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Abstract

The synthesis of novel architecture comprising perylene diimide (PDI)-MXene (Ti3C,Tx)-integrated graphitic pencil electrode
for electrochemical detection of dopamine (DA) is reported. The good electron passage between PDI-MXene resulted in an
unprecedented nano-adduct bearing enhanced electrocatalytic activity with low-energy electronic transitions. The anionic groups
of PDI corroborated enhanced active surface area for selective binding and robust oxidation of DA, thereby decreasing the
applied potential. Meanwhile, the MXene layers acted as functional conducive support for PDI absorption via strong H-bonding.
The considerable conductivity of MXene enhanced electron transportation thus increasing the sensitivity of sensing interface.
The inclusively engineered nano-adduct resulted in robust DA oxidation with ultra-sensitivity (38.1 pAuM 'cm 2), and low
detection limit (240 nM) at very low oxidation potential (—0.135 V). Moreover, it selectively signaled DA in the presence of
physiological interferents with wide linearity (100—-1000 uM). The developed transducing interface performed well in human
serum samples with RSD (0.1 to 0.4%) and recovery (98.6 to 100.2%) corroborating the viability of the practical implementation
of this integrated system.
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Introduction

In recent years, the rapid promotion of improved health in-
duced the ubiquitously push in mechanical infrastructures and
microelectronic sensing devices [1]. Dopamine (DA) is re-
nowned as a critical neurotransmitter [2]. Society is paying a
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dreadful price due to maladaptive mental disorders and ail-
ments caused by DA dysfunctions [3] like Parkinson’s syn-
drome, hyperactive disorder, Alzheimer’s disease, and depres-
sion [4] .Although research on electrochemical DA sensors
has made great progress with good quantitative readout in
nanosystems and microsystems [5], still there are major ana-
lytical challenges associated with selectivity and sensitivity of
DA detection. The low concentration of DA in biological
fluids compared to the coexisting species poses great chal-
lenge. Therefore, full-range DA diagnostics requires a sensing
interface to precisely distinguish and detect signals in complex
biological systems to specifically output corresponding DA
signals [6]. To accomplish the desired trait, a sensor must pose
higher sensitivity and should manifest long-term mechanical
stability. Carbon-based electrodes have been regarded as the
best choice for DA oxidation [7]. However, the large
overpotential, typically around 0.3 V vs Ag/AgCl at carbon
electrodes, made quantitative analysis far more difficult owing
to the oxidation of interferent ascorbic acid [§]. One promising
approach to decrease the operating potential is to use the redox
mediators on electrode interface, which can enhance electron
transfer kinetics between the DA and electrode [9]. On the
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other hand, novel microstructures with defined morphologies
have demonstrated enhanced sensitivity of these sensing in-
terfaces. Nevertheless, it is still very expensive and hard to
fabricate sensitive sensors with low detection limit (S/N ratio)
especially at lower oxidation potential, and more efforts are
required to incorporate desirable features into such devices.

Recently, MXene (Ti3C,Tx), a member of 2D metal carbides,
nitrides, and carbonitrides (with formula M, ; X,,T, where M rep-
resents early transition metal, X is carbon and or nitrogen, while T
is surface functional groups, i.e., =0, —OH, and —F) has emerged
as stack-like laminated material with paradigm qualities [10, 11].
MXene can be synthesized by selectively etching the “A” layer
from MAX phases and has great potential for developing sensitive
sensing interfaces due to tunable electronic properties and easily
adjustable bandgap owing to altering surface functional group or
layers number [12—-15]. Importantly, the remarkable conductivity
and large surface area along a greater number of hydrophilic func-
tional groups make the MXene more accessible to analytes for
sensing applications [16]. However, the direct use of MXene
sheets is less favorable because of poor stability in colloidal solu-
tions resulting from the spontaneous oxidation of MXene in the air
[17, 18]. The oxidation generally begins at defects or edges with
the formation of TiO, nanocrystals that lead to low electrode sta-
bility and limit the working potential range particularly in electro-
chemical applications.

To circumvent this shortcoming, MXene could be assem-
bled with other nanomaterials to provide desirable stability in
wide potential bounds with an improved electroanalytical re-
sponse. However such assembling of MXene sheets into sta-
ble nanoarchitecture is a difficult process and it could com-
promise some of their intrinsic properties. Therefore, the de-
velopment of MXene-based sensors without sacrificing these
inherent characteristics remains a challenge to the scientific
community. We tried to combat this challenge by exploiting
perylene diimide (PDI) which proved to be a promising ma-
terial in many electrochemical applications [19, 20]. The rigid
planer backbone of PDI leverage the charge transport mobility
and improve electronic conjugation due to 7-7t interactions
among redox-active quinone functionalities [21-23]
Additionally, tailorable chemical properties, owing to imide
functionalization with charged or hydrophilic moieties in the
bay region [24] and pronounced thermal, photochemical, and
substantial air stability along with inimitable self-assembly
performance, make them an ideal candidate for sensing appli-
cations. Making use of the copious surface functional moieties
(F, O, H) of MXene sheets, H bonds are likely to be formed
between imide nitrogen (-NH) of PDI and MXene sheets.
This synergy of orderly stacked MXene and PDI resulted in
a scaled-up hierarchal microstructure-based sensing interface
with plentiful interfacial interactions. These interactive forces
unified adjacent building units, which eventually could en-
hance stability and biocompatibility with robust response even
at lower oxidation potential.

@ Springer

Herein, by exploiting the intrinsic properties of pristine
MZXene sheets and PDI, we successfully self-assembled these
adducts followed by anchoring them onto the graphitic pencil
electrode to give stable nanostructures (PDI-MXene/GPE).
Furthermore, the adherence between fabricated materials re-
sulted in a highly stable sensing interface with superior sensi-
tivity, lower working potential with linear bounds, and good
limit of detection. Moreover, the negatively charged carboxyl
group of PDI attracts positively charged DA through mt-7t
stacking which increased the selectivity and electrocatalytic
efficacy of the developed sensor. The integrated sensor also
demonstrated a good response in human serum samples with
recovery of (98.6 to 100.2%), corroborating the clinical appli-
cations for DA homeostasis.

Experimental section
Chemicals

Perylene diimide, potassium ferrocyanide (K4Fe(CN)y), potassi-
um ferricyanide (K3Fe(CN)g), phosphate buffer saline (PBS),
MAX phase (Ti3AlC,), hydrofluoric acid (HF), glucose, fruc-
tose, ascorbic acid, uric acid, urea, sodium chloride, and potassi-
um chloride were purchased from Sigma-Aldrich and were used
as received. Human serum samples were collected from a local
hospital and stored at 4°C. The donors of serum samples have
average age (25-40), gender (male), and health condition
(moderate).All other chemicals were of analytical grade and so-
lutions were prepared from doubly distilled water by Milli-Q
water purifying system at room temperature.

Instrumentation

Electrochemical measurements were performed at AMEL
2553, potentiostat/galvanostat equipped with ZPulse software.
A conventional three-electrode system containing graphitic
pencil electrode as a working electrode, Ag/AgCl/Sat. KCl
electrode as a reference electrode with standard potential of
(E=+0.197 V saturated), and platinum-based counter elec-
trode. Electrochemical impedance spectroscopy (EIS) mea-
surements were performed in the presence of 5 mM ferro/
ferri solution (1:1). Eppendorf 5430 R centrifuge with work-
ing radius of 8 cm was used for centrifugation of MXene. UV-
Visible spectra were recorded on Perkin Elmer UV-Vis spec-
trometer Lambda 25 in the range of 800-200 nm. Fourier
transform infrared (FTIR) spectroscopy was performed on
Thermo scientific Nicolet 6700 in ATR mode to analyze the
functionalities present in the composite and pristine materials.
The surface morphologies of modified electrodes were studied
by atomic force microscopy (AFM) at Park Systems AFM
XE7 in non-contact mode and scanning electron microscopy
(SEM) at TESCAN VEGA 3. Working interface, i.e.,
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graphitic pencil electrode, was manually cut and used for mi-
croscopic analysis. All the measurements were performed at
room temperature.

Preparation of MXene

The MXene was prepared from MAX phase (Ti3AlC,) treated
with 40% aqueous solution of hydrofluoric acid (HF) as etch-
ant. For a typical reaction, 10 mL of 50% HF was added to an
equal amount of deionized water in a polypropylene bottle.
Two grams of MAX phase powder was then slowly added to
the HF solution under magnetic stirring and the mixture was
heated at 35-40 °C for 8 h with continuous stirring. After the
reaction, the reaction mixture was cooled to room temperature
and washed with centrifugation at 4000 revolutions per min-
ute of rotor (RPM) or 1431 relative centrifugal force (RCF) or
g forces (using Eppendorf 5430 R centrifuge with working
radius of 8 cm) in deionized water. To get the desired product,
continues washing of the reaction mixture was performed with
deionized water and ethanol to maintain the pH at 6, followed
by vacuum drying at 80 °C for 24 h [25].

Preparation of PDI-MXene adduct

PDI-MXene adduct was prepared by ultra-sonication of 1:1
mixture of MXene (Img/mL) and PDI (1mg/mL) for 10 min
[20, 26]. Ultra-sonication-induced acoustic cavitation im-
proved the dispersion stability of assembling molecules and
eventually facilitated 7-7r interactions between them, leading
to the stable adduct formation [27].

Electrochemical studies

The obtained PDI-MXene nano-adduct was then used to mod-
ify the graphitic pencil electrodes (GPE) as fabrication step for
the development of DA detection system. Before modification
of PDI-MXene adduct, the working interface of GPE was
washed with doubly distilled water. GPE was chosen as a
working interface (2 mm) owing to economic viability, easy
availability, and minimal pretreatment requirement. Besides
this, its graphitic surface sp>-hybridized carbon facilitates easy
fabrication and good adsorption without any binder. To de-
posit the prepared nano-adduct on the working electrode sur-
face, typically 5 pL of PDI-MXene was drop-casted on the
working surface of GPE and dried at ambient temperature.
After complete drying, the modified GPE was transferred into
the electrochemical cell system and tested under different con-
centrations of DA in PBS with cyclic voltammetry (CV) in the
potential range of —0.8 —0 V. The spikes of DA were added
after every 50 s in an electrochemical cell containing 20 mL
PBS to analyze the response of fabricated electrode towards
different concentrations of DA. All the measurements were
performed at scan rate of 50 mV/s.

Results and discussions

Morphological, structural, and compositional analysis
of synthesized materials

The morphological structure of MXene was characterized by
scanning electron microscopy and the images elucidate the
successful formation of MXene sheets. The images revealed
that Al is etched from the MAX phase leading to the formation
of stacked MXene sheets with fine accordion-like morpholo-
gy as shown in Fig. 1 (A & C). In particular, the edges of the
MXene sheets are flat rather than curved depicting the good
interaction (H bonding) between MXene sheets [28].
Furthermore, the interlayer spacing between MXene sheets
provided a more available area for chemical activity than in
the three-dimensional MAX phase. The average thickness of
the MXene flake is found to be 1.5 nm which is in good
agreement with the reported literature [29-31]. Likewise, it
is envisioned from Fig. 1 (B) that PDI has been enwrapped
homogenously on MXene flakes via H bonding and 7-7t
stacking. This strong interaction generates a stable interface
with massive active sites for DA adsorption and enhances
catalytic activity.

Figure 1 (D) depicts the XRD pattern of synthesized
MXene and PDI-MXene architectures. Peaks (002), (004),
(006), (008), (104), and (105) at 2 value of 9.05, 18.37,
27.75, 34.31, 38.97, and 41.66, respectively, correspond to
MZXene peaks as shown in Fig. 1 D(a). The (002) and (004)
peaks were shifted down in MXene from MAX phase
(Ti5AIC,), from 9.5 to 9.05 and 19.1 to 18.37, respectively,
as perceived from Fig. 1 D(b). This shift was due to an in-
crease in interlayer space between MXene stacks after exfoli-
ation [28], while peak (008) moved from 34 to 34.31 and the
intensity of (104) peak was much reduced. However, diffrac-
tion peaks at (002), (004), (006), (008), (104), and (105) were
shifted towards higher 2 at 9.95, 19.3, 29.5, 35.25, 40.5, and
43.75 as shown in Fig. 1 D(c). This shift in scanning angle was
due to hydrogen bonding between PDI and MXene sheets.
The rest of the prominent diffraction peaks at 13.45, 14.85,
and 32.45 corresponds to the PDI molecule.

The surface morphology of MXene and PDI-decorated
MXene sheets have also been evaluated via AFM as shown
in fig S1. The topological height of the MXene sheets was
found to be approximately 110 nm as revealed in fig S1(A).
These findings are in good agreement with the reported liter-
ature [32, 33]. However, the topological height increased to
0.18 pum after the addition of PDI nanoparticles into MXene as
revealed in fig S1(B). This increase elucidates the formation
of nano-adduct with good interactive forces between exempli-
fied materials. AFM also reveals that MXene has a rough
surface with root-mean-square roughness (Rq) of 75 nm.
However, the integrated interface PDI-MXene bears large-
sized homogenized particles with a roughness of 156 nm.
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Fig. 1 SEM image of MXene (A)
and PDI-MXene (B), with high-
resolution SEM of MXene (C);
XRD pattern (D) of (a) Ti3AIC,
MAX phase, (b) MXene, and (c)
PDI-MXene

The much higher roughness compared to previously reported
MXene-based sensors elucidate the excellent surface activity
of integrated nano-catalyst [34]. These bulky sized particles
with higher surface roughness and defects ultimately endow
massive active surface sites for dopamine absorption which
eventually resulted in increased electrocatalytic efficiency for
DA oxidation.

The surface defects of MXene before and after assembling
with PDI have been evaluated via Raman spectroscopy. The
peak at 1315 cm ' corresponds to the surface disorders and
defects in the graphitic matrix and is named as D band.
Moreover, another peak at 1432 cm ! can be envisioned from
Fig S2 (a) which corresponds to sp> carbon of the graphitic
skeleton and was labeled as G band. The (Ip/Ig) was found to
be 1.01 for MXene. The low-intensity peaks and ratio indicate
the presence of a fewer amount of amorphous carbon content
due to the scarcity of oxygen source. The scarcity in oxygen
content is due to the short duration of the synthetic process
[35]. However, the D and G bands become very strong and
intense after coupling of MXene with PDI molecules as can be
envisioned from fig S2 (b). The notable increase in Ip/Ig ratio
(1.12) could be attributed to the greater degree of the disorder
compared to pristine MXene sheets. These results were also
validated from microscopic studies of these adducts via AFM
and SEM. Furthermore, a shift in D and G bands has also been
witnessed in the XRD pattern of PDI-MXene, as shown in
Fig. 1 D(c) that validated the existence of interacting forces
in integrated nano-adduct.

UV-Vis was performed to illustrate the PDI-MXene nano-
adduct formation and results are shown in fig S3(A). PDI has
shown multiple sharp and intense absorption peaks in the
range of 200-800 nm. The absorption peaks observed at

@ Springer
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wavelengths of 266, 500, and 608 nm could be attributed to
the n-7t* and 7-7t* electronic transitions as revealed in fig S3
A(a). MXene has shown a small absorption peak at 246 nm
which could be imputed to the occurrence of surface termina-
tions [36] as shown in fig. S3 A(b). In contrast to both the
parent molecules, PDI-MXene exhibited a lower energy tran-
sition at four absorption peaks, i.e., 246, 266, 501, and 608
nm, which could be attributed to the charge transfer state and
formation of PDI-MXene nano-adduct [37] as depicted in fig
S3 A(c).

Band gaps of pristine materials and nano-adduct were pre-
meditated using Tauc and Davis-Mott relationship that can be
extracted from UV-Vis data as displayed in equation S2 [38].
The FTIR spectroscopy was also applied to explore the chang-
es in functionalities of parent molecules and to interpret nano-
adduct formation as shown in fig S4.

Electrochemical investigation of modified interfaces

[Fe(CNg)® - 4_] probed the electron transfer rate and catalytic
properties of the interface after each fabrication step in cyclic
voltammetry. The variations in redox peak current and peak-
to-peak separation indicate the change in electron transfer at
each fabrication step. The redox peak current of bare electrode
Fig. 2 A(a) was increased radically after MXene deposition as
revealed in Fig. 2 A(b) and the peak separation was shifted
from 0.43 to 0.37 V that might be attributed to the excellent
conductivity and abundant reactive functional groups of
MXene interface [39]. Moreover, the immobilization of PDI-
MXene hierarchal nano-adduct on electrode surface as re-
vealed in Fig. 2 A(c) further enhanced the faradic response
with decreased peak-to-peak separation (0.26 V). The increase



Microchim Acta (2021) 188: 230

Page50f13 230

160 10.0k
A B
(oS
% (c) 8.0k« RN
. A A (a)
(b) 2
A
= @ | — 6.0k A o 2
2 o E RO )
£ [e) A o *° "
= A . »
= - 4.0k= A g0® L ()
S N ". ou "
© 804 uu
2.0k «
-160 =
u u Y y Y U y 0.0+ Y Y T
06 -04 -02 0.0 0.2 0.4 0.6 0.8 1.0 0.0 2.0k 4.0k 6.0k
Potential (E/V) Z' (Ohm)
150
C (P1)
100 «
(P2)
50 o
< (c)
- E
c a
o
5 -504
(8]
-100 <
150+ P3)
\J \J \J L]
-0.6 -0.4 -0.2 0.0

Potential (E/V)

Fig.2 Cyclic Voltammetric response (A) and electrochemical impedance
spectroscopy (B) of bare GPE (a), modified with MXene (b) and PDI-
MXene (c) in 5 mM [Fe(CN)6]* 7>~ (1:1). Cyclic voltammetric response

in oxidation current (68.8 to 142.7 uA) and decreased redox
peak separation could be accredited to stable and thin film
formation with enhanced electrochemical active surface area
possessed by nano-adduct [40]. Likewise, the electron-
attracting dianions of PDI also contributed towards the ampli-
fication of faradic current.

Randles—Sevcik equation has been employed to premedi-
tate the electrochemical active surface arca (EASA) of the
PDI-MXene/GPE from the peak current acquired by the cyclic
voltammograms in [Fe(CN)s]> ™ (redox probe) [41].

1 %

iy =2.69 x 10°4n*/2D, g [2C"V'/2 (1)

where “A” is electrochemical active surface area, “n’ is the
number of electrons involved in the oxidation or reduction of
potassium ferro/ferricyanide, which in this current case is 1,
“C*” is the concentration of ferrocyanide (5x 10> M), “Dyed”
is the diffusion coefficient of potassium ferrocyanide (7.6 x
10°® cm? sfl), and “v” is the scan rate (50X1073 V). The
electrochemically active surface area of the MXene/GPE and

(C) of bare GPE (a), modified with MXene (b) and PDI-MXene (c) in the
presence of 100 uM dopamine solution in phosphate buffer (pH=7.4). All
the measurements were performed at a scan rate of 50 mVs '

PDI-MXene/GPE was calculated to be 0.05 cm” and 0.14
cm?, respectively. The enhanced EASA of this integrated in-
terface in comparison to its pristine materials corroborated the
enhanced faradic current and greater electrocatalytic activity.

Electrochemical impedance spectroscopy (EIS) provided
the information of the interfacial characteristics of electrodes
in the form of a Nyquist plot during each fabrication stage. It
revealed electron transfer parallel to a semicircle at higher
frequencies along with diffusion-limited processes from linear
portions at lower frequencies [42]. As envisioned from Fig. 2
(B), the charge transfer resistance of bare electrode (R, = 152
) Fig. 2 B(a) was reasonably decreased after MXene depo-
sition (R¢; = 130.6 2), as shown in Fig. 2 B(b). The conse-
quent decrease in resistance was ascribed to enhanced electron
transfer property possessed by material and results are in con-
sistent with CV findings. However, an explicit decrease in
resistance was observed after PDI-MXene deposition (R, =
109 ), as indicated in Fig. 2 B(c) which might be due to
exotic electronic conductivity along with ideal stability pos-
sessed by nano-adduct. Likewise, the electron-attracting

@ Springer



230 Page6of13

Microchim Acta (2021) 188: 230

amide group could also promote the electron transfer from the
redox probe to the electrode interface. This desirable variation
in the impedimetric response after modification of electrode
surface with PDI-MXene nano-adduct indicates the fabrica-
tion of superior sensing surfaces with the enhanced active
surface area for greater catalytic performance.

Furthermore, the proficiency of PDI-MXene toward an
electrochemical determination of dopamine was evaluated.
To accentuate the synthesis of nano-adduct as control exper-
iments, bare GPE and electrodes modified with pristine mate-
rials were evaluated which displayed no peak in the presence
of 100 uM dopamine, as shown in Fig. 2 C(a, b).

However, after modification of GPE with PDI-MXene, two
oxidation peaks were observed in their spectra as shown in
Fig. 2 C(c). In the CV spectra, a prominent peak named P1 at
—0.135 V depicted the oxidation of DA to o-dopaminequinone
(DAQ) after complexation with nano-adduct. Likewise, the
reduction peak P3 at —0.495 V represented the conversion of
DAQ back to DA. However, second oxidation peak P2 at
—0.275 V was also observed, which probably indicates the
conversion of DAQ to leucodopaminochrome (LDAC) due
to intramolecular cyclization owing to Michael’s addition that
specifically takes place above pH 7 (7.4 in present case) in
PBS [43, 44]. The stepwise conversion of this redox couple
P2/P3 representing LDAC/DAC transitions has been detailed
in scheme S1. The much larger cathodic peak current in con-
trast to anodic current corroborated the electrochemical re-
versibility of reaction [44—46] at the surface of PDI-MXene.
Furthermore, the oxidation of DA at such a low potential
sanctioned the superior electrocatalytic ability for DA oxida-
tion to get enhanced EASA for fast electron transfer.

Reaction kinetics at integrated PDI-MXene/GPE
interface

In order to study the electron transfer process along with re-
action kinetics and surface activity at the PDI-MXene inter-
face, cyclic voltammetry at different scan rates was performed
Fig. 3 (A). The effect of scan rate on faradic current was
plotted in the presence of 100 pM DA with the scan rates
ranging from 5 to 150 mVs ™' as perceived from Fig. 3 (B).
The redox peak current was increased with a subsequent in-
crease in scan rate. Such response could be reasoned to the fact
that at higher scan rates electrode surface gets more time and
more exposure to the analyte that results in enhanced catalytic
activity along with the greater faradic current. Moreover, a
slight shift in potential with an increase in scan rate has also
been observed due to the fast electron transfer process thus
suggesting our mechanistic procedure is a surface-controlled
process [47]. Additionally, the adsorption-controlled process
at our integrated sensing interface is due to redox-active qui-
nones and aromatic ring that lead to the fast shuttling of elec-
trons at the electrode-electrolyte interface.

@ Springer

As illustrated in Scheme 1, MAX phase was exfoliated to
form MXene. Later on, PDI was self-assembled on the 2D
surface of the MXene substrate with the help of its surface
functional groups and 7t-7t stacking/H bonding. This interac-
tion resulted in increased mechanical stability and surface de-
fects that enhanced the sensitivity. These surface defects fur-
ther enhanced DA adsorption rendering provision of more
oxidation. Hence, with the increased electrocatalytic activity,
this integrated interface could prove highly robust, sensitive,
and selective for DA detection.

Sensing efficacy of integrated PDI-MXene/GPE
interface towards DA

DPV was also employed to investigate the response of devel-
oped PDI-MXene/GPE sensor against different concentra-
tions of DA owing to its well-defined current response, mag-
nified resolution, lower background noise along, and capabil-
ity to reduce non-faradic response [48]. The DPV findings as
revealed in Fig. 4 (A and B) suggested the linear increment in
faradic current with an increase in DA concentration [49].

Besides the current enhancement, a slight potential shift
has also been witnessed in DPV that denotes the enhanced
surface coverage and adsorption of dopamine at electrode in-
terface with the increase in DA concentration [50, 51].

We further employed the amperometry that is capable of
achieving lower detection limits owing to its increased current
sensitivity along with its ability to reduce the non-faradic cur-
rent. Hence, amperometric responses of PDI-MXene-
modified electrodes in different concentrations of dopamine
were obtained at —0.13 V of applied potential. The linear
increment in faradic current was observed with increasing
concentrations of DA. However, a lesser sensitivity at higher
concentration (100 to 1000 uM) has been observed compared
to lower concentrations as revealed from linear graphs of DPV
and amperometry of Fig. 4 B&D. It can be credited to com-
paratively higher energy needed for anodic stripping and ohm-
ic drop at higher concentrations as compared to lower concen-
trations [52]. These results manifest the analyte concentration
dependence of as-fabricated electrodes for their electrocatalyt-
ic response, as shown in Fig. 4 (C). Briefly, the presence of
accordion-like MXene stacks with ideal flake thickness of
95.6 nm enhanced the conductivity of interface and abundant
reactive surface functional groups provided interconnecting
points for further immobilization to generate a stable interface
with enhanced sensitivity. Meanwhile, the rigid PDI infra-
structure leverage increased electronic conjugation owing to
TI-7T interactions between redox-active quinones and aromatic
ring that lead to fast charge transport mobility at electrode-
electrolyte interface thus promoting redox activity of DA with
robust response (2 s), corroborating sensing efficacy in terms
of excellent sensitivity (38.1 pApM 'em 2), detection limit
(6.8 nM), and stability. The current obtained from
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Fig. 3 Cyclic voltammetric

response (A) and its
corresponding linear graph (B) of
PDI-MXene/GPE in the presence
of 100 uM DA in phosphate
buffer saline (pH 7.4) at different
scan rates (5 to 150 mV/s)
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amperometry and DPV was plotted against increasing concen-
trations of DA Fig. 3 (B and D), and the resultant plot present-
ed two linearities, one in lower DA concentration range, i.c.,
10 to 100 uM, and the second in higher DA concentration
range, i.c., 100 to 10,000 uM. The wide linear range and
superior detection limit in contrast to the literature show the
improved analytical performance of as-fabricated sensor to-
wards DA.

Surface coverage (I') of dopamine on the interface of syn-
thesized adduct PDI-MXene /GPE can be calculated using the
Lavirion equation.

_ n*F?ATv

I, = 2
p 4RT 2)

where “n” indicates the number of transferred electrons
(n=2), “F” and “A” represent the Faraday constant and area
of the graphitic pencil electrode respectively, while “R” and
“T” represent the general constants. The surface coverage of
Dopamine on the working electrode interface was calculated
to be 6.83 x 107 mol cm 2. Higher surface coverage of DA
explicates increased and fast electron transfer and authorizes
the findings.

Antifouling property of integrated PDI-MXene/GPE
interface

As a control experiment in order to emphasize the fouling and
antifouling properties of modified interface, we immersed the
modified electrode in concentrated solution of analyte
(1000 uM of DA) for 10 min and was analyzed at same ex-
perimental conditions. The current signals of the electrode
decreased as shown in fig S5 A(a) than those reported in
Fig. 3(a). This decrease in performance is due to fouling of
the electrode caused by DA and its derivatives that stick on
electrode interface and form insulating layer which reduce the
active surface area that lead to poor performance [53].
Nevertheless, the performance of the developed electrode
can be regenerated after 5-min bath sonication in DI water
as shown in fig S4 A(b). The linear relationship between

150 mV/s 2004
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oxidation current and DA concentration before and after son-
ication is shown in fig S5 B(a and b). Likewise, the DPV
curves of the original, DA fouled in 1000 uM DA and elec-
trode after 5 min sonication were also analyzed. The current
peak of the fouled electrode fig S5 C(a) decreased to more
than 30% than original electrode as shown in fig S5 C(b).
Meanwhile, the developed surface after 5-min ultrasonic
cleaning displayed almost the same level (only 0.5% in cur-
rent change) as shown in fig S5 C(c). These results revealed
that our integrated interface poses potential of ease of regen-
eration and antifouling abilities which carries potential for
several applications.

Selectivity, repeatability, reproducibility, and stability
of integrated PDI-MXene/GPE interface

To inspect the practical application of the developed electro-
chemical sensor, selectivity is the main representative feature.
Therefore, the response of transducing interface was analyzed
in the presence of interfering species as they coexist with DA
in the extracellular fluid. In Fig. 5 (A), a prominent faradic
current can be envisioned after the addition of 100 uM DA
however, a lesser response was recorded after the addition of
1000 uM of each interferent. It shows the selectivity of our
developed transducing surface towards DA, even in the pres-
ence of 10-fold excess of physiological interferents. The su-
perior selectivity of PDI-MXene towards dopamine could be
due to the 7t-7t interaction of planner structure of nano-adduct
and DA phenyl group resulting in easier electron transfer for
DA oxidation. However, the interaction of nano-adduct with
other interferents is weak that leads to inactive oxidation that
is why a lower faradic response is observed. Moreover, the
developed sensor did not even show a good response towards
AA and UA as at pH 7.4, AA and UA have negative charges
while DA is positively charged. Therefore, the negatively
charged nitrogen atom of PDI attracts the positively charged
DA and repels AA and UA [54].

The repeatability, reproducibility, and stability of the de-
veloped PDI-MXene/GPE were investigated and tested under

@ Springer



230 Page8o0f13

Microchim Acta (2021) 188: 230

Exfoliation

HF etching

.. Dopamine

Dopamine-o-quinone MXene PDI H-bond Al

400 800
Time (seconds)

' ' i 000««/'

O H F~

Scheme 1 Schematic illustration of the oxidative process involved on constructed sensing interface for the development of a non-enzymatic dopamine

sensor

analogous analytical parameters to analyze its practical appli-
cability. The relative standard deviation was calculated to be
1.90% after recurrent usage of the same fabricated electrode
(n=10), indicating good precision and admirable repeatability
of the developed sensor, as shown in Fig. 5 (B). Likewise, to
assess the reproducibility of the fabricated sensor, the CV
response of 6 paralleled electrodes was examined for DA
sensing under similar conditions, as shown in Fig. 5 (C).

@ Springer

The relative standard deviation, in this case, was found to be
1.52% consenting to an excellent reproducibility of the devel-
oped sensor. Similarly, the stability of the projected sensor
was also evaluated by storing it at room temperature and sub-
sequently analyzing it after every 7 days against DA Fig. 5
(D). The relative standard deviation was found to be 2.14%
authorizing the long-term stability and reliability of the antic-
ipated sensor.
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Fig. 4 Differential pulse
voltammetric response (A) and its
corresponding linear graph (B),
and amperometric response (C)
and its corresponding linear graph
(D) for PDI-MXene/GPE at a
concentration ranging from 10 to
1000 puM. All studies were
performed in phosphate buffer
saline (pH 7.4) at a scan rate of 50
mV/s

Fig. 5 Current response (A) of
PDI-MXene/GPE in the presence
of 100 uM DA and 1000 uM
interfering species (glucose, uric
acid, ascorbic acid, sodium
chloride, cysteine, potassium
chloride, urea, and hydrogen
peroxide) in phosphate buffer
saline (pH 7.4) at a scan rate of 50
mV/s. Repeatability (B) of PDI-
MXene-modified GPE for their
response towards DA for ten
times. Reproducibility (C) of 6
GPE modified with PDI-MXene
for their response towards DA
under similar analytical parame-
ters. Stability (D) of PDI-MXene-
modified GPE for their response
towards DA for 28 days
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Table 1 The recovery statistics of

the integrated sensor in human Sample  Dopamine added  Dopamine found  Relative standard deviation =~ Relative Recovery
serum for dopamine sensing (uM) (uM) % (n=3) error % %
50 49.9 0.4 0.20 100.2
100 99.7 0.1 0.23 99.9
300 296 0.4 0.19 98.6

Real sample analysis on integrated PDI-MXene/GPE
interface

Complex biological systems impose a stringent restriction on
the practical development of electrochemical sensors as they
are infatuated with many biological interferents other than
DA. Therefore, the real sample analysis of the as-integrated
sensing surface PDI-MXene/GPE was performed to analyze
the practical analytical performance

Table 1 showed the recovery of DA at three different
spiked concentrations (50 uM, 100 uM, and 300 uM) in
PBS having pH 7.4. The procedure and recovery calculation
method has been elaborated in supporting information [55,
56]. The recoveries were found in the range of 98.6 to
100.2%, as shown in Table 1. Moreover, the standard addition
method was applied to serum samples to investigate the

selectivity properties of designed electrochemical sensor.
Calibration equation of standard addition method is found to
bey (LA) =0.11x (uM) + 0.22. These excellent recoveries of
the DA in spiked samples validate the high accuracy of devel-
oped sensor in complex medium.

Moreover, the findings of the integrated dopamine sensor
were evaluated and compared with conventional reported sys-
tems as displayed in Table 2. The good sensitivity, wide linear
range, and lower detection limit along with maximum repro-
ducibility made the as-fabricated interface an ideal platform
for dopamine sensing. Moreover, lower working potential of
the present fabricated sensor is the main plus point of the
present study. However, there is still a great room in investi-
gating the in vivo applications of MXene-based nanocompos-
ites as well as to work on the poor stability of MXene and their
composite materials.

Table 2 Comparison of dopamine analytical parameters obtained on different electrode matrixes found in recent literature with the as-fabricated
interface

Electrode matrix Sensitivity (LALM ! LOD Linear range Reproducibility (RSD Detection potential Ref.

em?) (nM) (M) %) W)
PEDOT-LSG 0.220 £0.011 330 1-150 2.7 0.25 [57]
Si0,/C/Co0304 80 18 10-240 25 0.25 [58]
CB-GCE 0.61 60 0.1-20 - 0.14 [59]
GNPs/MWCNTs 2.06 70 04-5.7 - 0.16 [60]
Fe;04-Gr/GCE - 750 5.0-160 - ~0 [61]
GCE/N-rGO-180-8/NH;  1.82 410 0.5-150.0 6.22 0.2 [62]
Ag@MoS,/GCE - 200 1-500 - 0.15 [63]
TiOy/TiCT/NUF/GCE 9.2 0.2 0.002-100 069 0.144 [64]
ErGO/MWCNTSs/PPy 8.96 23 0.025-1 543 0.25 [65]
Ti;C, Ty - 3 0.015-10 1.14 0.245 [66]
Ti;C,/DNA/Pd/Pt@GCE 1.05 30 0.2-1000 - ~02 [67]
CuO/CeO,/SPCE 4.823 16 0.025-98.5 3.72 ~03 [68]
RuS, /GCE 1.8 73.8 10-80 6.4 0.25 [69]
PDI-MXene/GPE 38.1 240 10-100 1.52 —0.135 This
100-1000 work

PEDOT-LSG poly(3,4-ethylenedioxythiophene)-modified laser-scribed graphene; SiO,/C/Co;0, carbon ceramic electrode of SiO,/C modified with
Co0304 nanoparticles; CB carbon black; GNPs/MWCNTs gold nanoparticles supported on multi-walled carbon nanotubes; GR graphene, GCE glassy
carbon electrode; N-GOs N-doped reduced graphene oxides; Ag@MoS2/GCE molybdenum disulfide nanosheet decorated with silver nanoparticles;
CuO/CeO2/SPCE copper oxide, cerium oxide, screen-printed carbon electrode; RuS, ruthenium(IV) disulfide
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Conclusion

The paper reports the fabrication of a PDI-MXene/GPE-based
electrochemical dopamine sensor. The developed interface
proved to be a simple, robust, miniaturized, and highly effi-
cient transducing site for DA oxidation at lower potential with
ultra-sensitivity and enhanced selectivity even in the presence
of biological interfering analytes. The higher EASA along
with increased DA coverage on electrode interface owing to
the synergistic effect of MXene and PDI leads to superior
analytical performance. The achieved detection limit and
wider linear ranges are a result of an integrated system with
minute perturbations and low ohmic resistance. The devel-
oped interface also proved to be effective even in real samples
with considerable sensitivity and selectivity, implying the
great potential for diverse practical applications in the biomed-
ical field.
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