunately, pristine multiwall carbon nanotubes (MWCNTs) 
aren’t very selective or sensitive because there isn’t much charge 
transfer and their inefficiency for sufficient chemical interactions with 
the analyte molecules. In this context, the convenient surface function
alization of the MWCNTs is allowing the enhancement of the interfacial 
interaction with analytes [39]. Thus, in recent times, surface function
alized MWCNTs or its integration with other nanoscale materials (i.e., 
nanohybrids) including 0D, 1D, and 2D materials have gotten a lot of 
attention owing to their unique properties, such as their high chemical 
stability, reasonable specificity, and chemical reactivity in electro
chemical sensor applications [40–44]. Molecular partners that either 
donate or accept electrons are more likely to stick to nanotubes because 
they have polar groups on their surface, which makes for a beneficial 
response [45–47].

Inspired by the above discussion, our team developed a nano
composite in this study, consisting of MWCNTs and surface- 
functionalized SeQDs. The SeQDs were modified in the following 
manner: firstly, through β-CD (i.e., β-CD-SeQDs) and then APBA (i.e., 
β-CD-SeQDs-APBA) moieties, and finally, β-CD-SeQDs-APBA was con
jugated with MWCNTs via non-covalent interactions. To the best of our 
knowledge, the novel β-CD-SeQDs-APBA- MWCNTs sensor was selec
tively detected DA in both GCE and SPE electrodes with the linear 
concentration ranges of 0–1000 nM and 0–5 μM in the PBS buffer using 
both CV and DPV techniques, respectively (Scheme 1).

2. Experimental section

2.1. Materials and Reagents

All chemicals and solvents were purchased from commercial sup
pliers and used without further purification. L-Selenocystine 
(C6H12N2O4Se2), dopamine hydrochloride (C8H11NO2⋅HCl), γ-amino
butyric acid (NH2(CH2)3COOH), serotonin (C10H12N2O), epinephrine 
(C9H13NO3 ⋅ HCl), norepinephrine (C8H11NO3 ⋅ HCl), L-ascorbic acid 
(C6H8O6), L-glutamic acid (C5H9NO4), L-cysteine hydrochloride 
(HSCH2CH(NH2)COOH ⋅ HCl), 1-ethyl-3-(3-dimethylaminopropyl) car
bodiimide hydrochloride (EDC), N-hydroxy-succinimide (NHS), human 
serum (male AB plasma), and sodium hydroxide (NaOH) were obtained 
from Sigma Aldrich. Deionized water was used for all experiments. 
Hydrochloric acid (HCl) and ethanol were obtained from Duksan, South 
Korea. Deionized water and Phosphate-buffered saline (PBS, 10 mM, pH 
7.4) was used for sensing experiments.

2.2. Characterizations

SEM images were acquired from a Hitachi S-4700 FE-SEM (Japan). 
For all samples, imaging was performed in a high vacuum at an emission 
current of 9000nA. TEM was performed using JEM 3010, JEOL Ltd., 
Japan, at 300 kV. All sample solutions were treated in an ultrasonic 
(Branson bransonic ultrasonic bath) bath before the deposition to reduce 
aggregation. Powder X-ray diffraction (PXRD) patterns of the samples 
were measured using Ultima IV diffractometer (Rigaku) at the Smart 
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Materials Research Center for IoT (SMRCI), Gachon University under a 
4-kW X-ray generator (scan range: 2θ = 5–90◦). The Fourier transform 
infrared spectra were recorded in the range 200–4000 cm− 1 on Vertex 
70, Bruker, USA. Xray photoelectron spectra (XPS) were measured using 
the Thermo Scientific K- Alpha™ X-ray Photoelectron Spectrometer 
with a range of motion (100–4000 eV), 128 channel detectors, a double- 
focusing hemispherical analyzer (180), and a micro-focused X-ray 
source (Al Kα). Cyclic voltammetry and DPV were carried out in WizMac 
WizEIS-1200 Premium voltammeter at room temperature in a standard 
three-electrode cell, where a glassy carbon (GC) (area = 0.07 cm2) is 
used as the working electrode, Pt wire as the counter electrode, and Ag/ 
AgCl/KCl (sat) as reference electrode. Before each casting, GCE was 
polished with alumina slurry (0.05 μm) in an eight-shaped direction and 
cleaned with ethanol and DI water. We purchased the scree-printed 
carbon electrode (SPCE), Poten from Shenzhen More-Suns Electronics 
co. Ltd, China.

2.3. Synthesis of SeQDs

In this study, SeQDs were synthesized via solid-state hydrothermal 
approach. In a typical synthesis, selenocystine (100 mg) was placed in 
beaker and the pH was maintained at 9 by adding NaOH to enhance the 
solubility of selenocystine. The resulting powdered solution was taken in 
a Teflon-lined autoclave and heated at 60 ◦C for 10 h. The as-synthesized 
cream-color solution of SeQDs washed thoroughly thrice using DI water 
and centrifuged (9000 rpm for 20 min). Further, SeQDs were dialyzed 
against DI water for 24 h using a dialysis membrane (MWCO: 100–500 
D) and filtered through a syringe filter (0.22 μm) to remove impurities. 
Finally, SeQDs were dried under hot-air oven and refrigerated for 
further functionalization purposes. The purified SeQDs were dissolved 
in 100 mL DI water for further functionalization steps.

2.4. Synthesis of β-CD-SeQDs

In a typical synthesis, 20 mg of β-CD and 5 mL of SeQDs were ultra- 
sonicated for 30 min. To the above-solution, 25 mL of PBS (10 mM, pH 
7.4) was added and finally obtained the β-CD-SeQDs. The β-CD-SeQDs 
were rinsed, washed thrice using DI water and centrifuged (9000 rpm for 
20 min). Further, β-CD-SeQDs were dialyzed against DI water for 24 h by 
employing a dialysis membrane (MWCO: 100–500 D) and filtered 

through a syringe filter (0.22 μm) to remove un-reacted β-CD moieties 
and allied impurities. Finally, β-CD-SeQDs were freeze-dried and 
refrigerated for further characterization and electrochemical sensing 
experiments.

2.5. Synthesis of β-CD-SeQDs-APBA

The β-CD-SeQDs-APBA was prepared by EDC/NHS coupling reac
tion. Herein, 15 mg of EDC was added to 20 mL of PBS and thoroughly 
shaken for 30 min and obtained a white-colored solution. To this solu
tion, 10 mg of NHS was added and stirred for 2 h and finally 10 mg of 
APBA was mixed and continuously stirred for 3 h under room temper
ature. The resulting β-CD-SeQDs-APBA was rinsed and washed thrice 
with DI water and centrifuged thrice (9000 rpm for 20 min). Further, 
β-CD-SeQDs-APBA was dialyzed against DI water for 24 h using a dial
ysis membrane (MWCO: 100–500 D) and filtered using a syringe filter 
(0.22 μm) to purify un-reacted APBA and β-CD-SeQDs. Finally, β-CD- 
SeQDs-APBA was freeze-dried and refrigerated for further character
ization and electrochemical studies.

2.6. Synthesis of β-CD-SeQDs-APBA@MWCNTs nanocomposite

In a typical synthesis of final nanocomposite (β-CD-SeQDs- 
APBA@MWCNTs), 10 mg of MWCNTs were dispersed in DI water (25 
mL) and the solution was ultrasonicated for 1 h. Later, 10 mg of β-CD- 
SeQDs-APBA was added to the dispersed solution of MWCNTs and 
ultrasonicated for 2 h. Consequently, black-colored nanocomposite of 
β-CD-SeQDs-APBA@MWCNTs was obtained in the form of dispersed 
suspension. The nanocomposite was washed thrice with DI water and 
centrifuged thrice (9000 rpm for 20 min) to remove un-reacted pristine 
MWCNTs and β-CD-SeQDs-APBA moieties. Further, nanocomposite was 
freeze-dried and refrigerated for further characterization and electro
chemical studies. The corresponding digital photographs of the 
powdered forms of precursors and the resulting SeQDs, β-CD-SeQDs, 
β-CD-SeQDs-APBA, and β-CD-SeQDs-APBA@MWCNTs are illustrated in 
Fig. S1.

Scheme 1. Schematic illustration for the synthesis of β-CD-SeQDs-APBA-MWCNTs and its electrochemical detection of DA.
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2.7. Electrochemical characterization of modified GCEs and SPEs for DA 
sensing performance

Our research team has investigated the electrochemical sensing 
response of DA by employing different modified electrodes such as GCEs 
and SPEs at a pH of 7.4 via CV and DPV techniques. Furthermore, we 
studied the comparison of electrochemical behavior for the different 
modified electrodes, including SeQDs, β-CD-SeQDs, β-CD-SeQDs-APBA, 
and β-CD-SeQDs-APBA@MWCNTs-GCEs and − SPEs, at a fixed concen
tration of DA in PBS. We used 1 mM PBS (pH = 7.4) for obtaining the 
impedance response from SeQDs, β-CD-SeQDs, β-CD-SeQDs-APBA, and 
β-CD-SeQDs-APBA@MWCNTs-GCEs and − SPEs in frequency ranging 
from 0.1 Hz to 106 Hz with an amplitude of 10 mV. The 0.5 mg of β-CD- 
SeQDs-APBA@MWCNTs was dispersed in 1 mL of ethanol and further 
we added 30 μL of nafion solution and sonicated for 15 min. From the 
above solution, 10 μL of sample was coated on the GCE and SPE, and 
finally, we conducted electrochemical experiments using CV and DPV 
techniques in the range from − 0.5 to + 0.5 V.

3. Results and discussion

3.1. Materials characterization

The morphological features of the prepared SeQDs, β-CD-SeQDs, 
β-CD-SeQDs-APBA, and β-CD-SeQDs-APBA@MWCNTs were investi
gated by TEM and SEM techniques. The as-synthesized SeQDs exhibited 
a uniform dispersion with spherical shape with an average particle size 
of 6 nm [Fig. 1. a, b (inset)] [32]. After the modification of SeQDs 
through the β-CD (i.e., β-CD-SeQDs), the sheet like appearance can be 
visible over the surfaces of SeQDs (Fig. 1. c). This appearance is results 
from the β-CD moieties and corroborated with the previous β-CD- 
modified CDs [20]. However, a slight increase in the aggregation of 
SeQDs can be observed, which has been resulted from the β-CD moieties. 

Further, the final nanocomposite (β-CD-SeQDs-APBA@MWCNTs) has 
shown the long tubular coil-like morphologies with an average dimeter 
of 60.4 nm, where the spherical nanostructures of the prepared β-CD- 
SeQDs-APBA were embedded on the surfaces of the final nanocomposite 
[Fig. 1. d, e (inset)]. These results are consistent with the morpho
logical features of the formerly reported covalently functionalized 
MWCNTs with selenium-derivatives [46]. Further, morphologies of 
β-CD-SeQDs-APBA@MWCNTs were investigated through the TEM im
ages at other magnifications, which again confirmed the similar 
morphology (Fig. S2). In addition, SEM images of β-CD-SeQDs- 
APBA@MWCNTs were analyzed at different magnifications, which 
demonstrated the similar morphology as seen from TEM images [Fig. 1. 
f (inset)]. The obtained morphologies of the final nanocomposite are 
highly corroborated with the earlier synthesized nanohybrids [41,46]. 
The EDX-elemental mapping analysis for the SeQDs has exhibited 
mainly carbon (C), oxygen (O), and selenium (Se) elements (Fig. S3a-c). 
Further, it is confirmed with the EDX spectral analysis, as shown in 
Fig. S4. From the SEM images of β-CD-SeQDs, it is signified that the 
aggregation of SeQDs has resulted from the β-CD moieties (Fig. S5). 
However, as compared to the morphology of β-CD-SeQDs, high existence 
of the spherical nature was observed in the β-CD-SeQDs-APBA, which 
suggests that the APBA moieties were embedded well all over the sur
faces of β-CD-SeQDs (Fig. S6). Further, the EDX-elemental mapping 
analysis and the SEM-EDX spectral analysis reveals the presence of el
ements including C, O, and Se (Fig. S7a-c and Fig. S8). Further, the 
EDX-elemental mapping analysis and the EDX spectral analysis showed 
the elements C, O, Se, N, and Na (Fig. S9a-c and Fig. S10).

The phase composition of the pristine MWCNTs, SeQDs, β-CD-SeQDs, 
β-CD-SeQDs-APBA, and β-CD-SeQDs-APBA@MWCNTs were thoroughly 
investigated through the powder XRD technique (Fig. 2a). The XRD 
pattern for the pristine MWCNTs has shown two distinct peaks at 25.94◦

and 43.81◦, which corresponds to the graphitic planes of (002) and 
(100), respectively (black curve) [39]. The XRD pattern of the prepared 

Fig. 1. (a, b) TEM images of SeQDs. The inset (b) shows the particle size histogram of SeQDs. (c) Low-resolution TEM image of β-CD-SeQDs. The inset (c) shows the 
high-resolution TEM image of β-CD-SeQDs. (d, e) TEM images of β-CD-SeQDs-APBA@MWCNTs. The inset (e) shows the low and high-resolution TEM images of β-CD- 
SeQDs-APBA@MWCNTs. (f) SEM image of β-CD-SeQDs-APBA@MWCNTs. The inset (f) representing the high-resolution SEM image of β-CD-SeQDs-APBA@MWCNTs. 
Scale bars: 1 µm and 0.5 µm, respectively.
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SeQDs has shown the multiple sharp peaks at 26◦, 28.88◦, 41.26◦, 
44.97◦, 48.12◦, 52.41◦, 55.08◦, 60.30◦, 62.59◦, 64.98◦, and 71.63◦

corresponding to the (100), (101), (110), (102), (111), (201), (112), 
(103/202), (210), (211), and (113), respectively (blue curve). These 
lattice planes were attributed to the bulk selenium, and signify the for
mation of trigonal SeQDs as indexed from the formerly reported similar 
XRD patterns (JCPDS card no. 06–0362) [31,48]. The other short- 
intense peaks were observed in the region between 20 and 25◦ are 
responsible for the carbonization while formation of the SeQDs [49]. 
Further, XRD pattern of β-CD-SeQDs has shown moderately sharp peaks 
at 27.2◦ and 28.02◦. The high intensity sharp peaks were observed at 
31.76◦, 45.45◦, 56.27◦, 66.20◦, 75.23◦, and 83.74◦, which are resulted 
from the SeQDs (green curve). Interestingly, XRD patterns of β-CD- 
SeQDs-APBA has also shown the similar sharp peaks, which suggests 
that the boronic acid-functionalization of the β-CD-SeQDs does not affect 
the crystal phase of native SeQDs (brown curve). In the XRD patterns of 
β-CD-SeQDs-APBA@MWCNTs, the peak at portion between 20 and 30◦

is apparently broadening, where a graphitic plane of (002) was observed 
at 25.77◦, which resulted from the pristine MWCNTs [39]. Meanwhile, 
the other portion following the very similar XRD patterns of β-CD- 
SeQDs-APBA (red curve). These results are highly consistent with the 
earlier reported XRD patterns of covalently functionalized MWCNTs by 
selenium-derivatives [46]. Overall, these results are highly signifying 
that the final nanocomposite was successfully synthesized from the two 
different nanomaterials i.e., MWCNTs and SeQDs.

Fig. 2b shows the FT-IR spectra of the prepared SeQDs, β-CD-SeQDs, 
β-CD-SeQDs-APBA, and β-CD-SeQDs-APBA@MWCNTs, which demon
strated their chemical environment and divergent functional groups. 
The FT-IR spectrum of SeQDs has shown typical (–OH) stretching vi
brations around 3020 and 3456 cm− 1. The bands at 1029, 1063, 1644, 
and 1693 cm− 1 are responsible for the (C–O), (C–C), (C = C), and (C =
O) stretching vibrations, respectively [2]. The two bands at 2834 and 
2916 cm− 1 are attributed to (C–H) stretching vibrations. The bending 
vibrations of (C–O) and (C–H) groups were identified at 1323 and 1427 

Fig. 2. (a) XRD patterns of the pristine MWCNTs, SeQDs, β-CD-SeQDs, β-CD-SeQDs-APBA, and β-CD-SeQDs-APBA@MWCNTs, (b) FT-IR spectra of the SeQDs, β-CD- 
SeQDs, β-CD-SeQDs-APBA, and β-CD-SeQDs-APBA@MWCNTs, and (c) TGA plots for the SeQDs and β-CD-SeQDs-APBA@MWCNTs.
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cm− 1. In the FT-IR spectrum of β-CD-SeQDs, stretching vibrations of 
(C–O), (C-N), (C = C), and (C = O) groups were observed at 1204, 1330, 
1638, and 1693 cm− 1, respectively. The bending vibrations of (C = C), 
(C–H), and (N–H) groups were observed at 997, 1441, and 1560 cm− 1, 
respectively. The peak at 1408 cm− 1 is assigned for the asymmetric 
stretching vibrations of (COO–) groups. Significantly, the broadening of 
the band was observed at 3009 and 3460 cm− 1, which implied the 
presence of typical (–OH) stretching vibrations. The typical band at 
1121 cm− 1 is responsible for the stretching vibrations of (C-O-C), which 
formed from the β(1,4)- glycosidic bonds from β-CD structure [20,50]. 
These results are corroborating with the similar chemical environments 
of the earlier β-CD-modified CDs and thereby suggesting that the SeQDs 
were functionalized with the β-CD moieties [13,20]. Further, the APBA- 
functionalization of the β-CD-SeQDs was confirmed by the presence of 
multiple peaks at 1022, 1293, 1336, 1411, and 1713 cm− 1, which are 
responsible for the (B-O–H) deformation, (C-B), (C–N), (B-O), and (C =
O) stretching vibrations, respectively [51]. The peaks at 1119 and 1198 
cm− 1 are ascribed to the B-O–H bending vibrations. The bands at 1432 
and 1596 cm− 1 are attributed to the bending vibrations of (C–H) and 
(N–H) groups, respectively [52]. In addition, the two bands at 2848 and 
2959 cm− 1 are responsible for the (C–H) stretching vibrations. The ab
sorption bands were slightly shifted to 3002 and 3455 cm− 1, which 
signifies the existence of (–OH) stretching vibrations. The existence of 
(C = O), (N–H), and (–OH) groups on the surface of β-CD-SeQDs-APBA 
nanostructures signify the formation of amide (O = C-N–H) bond 
through the EDC/NHS coupling reaction [53]. The FT-IR spectrum of the 
final nanocomposite i.e., β-CD-SeQDs-APBA@MWCNTs has demon
strated two bands at 1126 and 1196 cm− 1, which are ascribed to B-O–H 
bending vibrations. The bands at 1244, 1336, 1411, and 1699 cm− 1 are 
attributed to (C-B), (C-N), (B-O), and (C = O) stretching vibrations, 
respectively. The bands at 1438 and 1574 cm− 1 are responsible for the 
bending vibrations of (C–H) and (N–H) groups, respectively. The peak at 
1409 cm− 1 is assigned for the asymmetric stretching vibrations of 
(COO–) groups. Both absorption bands of (–OH) stretching vibrations 
from the FT-IR spectrum of β-CD-SeQDs-APBA were slightly shifted to 
3040 and 3458 cm− 1.

The thermal stability for the SeQDs and β-CD-SeQDs- 
APBA@MWCNTs was studied using the TGA analysis (Fig. 2c). The 
initial weight losses (14.8 % and 6.4 %) were observed from the SeQDs 
and β-CD-SeQDs-APBA@MWCNTs at temperatures 139◦ and 132◦, 
respectively. These weight losses are responsible for the degradation of 
hydroxyl (O–H) moieties on the surfaces of both SeQDs and final 
nanocomposite. More importantly, in the temperature range between 
139◦-700◦, SeQDs exhibited high thermal stability with a low weight 
loss of 3.27 %. This also imply that the synthesized SeQDs comprising of 
possibly elemental selenium rather than in ionic form, which accounted 
for its high thermal stability [54]. While in the case of β-CD-SeQDs- 
APBA@MWCNTs, the temperature range between 132◦-396◦, further 
weight loss (11.50 %) was occurred. Significantly, at the temperature 
above 350◦, the degradation of β-CD moieties will occur due to the 
depolymerization of its glycosidic linkages [55]. Around the tempera
ture range of 396◦ to 700◦, the final weight loss of 17.98 % was observed 
in the β-CD-SeQDs-APBA@MWCNTs. This is mainly due to the decom
position of aromatic conjugated heteroatom organic moieties; (C = O) 
(C-N), and (B-OH). In addition, the decomposition of carbon backbone 
of MWCNTs from the β-CD-SeQDs-APBA@MWCNTs was also contrib
uted to the final weight loss [56]. The overall weight losses of 18.07 % 
and 41.59 % were observed in the SeQDs and final nanocomposite, 
respectively (blue and black curves). The overall less weight loss% of 
SeQDs in contrast to the final nanocomposite is believed to be the for
mation of highly stable carbonized SeQDs. Again, these results are 
suggesting that that the final nanocomposite is properly constructed 
with functionalized β-CD-SeQDs-APBA and MWCNT nanostructures.

The chemical valence states of the SeQDs, β-CD-SeQDs-APBA, and 
β-CD-SeQDs-APBA@MWCNTs were studied by employing XPS tech
nique. The total survey spectrum of SeQDs showed different elements 

including Se 3d, C 1 s, Na KLL, O1s, and Na 1 s with binding energies of 
61.71, 284.69, 495.7, 530.65, and 1072.33 eV, respectively (Fig. S11a). 
The corresponding individual high-resolution XPS spectra for the SeQDs 
are shown in Fig. S11b-e. The high-resolution XPS spectra of Se 3d show 
two main deconvoluted peaks at 53.73 and 59.03 eV indicating Se 3d5/2 
and Se 3d3/2, respectively (Fig. S11b) [57]. The high-resolution XPS 
spectra of C 1 s show binding energies of 285.11 and 288.89 eV, which 
are responsible for the (C–C/C = C/C-Se) and (O-C = O), respectively 
(Fig. S11c) [27]. The XPS spectra of the O 1 s demonstrate four distinct 
peaks attributed to the (C-O), (C-OH/C-O-C), (Na KLL), and (O-C = O) 
functional groups at 529.86, 531.31, 532.66, and 534.16 eV, respec
tively (Fig. S11d). The XPS spectrum of Na 1 s revealed a typical peak at 
1071.50 eV (Fig. S11e).

Furthermore, the valence states of the different chemical species 
were investigated for the as-functionalized β-CD-SeQDs-APBA using XPS 
analysis. The total survey spectrum of β-CD-SeQDs-APBA revealed a 
myriad of elements including Se 3d, B 1 s, C 1 s, N 1 s, O 1 s, and Na 1 s at 
54.12, 191.14, 285.05, 532.45, and 1072.35 eV, respectively 
(Fig. S12a). The corresponding individual high-resolution XPS spectra 
for the β-CD-SeQDs-APBA are shown in Fig. S12b-f. The high-resolution 
XPS spectra of C 1 s show four deconvoluted peaks at 283.48, 284.78, 
286.01, and 287.92 eV, which are assigned to the (C-B), (C–C/C = C/C- 
Se), (C-N/C-O), and (C = O/N-C = O), respectively (Fig. S12b). The XPS 
spectra of the N 1 s exhibited three peaks at 398.54, 399.96, and 401.2 
eV, which are responsible for the pyridinic-N, pyrrolic-N, and graphitic- 
N, respectively (Fig. S12c). The XPS spectra of the O 1 s demonstrate 
four distinct peaks attributed to the (B-O), (C-O), (C-OH), and (C = O) 
moieties at 530.2, 531.63, 532.73, and 534.05 eV, respectively 
(Fig. S12d). The appearance of (C =O), (N–H), and (–OH) moieties from 
the XPS spectra also suggests that the synthesized β-CD-SeQDs-APBA 
was formed due to the amide (O = C-N–H) bond existence by the EDC/ 
NHS conjugation [53]. The XPS spectrum of B 1 s revealed three peaks at 
190.13, 191.94, and 193.76 eV, which are attributed to the (B-N), (B-C), 
and (B-O) functional groups, respectively (Fig. S12e) [58]. The high- 
resolution XPS spectrum of Se 3d show a typical deconvoluted peak at 
54.03 eV (Fig. S12f).

Furthermore, the valence states of the different elements were 
investigated for the as-functionalized β-CD-SeQDs-APBA@MWCNTs via 
XPS analysis. The total survey spectrum of β-CD-SeQDs- 
APBA@MWCNTs revealed multiple chemical species such as Se 3d, B 1 
s, C 1 s, N 1 s, O 1 s, and Na 1 s at 54.15, 189.66, 284.88, 531.61, and 
1070.26 eV, respectively (Fig. 3a). The individual high-resolution XPS 
spectra for the β-CD-SeQDs-APBA@MWCNTs are shown in Fig. 3b-f. The 
high-resolution XPS spectra of C 1 s show four deconvoluted peaks at 
283.6, 284.76, 286.35, and 288.14 eV, which are assigned to the (C-B), 
(C–C/C = C), (C-N/C-O), and (C = O), respectively (Fig. 3b) [59]. The 
XPS spectra of the O 1 s demonstrate three peaks responsible for the (B- 
O), (C-OH), and (C = O) functional groups at 530.3, 531.79, and 535.1 
eV, respectively (Fig. 3c). The XPS spectra of the N 1 s exhibited two 
peaks at 399.16 and 401.64 eV, which are responsible for the pyrrolic-N 
and graphitic-N, respectively (Fig. 3d). The XPS spectrum of B 1 s 
revealed three peaks at 188.28, 189.44, and 191.27 eV, which are 
accredited to the (B-C), oxidized (B-C), and (B-O) moieties, respectively 
(Fig. 3e) [60]. The high-resolution XPS spectrum of Se 3d show a very 
weaker signal at the binding energy region range of 52–58 eV in contrast 
to the same of β-CD-SeQDs-APBA (Fig. 3f). This is significantly attrib
uted to the prevalent domination of oxidized moieties of (B-C) and (B-O) 
groups rather than the Se-related components on the surfaces of 
MWCNTs during the formation of final nanocomposite.

3.2. Electrochemical behavior of β-CD-SeQDs-APBA@MWCNTs

Fig. 4a shows the electrochemical behavior of pristine SeQDs, β-CD- 
SeQDs, and β-CD-SeQDs-APBA@MWCNTs. The peak current intensity of 
SeQDs-GCE (23.88 μA) is minimally higher than that of bare GCE (22.83 
μA) implying that the minute conductive capacity of pristine SeQDs. In 
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the case of β-CD-SeQDs-GCE, the increase in the current intensity (25.73 
μA) was distinguishable, which is due to the presence of multiple hy
droxyl groups and oxygen atoms, which in turn can enhance the electron 
transfer and surface hydrophilicity. Interestingly, the peak current in
tensity of the final nanocomposite i.e., β-CD-SeQDs-APBA@MWCNTs- 
GCE was much improved (33.01 μA) in contrast to the β-CD-SeQDs-GCE, 
which is mainly attributed to the synergic effect of the final nano
composite that enable sufficient electron transfer between β-CD-SeQDs- 
APBA and β-CD-SeQDs-APBA@MWCNTs-GCE [17]. Following the 
modification of pristine SeQDs to the final nanocomposite (β-CD-SeQDs- 
APBA@MWCNTs), the electrical conductivity was increased. Further
more, the redox behavior of the β-CD-SeQDs-APBA@MWCNTs was 
investigated using 1 μM DA by altering the voltage in the range of 
10–500 mV/s, as shown in Fig. 4b. The difference in the high scan rate 
results in an induced peak current response, which demonstrating the 
typical redox reaction response of DA towards the final nanocomposite. 
However, the linear current response was observed with regards to the 
scan rate of 10–500 mV/s (R2 = 0.995) (Fig. S13a). The relationship 
between the logarithm of the peak current and the logarithm of the scan 
rate yields a slope of 0.68, indicating that the electrochemical sensing of 
DA at the modified GCE is primarily governed by a diffusion-controlled 
mechanism (Fig. 4c). However, the slope deviates from the ideal value of 
0.5, which is characteristic of purely diffusion-controlled processes, 

suggesting a secondary contribution from adsorption effects. This im
plies that while DA molecules predominantly diffuse to the electrode 
surface for oxidation, a portion of them also adsorb onto the modified 
electrode’s surface during the electrochemical reaction. The modified 
electrode’s surface properties, such as enhanced conductivity and active 
sites provided by the incorporated materials, likely facilitate this partial 
adsorption. Consequently, the sensing mechanism involves a combina
tion of diffusion-dominated mass transport and adsorption-influenced 
behavior, resulting in improved sensitivity and selectivity for DA 
detection [11].

The influence of the pH (1 μM DA) on the current response of the 
β-CD-SeQDs-APBA@MWCNTs-GCE was investigated in acidic and 
alkaline environments (Fig. 4d and Fig. S13b). Due to the protonation 
effect, the rise in the peak current intensities were observed in acidic pH 
values ranging from 5.475 to 6.84. The high proportions of protonated 
nitrogen available in the DA quinone can sufficiently interact with the 
surfaces of the β-CD-SeQDs-APBA@MWCNTs-CGE and improves the 
current response. Meanwhile, a distinguishable decline and a slight shift 
was observed in the peak current intensities at neutral pH values of 
7.215 and 7.4. This response is believed to be the deprotonation effect 
that led to the less availability of protons and for the oxidation of DA to 
DA quinone requires high electrode potential and shifting the current as 
well as redox potential to negative values [10].

Fig. 3. (a) XPS total survey spectra of β-CD-SeQDs-APBA@MWCNTs, (b-f) high-resolution individual XPS spectra of C 1 s, O 1 s, N 1 s, B 1 s, and Se 3d.
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Furthermore, the redox behavior of the β-CD-SeQDs- 
APBA@MWCNTs-SPE was investigated using 5 μM DA by varying the 
voltage in the range of 50–500 mV/s (Fig. S14a). By increasing the scan 
rate, an increased peak current response was observed, which revealing 
the characteristic redox reaction behavior of DA for the prepared final 
nanocomposite. Also, the linear current response was remarkable from 
the scan rate of 50–500 mV/s (R2 = 0.9956) (Fig. S15). The similar 
behavior was observed in the β-CD-SeQDs-APBA@MWCNTs-SPE with a 
remarkable shift in the peaks of anodic current at higher scan rates, 
which is responsible for the formation of diffusion layer by the β-CD- 
SeQDs-APBA@MWCNTs-SPE. Thus, it is typically signified that the 
redox behavior is based on the diffusion-controlled mechanism [11]. 
The Nyquist plot demonstrates that β-CD-SeQDs-APBA@MWCNTs-SPE 
had a lower charge transfer resistance (Rct) value than bare SPE 
(Fig. S14b). The Rct values for the bare SPE, SeQDs-SPE, β-CD-SeQDs- 
SPE, β-CD-SeQDs-APBA-SPE, and β-CD-SeQDs-APBA@MWCNTs-SPE 
were calculated to be 731.11, 783.38, 183.56, 182.94, and 179.82 Ω, 
respectively. The lower Rct value for β-CD-SeQDs-APBA@MWCNTs-SPE 
signify that the sufficient electron transfer occurs between the final 
nanocomposite and electrolyte, which is attributed to its desired con
ductivity [11,17].

3.3. DA sensing using β-CD-SeQDs-APBA@MWCNTs

The redox process of DA using β-CD-SeQDs-APBA@MWCNTs-GCE 
was investigated by employing CV and DPV techniques. Fig. 5 shows the 

CV plot for DA sensing and linear regression plot of DA concentration vs 
current. The peak current was observed around − 0.0213 V, and the 
current was linearly increased by increasing DA concentration from 0 to 
1000 nM (Fig. 5a). The plot showed a good linear regression coefficient 
of R2 = 0.9933 within the linear range of 200–1000 nM with a limit of 
detection (LOD) of 70.9 nM (Fig. 5b). The desired current response for 
the final nanocomposite during the DA oxidation is attributed to the 
favorable features those include rapid electron transfer, high adsorbing 
efficiency for DA, and increased surface area.

Meanwhile, the DPV plot was drawn for DA sensing and a linear 
relationship plot of DA concentration vs current. The peak current was 
observed around − 0.084 V, and the current was linearly increased by 
increasing DA concentration from 0 to 1000 nM (Fig. 5c). The plot 
showed a good linear regression coefficient of R2 = 0.983 within the 
linear range of 200–1000 nM with a LOD of 113.38 nM (Fig. 5d). The 
increased sensitivity of the final nanocomposite, while DQ formation 
can be attributed a wide-variety of superior features such as lower 
charge transfer resistance, fast electron transfer, host–guest interaction, 
and improved surface area. Altogether, the DA oxidation in DPV method 
involves a combined processes of diffusion and adsorption [10,11]. 
Table 1 summarizes the comparison of the sensing performance of the 
prepared final nanocomposite i.e., β-CD-SeQDs-APBA@MWCNTs-GCE 
with previously modified electrode materials [9,10,14,17,18,41,61–63]. 
Formerly, divergent 0D to 3D nanomaterial-based composites have 
already been designed for DA sensing, most of them are suffered from 
low sensitivity with a micromolar level detection. In the case of 

Fig. 4. (a) CV curves for the bare GCE, SeQDs-GCE, β-CD-SeQDs-GCE, and β-CD-SeQDs-APBA@MWCNTs-GCE in 1000 nM DA. (b) CV curves for the β-CD-SeQDs- 
APBA@MWCNTs-GCE regarding peak current vs. scan rate from 10-500 mV/s in 1000 nM DA. (c) The Log (scan rate) vs. Log(A) for 1000 nM DA. (d) pH response of 
β-CD-SeQDs-APBA@MWCNTs-GCE in 1000 nM DA by CV curves.
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preparation of few nanocomposites, still challenges are need to be 
rectified, which include high-cost burden, need of sophisticated post- 
synthetic modification, and uplifting of poor stability [10,11,61]. 
Though, different β-CD-modified nanocomposites have been designed 
for DA sensing, their low sensitivity and minimal linear DA concentra
tion windows are the major limitations to be emerged as potential sen
sors [14,17,18]. Based on the above-discussions, it is signified that the 
our β-CD-SeQDs-APBA@MWCNTs-GCE sensor is superior in terms of 
facile synthesis, cost-effectiveness, and sensitivity. The achieved desired 
electrochemical sensitivity is mainly attributed to the enhanced elec
troactive surface area (EASA) by the incorporation of SeQDs and its 
synergistic effect through the integration of MWCNTs. Significantly, the 
β-CD-SeQDs-APBA provide reasonable electrical conductivity to the 
electrode surface by the abundant negatively charged (–OH) moieties, 
electrostatic interactions, and π-π stacking with MWCNTs 
[14,17,18,39,64]. Further, the possible electrochemical sensing 

mechanism for the proposed β-CD-SeQDs-APBA@MWCNTs-GCE sensor 
was explained (Scheme 2). Furthermore, the schematic depiction for the 
DA sensing mechanism using the β-CD-SeQDs-APBA-MWCNTs from its 
molecular interactions between the different components of the final 
nanocomposite and the substrate i.e., DA is illustrated in Scheme 3. The 
boronic acid group in the final nanocomposite facilitates the deproto
nation of the catechol ring, resulting in the oxidation of DA to form DQ. 
This process releases protons, which trigger charge transfer within the 
β-CD compound. Furthermore, the quantum confinement effect of the 
SeQDs amplifies this charge transfer, allowing for the precise detection 
of DA in the PBS.

Furthermore, the redox behavior of DA was studied for the β-CD- 
SeQDs-APBA@MWCNTs-SPE using SPE as the main electrode platform 
by employing CV and DPV techniques. Fig. S16 shows the CV plot for DA 
sensing and linear regression plot of DA concentration vs current. The 
peak current was observed around + 0.0025 V, and the current was 

Fig. 5. (a) CV curves of β-CD-SeQDs-APBA@MWCNTs after the addition of DA (0–1000 nM). (b) linear regression plot of current vs. DA concentration (200–1000 
nM). (c) DPV curves of β-CD-SeQDs-APBA@MWCNTs after the addition of DA (0–1000 nM). (d) linear regression plot of current vs. DA concentration 
(200–1000 nM).

Table 1 
Comparison of the sensing performance for the prepared β-CD-SeQDs-APBA@MWCNTs-GCE with other modified electrode materials.

Electrode 
materials

Target 
Analyte

Linear 
range

Detection 
limit

Detection method Ref

I2-CMP-CNT-4 DA 0.8–20 and 0.75–20 μM 1.0 and 1.7 μM CV and DPV [9]
MOF-Ti3C2/GCE DA 90–130 nM 110 nM DPV [10]
β-CD/Ni-MOF/GCE DA 0.7–310.2 μM 0.227 μM DPV [14]
β-CD/CQDs/GCE DA 4–220 μM 0.14 μM DPV [17]
β-CD/MWCNT/GCE DA 0.04–0.08 mM 37 μM CV [18]
Ni/NiCx-N- MWCNTs/GCE DA 1–80 

μM
0.19 μM SWV [41]

PtNCs-MWCNTs-GNPs/GCE DA 2–50 
μM

0.5 μM DPV [61]

CNP/GCE DA 10–480 μM 0.86 μM DPV [62]
3D-KSC/CCSBP DA 14.1 μM − 0.1 mM 4.6 μM DPV [63]
β-CD-SeQDs-APBA@MWCNTs-GCE DA 200 nM-1000 nM 70.9 nM and 113.38 nM CV and DPV This work
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linearly increased by increasing DA concentration in the concentration 
range of 0–5 μM (Fig. S16a). The linear relationship plot showed a 
linear regression coefficient of R2 = 0.9755 from DA range of 0–5 μM 
and found the LOD of 0.76 μM (Fig. S16b). The DPV plot was drawn for 
DA sensing and a linear regression plot of DA concentration vs current. 
The peak current was observed around − 0.055 V, and the current was 
linearly increased by increasing DA concentration in the range of 0–5 μM 
(Fig. S16c). The plot showed a suitable linear regression coefficient of 
(R2 = 0.9719) within the linear range of 0–5 μM with the LOD of 0.82 
μM (Fig. S16d). These results are highlighting that the prepared nano
composite possess effective sensing abilities in both kinds of electrode 
systems namely GCE and SPE. Especially, for the determination of DA 
concentrations via SPE electrode platform is highly encouraging that the 
prepared nanocomposite is indispensably portable and can be precisely 
opted in health care settings [12].

3.4. Interference study

The interference studies were investigated for the final nano
composite using divergent neurotransmitters, biomolecules, cations, 
and anions against DA via CV and DPV techniques. No response in the 

Scheme 2. Schematic representation for the electrochemical sensing of DA 
using the β-CD-SeQDs-APBA-MWCNTs nanocomposite.

Scheme 3. Schematic depiction for the DA sensing using the β-CD-SeQDs-APBA-MWCNTs nanocomposite from its molecular interactions between the components of 
the probe and the substrate.
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peak current intensity was observed in the β-CD-SeQDs- 
APBA@MWCNTs-GCE, which suggested that the prepared final nano
composite is desirably sensitive and selective for DA among other po
tential interferents (Fig. S17-S20). Moreover, the interference study for 
the nanocomposite is highly necessary to distinguish the extent of 
selectivity towards DA as the less sensitivity of the nanocomposite was 
observed in the SPE. In this context, selectivity of the nanocomposite 
was investigated for DA sensing (5 μM) against divergent neurotrans
mitter analogues (5 μM) including EP, NE, AA, GL, GABA, and Cys. 
There was no response in the peak current intensity was observed in the 
β-CD-SeQDs-APBA@MWCNTs-SPE, when using different interferants, 
except for DA (Fig. S21a-g). Based on these results, it is implied that the 
prepared β-CD-SeQDs-APBA@MWCNTs-SPE is reasonably sensitive and 
selective for DA.

3.5. Reproducibility and stability studies

The reproducibility and stability studies were investigated to explore 
the practicality and validity of the final nanocomposite. The reproduc
ibility of β-CD-SeQDs-APBA@MWCNTs was studied by treating with the 
GCE consecutively four times and measured its CV response for DA 
(1000 nM) (Fig. 6a). The similar peak current intensities were observed 

from the CV plot, which confirms the reproducibility of the prepared 
nanocomposite i.e., β-CD-SeQDs-APBA@MWCNTs. From this study, we 
calculated the average and RSD% values as 42.56 and 1.324, respec
tively (inset; Fig. 6a). Moreover, stability of the β-CD-SeQDs- 
APBA@MWCNTs was studied by repeating the CV experiment at a fixed 
concentration of DA (1000 nM) (Fig. 6b). From these results, there was 
no much difference in the current intensities was observed, which sug
gest the good stability of the β-CD-SeQDs-APBA@MWCNTs. Also, we 
found the average and RSD% values as 40.98 and 0.49, respectively (n =
10) (inset, Fig. 6b). The storage stability of the β-CD-SeQDs- 
APBA@MWCNTs was investigated at different time intervals starting 
from day 1 to day 30 (Fig. 6c). The identical peak current intensities 
were observed with the average and RSD% values around 41.36 and 
0.64 respectively (inset; Fig. 6c). Furthermore, the reproducibility and 
stability studies were investigated in detail for the β-CD-SeQDs- 
APBA@MWCNTs-GCE using CV and chronoamperometry techniques 
(Fig. S22 and S23). From the reproducibility studies, the similar peak 
current intensities were observed after the treatment of β-CD-SeQDs- 
APBA@MWCNTs-GCE consecutively with seven times with the average 
and RSD% values around 110.22 and 0.69. Further, stability of the β-CD- 
SeQDs-APBA@MWCNTs-GCE was confirmed by detecting DA using the 
chronoamperometry technique in dynamic condition. The consistency 

Fig. 6. (a) CV curves for the reproducibility of β-CD-SeQDs-APBA@MWCNTs (Number of cycles: 4) and the inset showing the bar diagram. (b) CV curves for the 
stability of β-CD-SeQDs-APBA@MWCNTs (Number of Tests: 10) and the inset illustrating the bar diagram. (c) CV curves for the storage stability of β-CD-SeQDs- 
APBA@MWCNTs (Number of days: 1, 15, and 30) and the inset illustrating the bar diagram.
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in the peak current was observed with an current intensity of 8.48 μA 
during the time period of 200 sec after the treatment of 1000 nM of DA 
with β-CD-SeQDs-APBA@MWCNTs-GCE.

Moreover, the reproducibility and stability studies were studied for 
the β-CD-SeQDs-APBA@MWCNTs-SPE. The stability of the β-CD-SeQDs- 
APBA@MWCNTs-SPE was investigated by repeating CV experiment ten 
times, which demonstrated very similar peak current intensities 
(Fig. S24a). The average and RSD% values were found to be 18.624 and 
0.59, respectively (n = 10) (inset, Fig. S24a). The storage stability of 
the β-CD-SeQDs-APBA@MWCNTs-SPE was investigated at different 
time periods, which showed identical peak current intensities with an 
average value of 18.695 (Fig. S24b). The reproducibility of the β-CD- 
SeQDs-APBA@MWCNTs-SPE was studied thrice, which demonstrated 
identical peak current intensities and the average and RSD% values were 
found to be 18.60 and 0.76, respectively (n = 3) (inset, Fig. S24c). 
These results are suggesting that the prepared β-CD-SeQDs- 
APBA@MWCNTs are convenient to use in both GCE and SPE electrode 
platforms. The GCE and SPE electrode systems in the present studies 
were presented in the supplementary information (Fig. S25a, b).

3.6. Real sample analysis

The CV response of the final nanocomposite i.e., β-CD-SeQDs- 
APBA@MWCNTs-GCE was investigated in the real sample analysis i.e., 
human serum by spiking with DA at different concentrations. The β-CD- 
SeQDs-APBA@MWCNTs-GCE exhibited a good response to DA in the 
concentration range of 0–3 μM (Fig. S26). A good linear relationship 
was observed from the concentration range of 0.4–3 μM with a R2 value 
of 0.9964. Further, a good linear response in the peak current intensities 
was observed from the nanocomposite, which was attributed to the 
presence of multiple dissolved ions in the serum [11]. Furthermore, to 
validate the sensing performance of the β-CD-SeQDs-APBA@MWCNTs- 
GCE in the real biological sample i.e., human serum, the interference 
studies were conducted using various contemporary neurotransmitters, 
biomolecules, cations, and anions against DA under the visualization of 
CV and DPV techniques. However, no distinguishable response in the 
peak current intensity was found and thereby suggested that the pre
pared final nanocomposite is desirably convenient in terms of sensitivity 
and selectivity for DA sensing in the real biological sample matrix 
(Fig. S27-S32).

4. Conclusion

In this study, electrochemical sensor was developed based on a β-CD- 
SeQDs-APBA-MWCNTs nanocomposite-modified electrodes for DA 
sensing. The integration of functionalized β-CD-SeQDs-APBA with the 
MWCNTs facilitated the convenient electrochemical response. As the 
β-CD-SeQDs-APBA-MWCNTs acts as a host material and the selective 
analyte act as guest molecule and its electrochemical interactions lead to 
the improved sensitivity and selectivity for DA sensing. To the best of 
our knowledge, the novel β-CD-SeQDs-APBA-MWCNTs nanocomposite 
was selectively detected DA in both GCE (70.9 nM and 113.38 nM) and 
SPE (0.76 μM and 0.82 μM) electrodes in the PBS buffer via CV and DPV 
techniques, respectively. The nanocomposite has delivered DA sensing 
in both nano and micromolar linear ranges of 0–1000 nM and 0–5 μM, 
respectively. Furthermore, the good stability, reproducibility, and high 
selectivity are the ideal parameters for the prepared nanocomposite. 
More importantly, the validation of nanocomposite for DA sensing has 
been applied to real samples like human serum. In future, the electro
chemical response of the prepared nanocomposite can be studied 
extensively for the monitoring of DA levels in live cells and neuronal 
cells.
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