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iazolidone-decorated
lanthanum-doped copper oxide: novel heterocyclic
sea sponge morphology for the efficient detection
of dopamine†
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Muhammad Khalid, e Muhammad Usman, d Zahid Shafiq,a Usman Latif,b

Muhammad Mahboob Ahmed,a Akhtar Hayatb and Mian Hasnain Nawaz *b

Herein, we synthesized lanthanum (La)-doped sea sponge-shaped copper oxide (CuO) nanoparticles and

wrapped them with novel O-, N- and S-rich (2Z,5Z)-3-acetyl-2-((3,4-dimethylphenyl)imino)-5-(2-

oxoindolin-3-ylidene)thiazolidin-4-one (La@CuO-DMT). The shape and composition of the designed

materials were confirmed by scanning electron microscopy (SEM), Fourier transform infrared (FTIR)

spectroscopy, X-ray diffraction (XRD), and Raman spectroscopy. The graphitic pencil electrode (GPE)

fabricated using La@CuO-DMT showed excellent sensing efficacy against dopamine (DA) with good

selectivity, reproducibility and ideal stability. The unique morphology and massive surface defects by

La@CuO offer good accessibility to DA and enhance smooth and robust channeling of electrons at the

electrode–electrolyte interface. Consequently, these properties resulted in improved reaction kinetics

and robust DA oxidation with an amplified faradaic response. Meanwhile, O-, N-, and S-enriched carbon

support, i.e. DMT, inhibited the leaching of electrode matrixes, resulting in a superior detection limit of

423 nm and an improved sensitivity of 13.9 mA mM�1 cm�2 in the linear range of 10 mM to 1500 mM.

Additionally, the developed sensing interface was successfully employed to analyze DA from tear

samples with excellent percentage recoveries. We expect that such engineered morphology-based

nanoparticles with a O-, N-, and S-rich C support will facilitate the development of DA sensors for in

vitro screening of rarely studied tear samples with good sensitivity and selectivity.
1. Introduction

Dopamine (DA) is a classical neurotransmitter involved in the
modulation of a multitude of neurological activities such as
happiness, cognition, motivation, memory and ne motor
control. DA dysfunction has been implicated in the pathogen-
esis of several neuronal disorders, primarily Parkinson's
disease, neurodegeneration, schizophrenia, and traumatic
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stress disorders.1–3 Therefore, DA homeostasis is the emblem of
ongoing neurological health and physiological conditions.
Many techniques have been exploited for the active monitoring
of DA but electrochemical analysis provides a portable,
economically viable assay platform with good quantitative
readouts.4–6 However, the poor selectivity owing to the coexist-
ing species with comparable oxidizing potentials is the major
challenge associated with the development of electrochemical
DA sensors.7 Meanwhile, electro-polymerization leading to
electrode fouling and decreased intrinsic transduction response
is also a great concern.8 Therefore, DA diagnostics require the
development of a cheap, sensitive and mechanically stable
sensing interface that selectively output DA signals.

In these lines, scientists have exploited a plethora of nano-
materials, whilst nanostructures with a well-dened
morphology were proved to enhance the sensitivity of the
sensing interface.9,10 In this regard, economically feasible
copper oxide (CuO) with dened shape and highly reactive
surface morphology has gained great interest.11,12 Its smaller
particle size, high surface-to-volume ratio, ideal stability in
a variety of solutions and enhanced charge transfer capability
RSC Adv., 2022, 12, 14439–14449 | 14439

http://crossmark.crossref.org/dialog/?doi=10.1039/d2ra01406h&domain=pdf&date_stamp=2022-05-12
http://orcid.org/0000-0003-1025-5800
http://orcid.org/0000-0002-2303-3804
http://orcid.org/0000-0002-1899-5689
http://orcid.org/0000-0001-5943-6747
http://orcid.org/0000-0002-6648-0778
https://doi.org/10.1039/d2ra01406h
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra01406h
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA012023


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
M

ay
 2

02
2.

 D
ow

nl
oa

de
d 

on
 1

2/
4/

20
25

 5
:3

0:
14

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
lead to high redox activity.13–15 Similarly, massive active sites,
plentiful oxygen vacancies and good biocompatibility make it
a potential sensing interface to specically attract positively
charged DA.16,17 However, inherent shortcomings such as re-
aggregation, Ostwald ripening and dissolution of CuO
decrease the shelf life and eventually lead to poor electrode
stability.18,19

Doping transition metal nanoparticles with rare earth
element lanthanum (La) circumvents the aforementioned
challenges and enhances the electrochemical properties of
CuO. La as a dopant material has numerous remunerations
such as low toxicity, thermal conductivity and excellent chem-
ical stability that prevents CuO agglomeration and improves
electrode life span and stability.20,21 Moreover, La doping affects
the structural traits owing to the large ionic radius of La3+ and
can be easily added into the crystalline framework of CuO to
acquire a unique nanostructure with various morphologies and
ameliorated catalytic characteristics for sensing applications.22

Signicantly, La-coated probes have been employed as
implantable sensors due to surface basicity, reduced oxide
leakage and higher electron transfer kinetics,23 which lead to an
amplied transduction signal. However, it is still very chal-
lenging to fabricate a CuO-based stable transducing interface
with lower detection limits and a higher faradaic response.

Fortunately, CuO tends to form hybrids with carbon (C)-
containing organic moieties for the integration of highly
stable,24 electroactive interfaces with good selectivity and lower
detection limits.25 Nevertheless, the intrinsic charge carrier
densities of carbon-based species are greatly dependent on their
nitrogen content. Therefore, it is likely to exploit those sources
that provide high nitrogen content besides carbon. In this
respect, thiazolidone and its derivatives are the privileged core
of N-, S- and O-containing bioactive heterocycles and have been
extensively exploited as a scaffold for biological activities, drug
development and uorescent sensors.26–28 They tend to interact
with transition metals with different structural patterns owing
to the presence of S, O and N and have the possibility to develop
supra-molecular infrastructures with ideal stability that made
them the ultimate choice for sensing usage.29,30 However, still
there is great room to further improve their intrinsic features
such as charge carrier density and electrical conductivity by
enhancing S and N contents.

In this work, we designed novel (2Z,5Z)-3-acetyl-2-((3,4-
dimethylphenyl)imino)-5-(2-oxoindolin-3-ylidene)thiazolidin-4-
one (DMT) as a source of O-, N-, and S-enriched graphitic carbon
to decorate sea sponge-shaped La-doped CuO nanoparticles.
This hybridization of La-doped CuO with DMT (La@CuO-DMT)
endowed the integrated interface with high graphitic carbon
content along with massive edge plane defects. The inter-vesicle
spacing in the designed network results in robust tunneling of
ions and electrons at the electrode–electrolyte interphase,
leading to amplied faradaic response with a lower detection
limit. Additionally, before the fabrication of La@CuO-DMT, we
have also evaluated the response of CuO before and aer doping
with La against DA. The fabricated interface was eventually
tested for tear sample evaluation against the analyte of interest,
14440 | RSC Adv., 2022, 12, 14439–14449
as part of real sample analysis for potential real-life
applications.

2. Experimental section
2.1. Synthesis of copper oxide (CuO) and lanthanum-doped
copper oxide (La@CuO) nanoparticles

CuO nanoparticles were prepared via a simple co-precipitation
technique.21 Briey, copper(II) nitrate trihydrate (1 M) was dis-
solved in 100 mL distilled water and stirred for 30 minutes
followed by the drop-wise addition of aqueous sodium
hydroxide to attain pH 14. The pH was measured using a pH
meter. The solution was subsequently heated at 80 �C and
stirred for 30 minutes. The as-obtained mixture was centri-
fuged, washed with double distilled water and ethanol to
remove impurities and dried at 50 �C for 48 hours. Meanwhile,
the dried powder was thermally treated at 850 �C in a muffle
furnace for 3 h. The same synthetic procedure was followed for
the preparation of La-doped CuO by adding lanthanum nitrate
hexahydrate (0.1 M) to the primary mixture, as shown in
Scheme 1. The yield of the product was 87% and the product
was synthesized in 3 repeated batches, which gave the same
morphology as envisioned from SEM, indicating the good
repeatability of the target product.

2.2. Synthesis of (2Z,5Z)-3-acetyl-2-((3,4-dimethylphenyl)
imino)-5-(2-oxoindolin-3-ylidene)thiazolidin-4-one (DMT)

The novel isatin–thiazolidinone conjugate was prepared by the
method reported by Naggar et al. with slight modications.31

Briey, 2 mM isatin, bromoacetic acid, N,N0-aryl-acyl thiourea,
bromoacetic acid and 4 mM sodium acetate as catalysts were
reuxed for 4 hours in glacial acetic acid. The precipitates of the
product formed were ltered, washed with ethanol and further
puried by recrystallization with DMF and ethanol (1 : 1). The
resulting orange-red powder with a melting point $ 300 �C was
stored in an airtight container at ambient temperature. The
structure of the synthesized compound was validated by 1H
NMR and 13C NMR spectroscopy (Bruker, 400 MHz, DMSO), as
shown in Fig. S1 and S2.†

2.3. Surface modication of (2Z,5Z)-3-acetyl-2-((3,4-
dimethylphenyl)imino)-5-(2-oxoindolin-3-ylidene)thiazolidin-
4-one with lanthanum-doped copper oxide (La@CuO-DMT)

A La@CuO-DMT nanohybrid was synthesized by ultra-
sonication of a 1 : 1 mixture of La@CuO (1 mg mL�1 in DI
water) and DMT (1 mg mL�1 in DMF) for 10 minutes. Ultra-
sonication enhanced the dispersion of assembling host-guest
molecules by acoustic cavitation and aided the p–p interac-
tions for stable hybrid formation.32 Additionally, the acoustic
cavitation induced by sonication enhanced the kinetic energies
of the molecules, which aided in establishing equilibrium for
the 3D orientation of DMT. The ultrasonication also induced
electrostatic interactions between the embodied materials to
develop nanohybrids with optimized electronic properties.
Meanwhile, without ultrasonication, there will be fewer chances
of electrostatic interactions and nanohybrid formation, as we
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Schematic illustration of the roadmap implemented for the synthesis of CuO, La@CuO and La@CuO-DMT.
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do not have enough kinetic energy. In addition, our slurry does
not peel off due to good electrostatic interactions between the
GPE and nanohybrids. An ultrasonic bath (100 W, 20 kHz) with
75% DI water at room temperature was employed.
2.4. Electrode fabrication for electrochemical studies

The GPE was selected as a working electrode (2 mm) due to its
cost-effectiveness, ease of availability, and minimal pre-
treatment requirements. Further, the graphitic surface of sp2

hybridized carbon provides good adsorption and easy fabrica-
tion without using any binder. The synthesized CuO, La@CuO
and La@CuO-DMT were used to fabricate the GPE for DA
sensing. Before fabrication, the edge of the GPE was cut with the
cutter to obtain a smooth and clean working interface followed
by washing with DI water. Typically, 2 mL of the synthesized
materials were drop-casted to modify the working interface of
the GPE and dried at room temperature. This fabricated GPE
was moved into an electrochemical cell system and analyzed
against DA. Meanwhile, the La@CuO-DMT/GPE interface was
also examined under different DA concentrations in phosphate-
buffered saline (PBS) by differential pulse voltammetry (DPV) in
© 2022 The Author(s). Published by the Royal Society of Chemistry
the potential range of 0–0.8 V with a step size of 25 mV and
a pulse size of 250 mV. The same study was executed via
amperometry by adding DA spikes into a PBS-containing elec-
trochemical cell every 50 s. All the electrochemical experiments
were performed at a scan rate of 100 mV s�1.
3. Results and discussion

The SEM images of CuO, La@CuO and La@CuO-DMT are dis-
played in Fig. 1. CuO exhibits a 3D lettuce leaf-like morphology
with an average width of �2.52 mm, as shown in Fig. 1(A) and
(B). However, as the rare earth element (La) was doped, this
limited the growth of CuO infrastructures to acquire different
nanostructure morphologies with decreased size.33 Therefore,
La@CuO displayed a hierarchal sea sponge-like morphology, as
shown in Fig. 1(C). The SEM micrographs further revealed that
these sea sponges have evenly distributed and closely packed
ne vesicles with an average width of �0.18 mm, as shown in
Fig. 1(D). These ne vesicles containing developed hierarchal
sea spongemorphology improved the catalytic characteristics of
CuO and aided the robust electron-ion shuttling at the electrode
RSC Adv., 2022, 12, 14439–14449 | 14441
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Fig. 1 Scanning electron microscopic images of CuO (A and B), La@CuO (C and D) and La@CuO-DMT (E and F). The inset shows the digital
images of lettuce leaves and sea sponge respectively.
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interface for DA detection. However, Fig. 1(E) and (F) reveal the
distribution of La@CuO in the DMT network.

The XRD patterns of CuO, La@CuO and La@CuO modied
DMT are shown in Fig. S3.† The peaks (110), (�111), (111),
(�202), (020), (202), (�113) and (022) at 2q values of 32.4�, 36.3�,
38.6�, 42.2�, 48.7�, 59.2�, 61.3� and 66.1� respectively, corre-
spond to the monoclinic phase structure of CuO,34 as shown in
Fig. S3(a).† However, a corresponding shi in peak positions
was observed as a function of annealing temperature aer La
doping, as shown in Fig. S3(b).† Meanwhile, the peak broad-
ening could be attributed to the induced defects caused by the
moderately larger size of lanthanum ions (La ¼ 1.03 Å)
compared to copper ions (La ¼ 0.73 Å).35 Similarly, the change
in the intensity and peak position reveals that doping affects the
d spacing, lattice parameter and crystal quality.36 However,
14442 | RSC Adv., 2022, 12, 14439–14449
Bragg's reection (400) and (411) at 2q of 30.6� and 33.7�

correspond to the cubic La2O3 phase (JCPDS card no. 65-3185),
as indicated by (A). All the peaks in doped and undoped CuO
are well consistent with the results reported in the literature.
However, the diffraction peaks were downshied in La@CuO-
DMT, as revealed in Fig. S3(c).† This shi in scanning angle is
attributed to good intercalations between La@CuO and DMT.
The remaining prominent diffraction peaks from 11.94 to 26.22
correspond to carbon of the organic DMT molecule.

Raman spectroscopy was implemented to inspect the effect
of the introduction of graphitic sp2 hybridized carbon from
DMT and the structural defects created due to La doping in
CuO, which inuence the surface activity of the designed
interface. Two bands originating at 1365 and 1576 cm�1 were
attributed to the D and G bands for copper oxide
© 2022 The Author(s). Published by the Royal Society of Chemistry
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correspondingly, as presented in Fig. S4A(a).† Meanwhile, the
bands at 288, 395, and 626 cm�1 were due to the Raman active
modes Ag, B1g and B2g of copper oxide. However, a minor peak
shi in doped CuO could be attributed to the phonon
connement effect.33 Besides these three vibrational Raman
active modes, a multiphonon band of La-doped CuO was
observed at 1144 cm�1 owing to the higher local density of
anisotropic carriers that lead to phonon–plasmon coupling.37

The ID/IG ratio for La@CuO was found to be 0.14. We believed
that this ID/IG is due to the La addition in the CuO lattice
inducing massive structural defects. However, ID/IG was shied
to 0.2 aer immobilization of La@CuO into the DMT interface.
Meanwhile, a signicant shi in D and G bands was also
observed, signifying the stability of the designed interface
owing to good intercalation between embodied materials, as
shown in Fig. S4A(b).† These verdicts also revealed that DMT
works as an electron transport mediator owing to the presence
of a heteroatom (O, N, and S)-rich aromatic skeleton, whereas
La@CuO acts as an electrocatalyst.
3.1. Electrocatalytic performance of the integrated interfaces

The electrocatalytic performance of designed electrodes was
explored through CV and EIS in 5 mM [Fe(CN)6]

4�/3� as a redox
Fig. 2 CV (A) and EIS spectra (B) of (a) bare, (b) CuO, (c) La@CuO, (d) La
CuO, (b) La@CuO, and (c) La@CuO/DMT-modified GPE in PBS and (d) Cu
7.4). All the experiments were conducted at a scan rate 100 mV s�1.

© 2022 The Author(s). Published by the Royal Society of Chemistry
probe to evaluate the electrochemical response, as revealed in
Fig. 2. The peak-to-peak separation (DEp) of a bare GPE elec-
trode was found to be much higher (0.28 V), due to the smooth
electrode interface. A decrease inDEp (0.18 V) was observed aer
fabrication with CuO, indicating an increased electrode active
surface area and improved morphology,38 as exposed in
Fig. 2A(b). Nevertheless, aer fabrication of the GPE with
La@CuO, a decrease in DEp (0.13 V) was noticed, as shown in
Fig. 2A(c). This improved performance was due to the distri-
bution of different cations caused by the addition of La into the
CuO matrix forming La–Cu–O.39 Thus, La doping induced
massive active sites, resulting in enhanced conductivity of the
interface. However, a substantial increase in DEp (0.21 V) was
witnessed aer hybridization with DMT. This anomalous
response might be due to the little repulsion between electron-
decient groups equipped with an organic moiety and
a [Fe(CN)6]

3�/4� redox probe. Moreover, the anodic peak
currents of La@CuO-DMT (162.3 mA) were much higher than its
counterparts, i.e. bare (28.3 mA), CuO (47.4 mA), and La@CuO
(67.7 mA). The higher current suggested the development of
a highly stable interface for higher catalytic activity, as observed
from Fig. 2A(d). The electrochemical active surface areas
(ECSAs) of the designed electrodes were calculated using the
Randles–Sevcik equation as follows:40
@CuO/DMT-modified GPE in 5 mM [Fe(CN)6]
4�/3� (1 : 1). CV (C) of (a)

O, (e) La@CuO, and (f) La@CuO/DMT in 100 mM dopamine in PBS (pH¼

RSC Adv., 2022, 12, 14439–14449 | 14443
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Ip ¼ 2.69 � 105An3/2Dred
1/2C*n1/2 (1)

where Ip, Dred, and A correspond to the anodic peak current,
diffusion coefficient of potassium ferrocyanide (7.6 � 10�6 cm2

s�1) and electrochemical active surface area. While, n, C and n
represent the scan rate (100 � 10�3 V), concentration of ferro-
cyanide (5 � 10�3 M) and number of electrons involved in the
oxidation or reduction of potassium ferro/ferricyanide, which is
1 respectively. The ECSA was found to be 0.03, 0.04, 0.06 and
0.14 cm2 for bare, CuO, La@CuO and La@CuO-DMT, respec-
tively. The hierarchal hybrid offered fast electron tunneling
across the interphase owing to the availability of the greater
active surface area resulting in the enhanced electrocatalytic
performance.

The electron transfer shuttling and surface charge resistance
were further conrmed via EIS experiments. The obtained
semicircle diameter at higher frequencies in the Nyquist plots
corresponds to the electron transfer resistance (Ret) and linear
portions at a lower frequency parallel to the diffusion-limited
mechanism, respectively.41 The resistance of the bare GPE
electrode Rct ¼ 228 U (Fig. 2B(a)) decreased to Rct ¼ 146 U aer
fabrication with CuO (Fig. 2B(b)). This decrease in resistance
was due to metal oxide that facilitates the electron transfer.13

However, a large decrease in resistance (Rct ¼ 105 U) was
observed aer La doping, as presented in Fig. 2B(c). These
results indicated that doping enhanced the electron transfer by
exposing catalytically active sites to the redox probe.22 Further-
more, La@CuO-DMT depicted an increase in charge transfer
resistance (Rct¼ 214U), as shown in Fig. 2B(d). Additionally, the
appearance of a lower frequency line at lower than 45� is
attributed to the introduction of large particle-sized DMT
molecules that decreased ion transport and increased Warburg
resistance leading to a diffusion-limited process.42

We further explored the electrochemical behavior of the
synthesized materials toward PBS and no peaks were obtained,
as shown in Fig. 2C(a–c). Further, we employed the synthesized
materials against 100 mM DA in PBS in the potential range of
�0.2 V to 0.4 V, as shown in Fig. 2(C). All the modied elec-
trodes showed reversible oxidation upon interaction with ana-
lyte DA. These clear redox peaks shown in Fig. 2 are due to the
presence of highly electroactive CuOOH layers acting as elec-
trocatalysts in each case, which upon interaction with DA
themselves reduce to Cu(OH)2 with (2+) and oxidize DA to
dopamine-O-quinone. The CuO showed a low peak current (10.8
mA) and a high peak potential (0.23 V) Fig. 2C(a) compared to
La@CuO with a peak potential of 0.22 V, as shown in Fig. 2C(b).
The increase in faradaic current (17.4 mA) and the decrease in
peak potential were due to the surface-induced defects and
enhanced surface area aer La doping. Meanwhile, the pres-
ence of ne vesicles along the whole surface of sea sponge-
shaped La@CuO also contributed to enhanced electroactivity,
as can be evidenced in SEM images (Fig. 1(C) and (D)). However,
the immobilization of La@CuO onto the DMT interface resulted
in a maximum faradaic response (50.9 mA) at a decreased
detection potential (0.21 V), as shown in Fig. 2C(c). This ideal
response could be due to good stability achieved by the
conducive DMT support provided for the homogenous
14444 | RSC Adv., 2022, 12, 14439–14449
immobilization of La@CuO to obtain a highly sensitive sensing
interface.

Zeta potential was employed to examine the stability of
synthesized materials. The average value of zeta potential for
CuO was found to be �12.2 mV signifying the good stability, as
shown in Fig. S5(A).† The negative value represented the
formation of hydroxyl groups on the CuO surface upon inter-
action with water.43 This negative diffused layer of surface OH�

contributes to robust sensing of positively charged DA.
However, the zeta potential shis to �6.3 mV in La@CuO, as
shown in Fig. S5(B).† This shi was due to La doping at CuO
sites that enhance the stability of CuO.
3.2. Reaction kinetics and mechanistic investigation at
developed La@CuO-DMT electrodes

Moreover, CV was performed in 80 mM DA at a scan rate of
25 mV s�1 to 400 mV s�1 to examine the reaction kinetics and
surface activity at the integrated electrode. A positive potential
shi in potential was perceived in the CV spectra at an
increasing scan rate, as presented in Fig. 3(A). A linear relation
was obtained for DA by drawing a graph between anodic peak
currents vs. scan rates, as shown in Fig. 3(B) and eqn (S4).†

From the slope of the value of Fig. S6(C),† the Tafel slope (b)
was calculated using eqn (2) and found to be 0.21 V.44

EP ¼ b

2
log nþ constant (2)

The value of a was premeditated from eqn (3) and found to
be 0.03.45,46

y ¼ 2:303

�
RT

anF

�
(3)

whereas R represents the general gas constant, while T, a, F and
n correspond to the absolute temperature, electron transfer
coefficient, Faraday constant, and number of electrons trans-
ferred. Similarly, the number of electrons transferred at the
surface of La@CuO-DMT was found to be 2.30, suggesting the
two-electron and two-proton-coupled mechanism.47

Moreover, it can be concluded that the enhancement in peak
current as revealed previously in Fig. 2C(f) during electro-
chemical DA oxidation could be due to the release of two elec-
trons and protons into the conduction band of the sensor
substrate, as illustrated in Fig. 4 and eqn (4). Briey, the surface
of the developed La@CuO-DMT is endowed with highly elec-
troactive CuOOH layers acting as electrocatalysts owing to the
availability of ne vesicles and massive surface defects with fast
electron shuttling capability. Meanwhile, La doping in the
electroactive layer induced massive active sites that aid in
maximum analyte adsorption and enhance electron transfer
kinetics, thus amplifying the faradaic response. Meanwhile, the
O-, N- and S-awarded DMT boosts the movement of ions and
acts as an electron transport booster or mediator. Thus, the
catalytically active layer CuOOH upon interaction with DA
causes robust and smooth oxidation to dopamine-O-quinone
and itself reduces to Cu(OH)2 with (2+),17,48,49 as shown in Fig. 4.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 CV (A) of La@CuO-DMT-modifiedGPE towards 100 mMDA at different scan rates (25 to 400mV s�1). Graphs (B) reveal a linear relationship
between anodic peak current and scan rate.

Fig. 4 Sea sponge-shaped La@CuO-decorated O-, N-, and S-rich
DMT-wrapped GPE for DA detection.
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(4)

Besides, we calculated the electron transfer rate constant (Ks)
from Laviron equation (5) and, the value was found to be
0.95 s�1.50,51

log Ks ¼ a logð1� aÞ þ ð1� aÞlog a� log

�
RT

nFn

�

� að1� aÞnFDEP=2:3RT (5)

3.3. Sensing efficacy of the developed La@CuO and
La@CuO-DMT electrodes

We used differential pulse voltammetry (DPV) to observe the
response of the designed sensing interface fabricated using
© 2022 The Author(s). Published by the Royal Society of Chemistry
La@CuO-DMT against different concentrations of DA owing to
its well-dened current response, magnied resolution and
capability to decrease non-faradic response.52 The DPV graphs,
as shown in Fig. 5(A) and (B), suggested a linear relationship
between faradaic current with the increase in DA concentration.
Besides an increase in current, a potential shi was observed in
the DPV graph with the increase in DA concentration, proposing
the enhanced surface adsorption or coverage of DA at the
electrode interface.53–55

In addition, we exploited the current sensitive amperom-
etry as well, owing to its capability to achieve a lower detection
limit with reduced non-faradic response. The amperometric
response of the GPE electrode fabricated using La@CuO and
La@CuO-DMT in the linear range of 10–1500 mM of DA in the
PBS was obtained at applied potentials of 0.22 V and 0.21 V,
respectively, as shown in Fig. 5(C). The robust increase in
current upon DA spiking with a response time of 3 s corrob-
orated the high sensing capability of developed electrodes
(La@CuO-DMT/GPE). A linear increase in faradaic current
was also observed with the increase in DA concentrations, as
shown in Fig. 5(D). However, 2 linearity were obtained as
revealed in linear graphs of DPV and amperometry. A
decreased sensitivity at higher concentrations might be
related to the saturation of the electrode surface with the
adsorption of DA, i.e. electrode fouling that blocks the further
adsorption mechanism. Meanwhile, the ohmic drop is
a result of the ohmic resistance between the reference and
working electrodes, which is also affected by the solution
resistance.

The detection limit (LOD) was estimated using the standard
method, as shown in eqn (S2)† and found to be 21 nM (S/N ¼ 3)
for the integrated La@CuO-DMT/GPE interface. Similarly, the
sensitivity was found to be 13.9 mA mM�1 cm�2. Interestingly,
these results are in good competition with those previously re-
ported in the literature, as displayed in Table S2.† The good
sensing efficacy of the integrated interface could be due to the
following reasons.
RSC Adv., 2022, 12, 14439–14449 | 14445
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Fig. 5 Differential pulse voltammetry (A) with its corresponding graph (B) and amperometry (C) with its corresponding linear graph (D) for (a)
La@CuO and (b) La@CuO-DMT in the concentration range of 10 mM to 1500 mM in phosphate buffer (pH 7.4) at a scan rate of 100 mV s�1.
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(1) The presence of a surface hydroxyl layer on CuO
enhanced the adsorption of positively charged DA and
increased the electron transportation kinetics.

(2) The La doping induced enormous surface defects that
offer smooth and robust tunneling of ions at the electrode–
electrolyte interface.

(3) The O-, N- and S-enriched DMTmoiety acted as a resilient
and conducive carbon support and also as an electron booster/
mediator to provide high-density p-electrons owing to the
presence of the aromatic ring.
3.4. Selectivity, repeatability, reproducibility and stability of
integrated sensors

The major challenge associated with the electrochemical sensor
development is to selectively analyze the analyte of interest (DA)
in the complex biological and physiological media containing
coexisting interfering species with parallel oxidizing potentials.
Therefore, we inspected the selective efficiency of the integrated
La@CuO-DMT/GPE interfaces towards DA. The good ampero-
metric current response of this transducing interface towards
DA at an applied potential of 0.21 V could be evidenced in
Fig. 6(A). However, the very less or insignicant current
14446 | RSC Adv., 2022, 12, 14439–14449
response was observed aer the addition of interfering analytes
such as glucose, cysteine, fructose, and urea even at much
higher concentrations (100 mM). This noteworthy selective and
specic response might be due to the higher electronegativity of
oxygen that inhibits complexation with these analytes. The
performance of the integrated sensor was not even affected by
ascorbic and uric acid, which are electrocatalytic analogs of DA.
This signicant behavior is due to the negative charge on
ascorbic and uric acid at pH 7.4. Therefore, these interferents
are repelled by negatively charged surface hydroxyls on an
integrated sensing interface, while DA is charged positively.

The repeatability, reproducibility, and stability of the devel-
oped sensing interface were also examined and endorsed under
the parallel working parameters. The relative standard devia-
tion (RSD) was found to be 1.15% aer repeated usage of the
same electrode (n¼ 10), suggesting the good repeatability of the
integrated sensor, as shown in Fig. 6(B). The reproducibility of
the assimilated sensor was also examined by comparing the 8
electrodes under comparable conditions, as revealed in
Fig. 6(C). The RSD, in this case, was found to be 1.07%.

Stability is the primary challenge for sensor development.
Therefore, the storage stability of the designed sensing interface
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Current response (A) of La@CuO-DMT in the presence of 20 mMDA (first 2 spikes), 30 mMDA (last spike) and 100 mM interfering species in
PBS (pH 7.4) at a scan rate of 100mV s�1. Repeatability (B) of La@CuO-DMT of the fabricated electrodes for their response towards DA ten times.
Reproducibility (C) of La@CuO-DMT of 6 fabricated electrodes for their response towards DA in an analogous environment. Stability (D) of
La@CuO-DMT of the fabricated electrode and its response towards DA were analyzed after every 7 days for 14 days.
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was also studied, as shown in Fig. 6(D). The primed sensors
were stored at room temperature and were examined aer every
2 days for 14 days. The RSD was calculated to be 1.20% in this
case, which demonstrated the long-term shelf life of the
designed sensing system.
3.5. Real sample analysis on the designed La@CuO-DMT/
GPE interface

The practical development of electrochemical sensing inter-
faces is a big challenge, as real samples contain many inter-
fering biological species other than target analytes. Therefore,
real sample analysis was performed on the as-developed
sensing interface to practically analyze the analytical perfor-
mance. The recovery data of DA at four different spiked
concentrations (20 mM, 50 mM, 100 mM and 300 mM) in PBS (pH
7.4) are revealed in Table S1.† The assay protocol is described in
detail in ESI.†56,57 The recoveries were premeditated using eqn
(S1)† and found to be in the range of 99.1 to 100.1%, as shown
in Table S1.† Moreover, to examine the selectivity traits of the
assimilated electrochemical sensor, the standard addition
method was applied to the tear samples. These good recovery
data of the DA spiked tear samples endorse the high sensing
efficacy in complex media.
© 2022 The Author(s). Published by the Royal Society of Chemistry
4. Conclusions

In this work, a novel DMT has been synthesized for the fabri-
cation of La@CuO to selectively monitor DA. The designed
interface allows for the sensitive and robust monitoring of DA in
the presence of interfering analytes with considerable repro-
ducibility. The sea sponge-shaped La@CuO nanoparticles offer
exposed catalytically active sites with a dened morphology to
increase analyte adsorption and enhance reaction kinetics,
leading to an amplied faradaic response. Additionally, the
presence of O-, N-, and S-rich high-concentration graphitic
layers offers fast shuttling of electrons and ions at the elec-
trode–electrolyte interface, leading to a decreased detection
limit. The designed sensor was effectively employed to detect
DA from tear samples, thus signifying the practical reliability of
the designed interface. To the best of our knowledge, our
developed sensor displayed novelty not only in composition but
in the application too.
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