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Next-generation 2D materials, such as transition metal carbides and nitrides (MXenes), have received
increasing attention owing to their physicochemical properties. In this study, we synthesized highly
intense fluorescent materials, nitrogen-doped MXene quantum dots (N-MQDs) using an easy and less
time-consuming microwave-assisted method. These N-MQDs are spherical, fluorescent, and highly
sensitive materials, as confirmed by high-resolution transmission electron microscopy, atomic force
microscopy, UV-visible, fluorescence, Fourier transform infrared spectroscopy, X-ray diffraction, Raman
spectroscopy, zeta potential, and contact angle measurements. The N-MQDs were used as dual probes
for the fluorescence and electrochemical sensing of neurotransmitter norepinephrine (NE-0.1 to 500
uM). The sensing strategy is based on the Forster resonance energy transfer acquired by the N-MQDs,
leading to fluorescence quenching at 400 nm. A new emission peak at 500 nm with color changes and
NE-to-NE quinone conversion in an electrochemical reaction. Fluorescence and electrochemical
analyses were revealed using the human serum sample limit of detection (LOD) values of 40 and 33 nM,
respectively. For point-of-care analysis, we developed a smartphone-integrated sensor array to calculate
intensity changes, and the relative red/green/blue (RGB) values were measured at different
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concentrations of NE. The synthesized fluorescent probe is a promising candidate for detecting NE in
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1. Introduction

Neurotransmitters (NTs) are chemical messengers essential for
human life, and imbalances in these can lead to various
diseases, such as epilepsy, Parkinson’s disease, Alzheimer’s
disease, and Huntington’s disease, as well as high blood
pressure, insomnia, and depression." Noradrenaline, also
known as norepinephrine or the ‘“‘stress hormone,” is a key
catecholamine secreted by noradrenergic neurons in the cen-
tral and sympathetic nervous systems.”> NE plays a significant
role in physiological processes, including anxiety, stress, mem-
ory, sleep, mood, and attention.® The normal range of NE in the
human body is 70-1700 pg mL™" (413.8-10048.7 pmol L™*).*
Low NE levels are associated with pathologies such as
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biofluids. It is highly selective toward NE and is suitable for the early diagnosis of neurological diseases.

depression, Parkinson’s disease, and Alzheimer’s disease,
whereas high NE levels are indicative of paraganglioma, pheo-
chromocytoma, or neuroendocrine tumors. Therefore, it is
necessary to develop a rapid and sensitive method for detecting
NE in biological fluids.”

To date, several analytical methods have been used to detect
NE concentrations in human body fluids, including high-
performance liquid chromatography (HPLC)>® gas chroma-
tography,® capillary electrophoresis,” and colorimetric,®’
fluorescence,'®™* and electrochemical techniques.*™* How-
ever, HPLC, gas chromatography, and capillary electrophoresis
are expensive and complicated, have long analysis times and
low sensitivity, and require organic and toxic reagents. There-
fore, developing a low-cost, sensitive, fast, and selective detec-
tion method for NE is essential for point-of-care analyses.
Electrochemical and fluorescence techniques are easy to per-
form, highly selective, and time-efficient. In recent years,
electrochemical detection of biomolecules has gained tremen-
dous attention owing to its high selectivity. NE is an
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electrochemically active molecule that can be converted into NE
quinone via a two-electron, two-proton transfer process.'® We
used electrochemical induction for early and robust diagnosis
of NE concentration in biological fluids; importantly, these
inherent advantages made it possible to commercialize the
electrochemical platforms. There are two main types of
fluorescence-quenching mechanisms: dynamic and static.
Dynamic quenching involves a collisional process in which an
excited fluorophore interacts with a quencher molecule. These
collisions result in nonradiative energy transfer, thereby redu-
cing the fluorescence intensity. Forster resonance energy trans-
fer (FRET) is a type of dynamic quenching in the energy transfer
occurring from the excited state of the donor molecule and is
fully based on the classical dipole-dipole interaction between
the acceptor and donor distances. By contrast, static quenching
involves the formation of a stable complex between the fluor-
ophore and the quencher without the need for collisions."” The
inner filter effect occurs under dynamic quenching because of
the loss of fluorescence intensity caused by light absorption
through electron transfer. In recent years, mobile-phone-based
biosensing platforms have emerged because of their ubiquity,
handiness, and accessibility, and they can also be applied in
fluorescence, electrochemical, and colorimetric biosensing."®
Over the past decade, quantum dot (QD)-based materials
have emerged as superior fluorophores for optical sensing and
bioimaging owing to their intense fluorescence activity, good
solubility, excellent biocompatibility, high surface area, low
cytotoxicity, and enhanced surface grafting. Additionally, var-
ious probes, such as graphene QDs, nanoclusters, CdTe QDs,
CdTe@SiO, QDs, and magnetic nanoparticles, have been devel-
oped for NE detection.'*'*'*?® Similarly, amine group-
containing ligands, such as polyethyleneimine (PEI) and ethy-
lenediamine (EDA), have been used in ratiometric fluorescence
sensor arrays to detect NE.""2! MXenes (M,,+1X,,, where M is an
early transition metal, including V, Ti, Zr, Ta, Nb, Sc, Mo, or Hf,
and X is nitrogen or carbon) are novel 2D materials derived
from the selective etching of the MAX phase (M,,;;AX,,). Among
these, Tiz;C, MXene-derived QDs are ideal candidates for cancer
therapy and for enzymatic, optoelectronic, bioimaging, and
biosensing applications.?”> Functionalized or capped MXene
QDs have been used to achieve enhanced stability, high quan-
tum yield (QY), improved luminescence performance, and
specific binding of target molecules.>® Several studies have
been conducted on nonmetallic elements (P, S, and N) doped/
codoped into MQDs, which provide increased light absorption,
improved electrical properties, low energy losses, and increased
lifetimes. Owing to their excellent electrical, magnetic, optical,
and structural properties, they can be used in metal ion
detection, protein detection, photothermal therapy, immuno-
modulation, electrocatalysis, photocatalysis, photoelectrocata-
lysis, batteries, supercapacitors, and optoelectronic devices.** To
date, hydrothermal, solvothermal, hydrothermal/solvothermal-
ultrasound, molten salt, acoustomicrofluidic, direct ultrasound,
and microwave-assisted methods have been used for the synthesis
of MQDs. However, these methods have disadvantages such as
being time-consuming, high-temperature, and low-yield.*® To
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overcome these effects, microwave-assisted synthesis routes have
been widely used because of their short synthesis time, low cost,
cleanliness, low temperature requirements, high QY, and ability
to produce uniform shapes and sizes.”® The microwave-assisted
synthesis of Ti;C, MQDs is faster, more efficient, and easier than
the hydrothermal method.”> Furthermore, to the best of our
knowledge, smartphone-integrated N-MQD-based electrochemical
and fluorometric detection of NE has not yet been reported.

In this study, we developed a dual-sensor array for detecting
NE in human serum samples using N-MQDs prepared via
microwave synthesis. We aimed to develop a highly sensitive
and selective fluorescent material using a microwave-assisted
method within 5 min, which is an environment-friendly and
cost-effective approach. Ti;C, MXene was used to synthesize
QDs, and triethylamine acted as both a reductant and a nitro-
gen dopant. The size, surface charge, and fluorescence of the N-
MQDs were confirmed by high-resolution transmission elec-
tron microscopy (HR-TEM), atomic force microscopy (AFM),
zeta potential, and photoluminescence (PL) analyses, and their
interactions with NE were confirmed by X-ray photoelectron
spectroscopy (XPS). A novel N-MQD sensor array was developed
for the electrochemical and fluorescence detection of NE in the
0.1-500 pM range, both in PBS solution at pH 7.0 and in human
serum samples. Additionally, the fluorescence sensing perfor-
mance was analyzed using smartphone-integrated Android-OS-
based image analysis, and the RGB (red, green, and blue) values
were measured. We chose human serum samples as the biological
medium because NE-related disorders, such as Alzheimer’s dis-
ease, high blood pressure, ganglia neuroblastoma, paragan-
glioma, and Parkinson’s disease, are more common in older
adults and can be detected in serum. Compared to other detection
techniques, our proposed framework enables effective detection
of NE in biological samples with a dual-mode sensor and supports
a smartphone-integrated system. N-MQDs are highly sensitive,
selective, and promising candidates for detecting NE in biological
samples, making them effective for clinical diagnosis.

2. Experimental methods
2.1 Chemicals

MXene (TizAlC,), ethylene diamine (EDA), sodium hydroxide
(=98%), potassium hexacyanoferrate(ur) K;[Fe(CN)s] (99%), potas-
sium hexacyanoferrate(u) trihydrate K,[Fe(CN)¢]-3H,O (98.5-
102.0%), potassium chloride (KCl-99.0%), calcium chloride
(>97%), sodium chloride (99.0%) pi-norepinephrine hydrochlor-
ide (>97%), dopamine hydrochloride (98%) (—)epinephrine,
v-aminobutyric acid (GABA - >99%), glucose (>99.5%), L-ascorbic
acid (99%), phosphate-buffer saline (PBS, pH 7.0), and human
serum samples were purchased from Sigma Aldrich (USA). Deio-
nized water obtained using a Millipore Milli-Q system (USA) was
used to prepare the solutions.

2.2 Instrumentation

A UV-vis spectrometer (Varian Carry 100) was used to record the
absorption spectra. A fluorescence spectrometer (SCINCO FS-2)
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equipped with FluoroMaster Plus software and a 150-W
continuous-wave xenon arc lamp was used to measure the
photoluminescence (PL) of the N-MQDs, and HR-TEM (Tec-
nai™ G2 F30 Series) was used to measure the microscopic
images. AFM (JPK NanoWizard II, bioatomic force microscope,
Berlin, Germany) was used to measure the height profile
images of the N-MQDs. The JASCO FT/IR 4600 enabled spec-
trum analysis software was used to measure the Fourier-
transformed spectrograph images. A micro-Raman system
(He-Ne laser beam at 633 nm, Ramboss 500i) was used to
measure the Raman spectra of the N-MQDs. A high-
temperature X-ray diffractometer (motorized slit; 3 kW X-ray
generator; 2-bounce monochromator) was obtained from
Texas, USA, and used for an X-ray diffraction (XRD) analysis.
XPS (K-Alpha™") with an Al-Ko micro-hooked X-ray source
from Thermo Scientific Inc, USA, was used to study the ele-
mental identification of the N-MQDs, as well as N-MQDs-NE
interaction. A Phoenix 300 contact angle instrument was used
to measure the surface hydrophobicity and hydrophilicity of the
N-MQDs. A NanoKyo-ZetaPALS (phase analysis light scattering,
Brookhaven Instruments) analyzer was used to measure the
surface charges of the N-MQDs. A microwave oven was used to
synthesize the N-MQDs, and luminescent images of the
N-MQDs were obtained using an ATTO ultraviolet (UV-365 nm)
transilluminator. A BioLogic Scientific Instrument from France
with EC Lab software (sp-350) was used for the electrochemical
studies.

2.3 Synthesis of N-MQDs

Firstly, the Ti;C, MXene was synthesized by the previously
reported method.>” The N-MQDs were synthesized using a less
time-consuming (5 min) microwave-assisted method. Briefly,
50 mg of MXene powder was added to a 250 mL round-bottom
(RB) flask containing 50 mL of distilled water and sonicated for
15 min to obtain a uniform dispersion of MXene. Ethylene
diamine (2 mL) was added to the RB flask, sonicated for 5 min,
and placed in a microwave reactor for 5 min (800 W, 100 °C).
The obtained solution was filtered through a dialysis
membrane (2000 kDa, KWCO) for 2 d. Finally, the collected
samples were lyophilized for 2 d to obtain N-MQDs powder and
stored at 4 °C in a refrigerator for further use.?>

2.4 Fluorescence detection of NE using N-MQDs

1 mg of N-MQDs was dispersed in 1 mL of DI water and
sonicated in 15 min for uniform dispersion. Different concen-
trations of NE (0.1-500 uM) were prepared, and a 4 mL glass
cuvette was used for the fluorescence detection experiment. A
solution consisting of 100 pL of N-MQDs and 100 pL of NE
solution in 1.8 mL of PBS (pH 7.0) was prepared and mixed well
using a pipette. After 5 min of incubation, the fluorescence
spectrum was measured. Each measurement was repeated
three times to standardize the results. The same protocol was
used throughout the experiment. For real sample analyses,
human serum samples were diluted 20-fold using PBS solution.
The NE solutions were spiked with human serum, and the same
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protocol was used for the fluorescence detection of NE in real
samples.

2.5 Electrochemical detection of NE using N-MQDs

A GCE was polished using a 0.05 pm alumina slurry, then 1 mg
of N-MQDs were dispersed in 1 mL of DI water and 20 pL of N-
MQDs was mixed with 5% Nafion (10 pL). After 5 min of
sonication, 5 pL of Nafion mixed N-MQDs were drop-cast on
the GCE surface and dried at 50 °C. The N-MQD-modified GCE
was used as the working electrode, a Pt wire was used as the
counter electrode, and Ag/AgCl was used as the reference
electrode. Cyclic voltammetry (CV) and electrochemical impe-
dance spectroscopy (EIS) were used to measure the 5 mM ferri/
ferro solution. Differential pulse voltammetry (DPV) was per-
formed using 2 mL of PBS (10 mM, pH-7) solution. Different
concentrations of NE (0.1-500 uM) were used for DPV studies.
Similarly, as mentioned above, for a real-world application, the
human serum samples were diluted 20-fold and spiked with
different concentrations of NE. Each experiment was repeated
thrice, and the RSD values and recovery percentages were
tabulated.

3. Results and discussion

3.1 Morphological, optical, and analytical studies of N-MQDs
and sensing of NE

The morphology, size, and line-profile height of the N-MQDs
were characterized using HR-TEM and AFM (Fig. 1). Fig. 1a
shows the TEM images of the N-MQDs, which exhibited well-
dispersed particles, and the inset image shows a size destruc-
tion histogram with a diameter of 4-6 nm. Fig. 1b shows HR-
TEM images of the N-MQDs with a sequential lattice fringe
spacing of 0.265 nm.>**® The less time-consuming microwave-
assisted N-MQD synthesis provided a uniform size with sphe-
rical morphology and high product purity. The height and
morphology of the N-MQDs were also measured using AFM,
and the results matched those of the HR-TEM analysis. Fig. 1c
shows 2D topographic images of the N-MQDs, which had an
average height of 5 nm, and Fig. 1d shows the corresponding
3D images.”® Both HR-TEM and AFM analyses confirmed that
the synthesized N-MQDs were spherical with an average size of
4-6 nm.

Fluorescence spectroscopy was used to analyze the optical
properties of N-MQDs (Fig. S1, ESIt). Initially, we performed N-
MQD synthesis by varying the time (2, 5, 10, and 15 min) and
checked the fluorescence image (inset: images under 365 nm
UV light) and fluorescence spectrum analysis, as shown in
Fig. S1a (ESIY). Increasing the microwave irradiation time from
2 to 5 min doubled the fluorescence intensity compared to the
2-min reaction. Subsequently, we gradually increased the reac-
tion time to 10 and 15 min; thereafter, no drastic change in the
fluorescence intensity was observed and the intensity is not
stable in the 10 and 15 min prepared samples. The 2 to 10 min
synthesized N-MQDs exhibited an emission wavelength of
400 nm, whereas the 15 min synthesized N-MQD samples

This journal is © The Royal Society of Chemistry 2025
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Fig.1 (a) TEM image of the synthesized N-MQDs (inset: size distribution histogram), (b) HR-TEM image of the N-MQDs, (c) AFM 2D image of the

synthesized N-MQDs, and (d) corresponding 3D image.

exhibited an emission peak at 410 nm. Based on this study, we
concluded that the 5-min reaction gives the best fluorescence
properties, and we also aimed to prepare an intense fluorescent
material with a less time-consuming method; therefore, we
finalized the 5-min synthesis for our work. Excitation, emis-
sion, and excitation-dependent emission spectra were studied
to determine the emission wavelengths and maximum inten-
sities of the N-MQDs. As seen in Fig. S1b (ESIt), the N-MQDs
exhibit excitation at 330 nm and emission at 400 nm, and the
inset figure appears colourless under daylight also with blue
fluorescence emission under 365 nm UV light. An excitation-
dependent emission spectrum was observed from 300 to
380 nm, as shown in Fig. Sic (ESIt). When the excitation
wavelength was increased from 300 to 380 nm, a red shift in
the emission wavelength was observed, indicating that the
N-MQDs exhibited excitation-dependent PL behavior.>®
Fig. S1d (ESIt) shows the emission spectra of the N-MQDs in
PBS solutions with different pH ranges (5-9). A highly intense
emission peak was observed at pH 7.0. Thus, the entire

This journal is © The Royal Society of Chemistry 2025

experiment was performed at the same pH. Because N-MQD
materials are highly stable, with intense fluorescence at neutral
pH, they can be used in biological applications.

To further confirm the optical and analytical properties of
the as-prepared N-MQDs, the UV-vis, FT-IR, XRD, and Raman
spectra are shown in Fig. 2. Fig. 2a and b show the UV-vis and
FT-IR spectra before and after the interaction of the NE with the
N-MQDs. Fig. 2a shows the absorption peak observed from 290
to 340 nm, which corresponds to the inter-band transition
of the N-MQDs. Another broad peak is observed at 400-
480 nm.*®*° The UV-vis spectrum of the 100 pM NE sample
showed no peak in this region. However, after interaction with
the N-MQDs, a new strong absorption peak appeared at
295 nm. The enhancement of the peaks between 400 and
480 nm, along with the new peak at 295 nm, confirmed a
strong interaction between NE and N-MQDs.

In Fig. 2b, the FT-IR spectrum of the N-MQDs shows a broad
band at approximately 3303 cm ™" corresponding to the OH
stretching vibration. The N-MQDs display two strong
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Fig. 2
MXene and N-MQDs, and (d) Raman spectrum of MXene and N-MQDs.

transmission bands near 2900 and 1500 cm ™', corresponding

to the N-H stretching vibration and amide bands,
respectively.”® The peak at 2850 cm™' represents the C-H
stretching vibration, while the CO, peak appears at approxi-
mately 2360 cm™".*>° The peak at 1650 cm™ " corresponds to
N-H stretching vibrations, and the peak at 1454 cm ™' repre-
sents the Ti-O-Ti vibration. The absorption peak at 1358 cm ™"
is attributed to C-N stretching, and the peak at 467 cm "
corresponds to Ti-C stretching.”® NE has one NH, group,
allowing for six types of vibrational modes: symmetric stretch-
ing (vs), anti-symmetric stretching (v,s), twisting (7), wagging
(), rocking (u), and scissoring (p).

NE showed a broad absorption spectrum at 2800-
3350 ecm ', attributed to the antisymmetric and symmetric
vibrations of the NH and OH groups. The scissoring, rocking,
and wagging modes of the NH, group are attributed to the
ranges 1500-1700, 900-1150, and 825-818 cm ', respectively.
Antisymmetric and symmetric stretching modes of CH, were
observed in the range of 2700-3000 cm™ ', and the C-N stretch-
ing vibration appeared at 1095 cm™'.***? C-C skeletal vibra-
tions appeared at 1613 cm™ ', while the 1580 cm™ " vibration
corresponded to C-O. The peak at 1375 cm ™ represented CH,

646 | J Mater. Chem. B, 2025,13, 642-655

(a) UV-visible spectrum of N-MQDs, NE, and N-MQDs with NE, (b) IR spectrum of N-MQDs, NE, and N-MQDs with NE, (c) XRD spectrum of

wagging and twisting vibrations, and the C-H bending vibra-
tion appeared at 1075 cm™'. The NE with N-MQDs displayed
new peaks at 1592, 1157, and 940 cm ™, corresponding to NH,",
C-O stretching vibrations, and C-H out-of-plane bending,
respectively.>* The peak at 1592 cm™" confirms the occurrence
of electron transfer between the NE and N-MQDs and the
strong interactions between them. To support this, zeta
potential analysis was performed (Fig. S2, ESIT). The N-MQDs
exhibited a zeta potential value of —10.94 mV, which became
9.04 mV after interacting with NE owing to the NH, and OH
groups in NE (Fig. S2a and b, ESI}). Contact angle measure-
ments were conducted to assess the wettability of the synthe-
sized N-MQDs, where 10 pL of the sample was drop-cast onto a
carbon paper electrode (CPE) and dried in an oven at 50 °C. The
pristine CPE electrode showed a contact angle of 104.21° and
the N-MQD-modified electrode showed a contact angle of
32.57°, indicating greater hydrophilicity. The synthesized QDs
were easily bonded to the analytes and are promising candi-
dates for biosensing applications (Fig. S2¢ and d, ESIt).

Fig. 2c and d present the XRD and Raman spectra of the
MXene and N-MQDs, respectively. XRD was used to determine
the crystal structure and phase of the synthesized material. As

This journal is © The Royal Society of Chemistry 2025
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shown in the XRD spectrum (Fig. 2c), a scan range of 10-80°
was used, and the MXene (Ti3C,) showed peaks at 13.05°, 19.5°,
25.4°, 26.5°, 33.4°, 34.4°, 35.8°, 40.1°, 41.7°, 48.2°, 61.2°, and
72.4°, corresponding to the (002), (004), (111), (200), (220),
(311), (002), (002), (002), and (002) crystal planes.**?° The
XRD spectrum of MXene (TizC,) indicates its crystalline nature,
which matches JCPDS no. 52-0875. The scanning electron
microscopy (SEM) images further confirmed the removal of Al
from the MAX phase. Fig. S3a-c (ESIf) shows the MAX phase
images, and the sheet-layered images at different magnifica-
tions shown in Fig. S3d-f (ESIf) indicate the removal of Al
atoms, further confirming the formation of the MXenes (TizC,).
As mentioned above, the XRD results for the N-MQDs indicated
that all the peaks decreased, although minor peaks at 35.8°,
41.7°, and 62.2° were observed. This confirms the successful
formation of MQDs. Fig. 2d presents the Raman spectra of
TizC,T, and N-MQDs, where the vibrations of Ti;C,T, consist of
out-of-plane (Ag) and in-plane (E,) peaks for both the C and Ti
atoms. The Ti;C,T, spectrum was divided into three regions:
the flake region (I), vibration of the surface functional groups
(T, - I and I1I), and vibration of carbon (C region - IV). The A;,
peaks at 210 (I) cm ™" and E, peaks at 310 (II) and 385 cm ™" (III)

View Article Online
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correspond to the vibrations of the titanium surface
groups.®”*® The E, peak at 580 cm ™' represents the vibrations
of carbon atoms, and the A;, and E,; peaks of titanium and
carbon correspond to layered MXene (TizC,T,). After conversion
into QDs, the layered A, and E, peaks of titanium and carbon
were reduced, indicating the successful formation of QDs.**
The chemical state, surface composition, and interaction
mechanism of the N-MQDs with the NE were investigated using
XPS (Fig. 3 and Fig. S4, ESIt). In Fig. 3(ai)-(di) and (aii)-(dii)
represent the Ti 2P, C 1s, O 1s, and N 1s spectra of the N-MQDs
before and after interaction with the NE, respectively. The
XPS survey spectrum confirmed the presence of Ti, C, O, and
N in the N-MQDs, with percentages of 8.1%, 62.40%, 27.22%,
and 1.51%, respectively (Fig. S4, ESIt). After interaction with
the NE, the Ti and C percentages decreased to 2.94% and
51.5%, respectively, and the N and O percentages increased
to 12.88% and 32.68%, respectively. The percentage of N
increased because of the presence of an amine functional group
in the NE. As shown in Fig. 3(ai), the Ti 2P (Ti 2P;/, and Ti 2P;,)
spectrum of the N-MQDs was split into six peaks at 464.3,
463.3, 460.8, 458.4, 456.2, and 454.7 eV corresponding to TiO,
(2Py2), Ti** (2Pys,), Ti-C (2Py2), TiO, (2P3s), Ti*" (2Ps),), and

i Tio, g Ti 2P
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Fig. 3 Figures (ai)-(di) represent the XPS spectrum of N-MQDs and (aii)-(dii) correspond to after interaction of NE with N-MQDs.
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Ti-C (2P5),).*>** These results indicate the presence of surface
functional groups of oxide (-O-) and hydroxyl (-OH) groups.
After interacting with NE, Ti-C, and TiO, (2P, and 2P;,) peaks
were observed. The Ti-C (2P3,), TiO, (2Ps,,), Ti-C (2P4,,), and
TiO, (2P,),) peaks were observed at 455.0, 458.8, 460.4, and
464.1 eV, respectively (Fig. 3(aii))."***> The C 1s spectrum
(Fig. 3(bi)) was split into four spectra, and the peaks at 288.7,
286.9, 284.9, and 281.1 eV corresponded to C—=0, C-OH, C-C,
and Ti-C, respectively. After interacting with NE, C 1s peaks
were observed at 292.4, 287.6, 285.9, 284.3, and 282.3 eV
representing C-C—O0O, nitrogen-bonded carbon, C-O/C-OH,
C=N, C-C, and Ti-C, respectively (Fig. 3(bii)).*>**** The peaks
at 292.4 and 287.6 eV conformed to the quinone formation and
electron transfer that occurred between the NE and N-MQDs.

The O 1s spectra of the N-MQDs (Fig. 3(ci)) showed three
peaks: the COOH and C-Ti-O, peaks were observed at 533.8
and 532.0 eV indicating oxygen-bound carbon atoms and
oxygen-bound titanium carbide, respectively.

An intense TiO, peak is observed at 529.5 eV representing the
formation of titanium oxide. After interaction with NE, a new peak
was observed at 530.5 eV representing C—O (quinone), which
confirmed the occurrence of electron transfer between the N-
MQDs and NE, resulting in NE-to-NE quinone conversion.*>™*’
The peaks at 534.2, 532.6, and 531.2 eV are attributed to the
formation of C-OH, C-O, and C-TiO,, respectively (Fig. 3(cii)). In
the N 1s spectrum of the N-MQDs, peaks appeared at 400.7 and
398.7 eV, corresponding to graphitic nitrogen (y-nitrogen) and
O-Ti-N, respectively (Fig. 3(di)). Based on the XPS data, we
confirmed the successful incorporation of nitrogen atoms into
the MQDs; the nitrogen spectrum of the NE with N-MQDs showed
two peaks at 401.2 and 399.2 eV corresponding to C-N-H and N-C
formation, respectively (Fig. 3(dii)).”*”° The peak at 401.2 eV
corresponds to the amine group of the NE molecule through
carbon interactions. The XPS and FT-IR data were consistent,
suggesting that the N-MQDs contained hydroxyl and amine func-
tional groups that facilitated the conversion of NE to NE quinone.

3.2. Plausible mechanisms

We propose plausible mechanisms for both the fluorescence
and electrochemical detection of NE using the N-MQD sample;

a
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the corresponding schematics are shown in Fig. 4. The XPS and
FT-IR spectra revealed the presence of hydroxyl and amine
functional groups on the N-MQD surfaces. The amine-
functionalized MQDs acted as nucleophiles via the lone pair
of electrons on the nitrogen atom. In addition, NE exhibits two
hydroxyl groups on its benzene ring and has remarkable redox
properties owing to its excellent ionizability, as well as an
amine functional group. The amine group of NE catalyzes the
reaction and abstracts the proton from the N-MQDs. The
protons from the hydroxyl groups in the NE are abstracted by
the oxygen anions of the N-MQDs, eventually generating stable
phenoxide anions on the NE surface. The negative charge
of the oxygen atom in the NE was delocalized through the
benzene ring resonance structure to form the NE quinone
structure, as shown in Fig. 4a.'® Furthermore, the formation
of the NE quinone by an electron moving from the N-MQDs to
the NE, resulted in quenched PL intensity. Thus, the strong
interaction between the 2-amino-1-hydroxyethyl group and the
N-MQDs revealed the specificity of the sensor. Similarly, NE
is a catechol neurotransmitter; therefore, its oxidation to NE
quinone occurs via two-electron and two-proton transfer pro-
cesses. The order of electron and proton transfer is shown in
Fig. 4b."*""

3.3 Fluorescence detection of NE

The N-MQD-based fluorescence detection of the NE is shown in
Fig. 5. The N-MQDs exhibit an emission peak at 400 nm. When
different concentrations of NE (0.1, 0.25, 0.5, 1, 5, 10, 25, 50,
100, 250, 500 uM) were added to the N-MQDs, the fluorescence
intensity was significantly quenched by 55% (Fig. 5a). The
absorption of light by the sample and electron transfer
occurred through FRET, resulting in quenching of the fluores-
cence intensity.>* Fluorescence quenching was observed with
increasing NE concentrations from 0.1 to 500 pM and 100 pM, a
new emission peak at 500 nm because of the conversion of NE
to NE quinone.” The quenched fluorescence intensity was
plotted as a linear function of the initial intensity (Fy/F) versus
different concentrations of NE (0.1-500 uM) Fig. 5b. The Stern—
Volmer equation, Fo/F = Q (1 + K), was used to analyze the
relationship between the quenching efficiency of the N-MQDs

b)
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:) 5 NH, Q — Q — Q
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Fig. 4 (a) Scheme representing the possible mechanism for fluorescence quenching of N-MQDs in the presence of NE, and (b) the scheme of squares

represents the possible proton and electron transfer sequences of NE.

648 | J Mater. Chem. B, 2025, 13, 642-655

This journal is © The Royal Society of Chemistry 2025


https://doi.org/10.1039/d4tb01818d

Published on 18 november 2024. Downloaded on 11-06-2026 11:57:50.

View Article Online

Paper Journal of Materials Chemistry B
1.0
s 0.5
< 0 to 500 UM NE
el |
= 0.4
&
- = w
= 0.6 0.3
=y .
= 0.4
b By 0.2
N
©
g 0.2 0.1
o
z
0.0 T T T T o-o T ] ] L)
350 400 450 500 550 600 0.1 1 10 100
Wavelength (nm) Concentration of NE (uM)
c) Image at 0 min Image after 5 min
[incubation
Sensor atRT
array with
image addition
of NE
RGB
difference
image of
before (0
min) and
after NE
addition (5
min)
Fig. 5 (a) PL spectrum of N-MQDs with different concentrations of NE from 0 to 500 uM (inset: N-MQDs with different concentrations of NE from 0 to

500 pM samples under 365 nm UV-light), (b) corresponding linear regression plot, (c) RGB difference image of N-MQDs with different concentrations of
NE (0.1 to 500 pM) analysis by a smartphone-based color sensor array under UV light. (Each experiment was repeated three times and the standard

deviation data were expressed).

and the NE concentration. The LOD was calculated using the
formula LOD = 3S/q, where g is the slope of the calibration
curve and S is the standard deviation. Each experiment was
repeated three times, and the LOD of 37 nM, R> = 0.9803 was
observed. Notably, an isobestic point was observed beyond
100 puM of the NE samples. Fig. S5a (ESIY) illustrates the PL
spectrum of the N-MQDs and different concentrations of NE,
ranging from 500 to 1000 pM. As the concentration of the NE
sample increased gradually from 500 pM, the fluorescence
intensity at 400 nm decreased, accompanied by the appearance
of a new emission peak at 500 nm. The linear relationship
between the fluorescence intensity ratio (Fsoo/Fi00) and NE
concentration is shown in Fig. S5b (ESI{), and R* = 0.992 was
observed. Fig. S5c (ESIT) shows the PL spectra of 250 uM NE,
and N-MQDs, and N-MQDs with 0.1 and 250 uM of NE. The N-
MQDs exhibited an emission peak at 400 nm, whereas the NE
did not exhibit an emission peak in this region. In the case of

This journal is © The Royal Society of Chemistry 2025

0.1 uM NE with N-MQDs, fluorescence quenching accompanied
by a color change was observed under UV light. Similarly, for
the 250 pM NE with N-MQDs, a 45% fluorescence quenching
was noted, and the appearance of a new peak at 500 nm
indicated the conversion of NE to NE quinone. The inset image
shows the NE, N-MQDs, and N-MQDs with 0.1 and 250 pM of
the NE samples under 365 nm UV light. To evaluate the
practical applicability and reliability of the developed sensor,
a commercial serum sample was diluted 20-fold in PBS. NE
samples with selected concentrations (0.1-500 uM) were spiked
into the serum sample, and the fluorescence spectrum was
recorded (Fig. S6a, ESIT). As the concentration of NE increased,
fluorescence quenching was observed without a reduction in
sensitivity; a linear regression coefficient of R* = 0.9805 and a
LOD of 40 nM were observed (Fig. S6b, ESIt). The corres-
ponding recovery percentages and relative standard deviations
are presented in Table S1 (ESIt). N-MQDs are potential
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candidates for detecting NE without reduction in sensitivity
and could be used in real-world applications.

The UV-vis spectrum was used to further confirm the
interaction mechanism between NE and N-MQDs, as shown
in Fig. S7 (ESIt). Different concentrations of NE (0.1-500 puM)
were used, and increasing the concentration of NE in the N-
MQD solution altered the color under both visual and UV light
(inset image). For the N-MQDs, an absorption peak is observed
at 290-340 nm, whereas no peaks are observed for the NE
sample in this region. The N-MQDs in the presence of NE
exhibited enhanced peaks at 295 and 440 nm. NE possesses a
phenolic moiety that can be oxidized in the presence of N-
MQDs, and phenol undergoes deprotonation to produce phe-
nolate ions. The ionization of the phenolic moiety facilitates
electron transfer from the phenolate ion to the N-MQDs,
resulting in a color change. Simultaneously, the phenolate ions
undergo structural conversion to semiquinones. The formed
semiquinone further converted into NE quinone, which was
confirmed by the absorption peak at 295 owing to n-mn* transi-
tion in the phenyl ring.>* The inset image shows N-MQDs with
different concentrations of NE (0 to 500 uM) sample in daylight
and under 365 nm UV light. A smartphone-integrated sensor
array was used to perform POC analysis for NE detection, using
a step-by-step guide for image capture, as reported in our
previous study.’® The red/green/blue (RGB) values and the
relative intensity changes were measured (Fig. 5c). The N-
MQDs and different concentrations of NE (0.1-500 puM) were
added to the sensor spots and incubated for 5 min. A gel array
mobile application was used to analyze the relative RGB
changes based on the circle Hough transform algorithm. The
smartphone-integrated sensor array extracted the mean, med-
ian, and standard deviations of the RGB color changes at 0 and
5 min intervals, and the results were concordant with the UV-
visible data upon increasing the concentration of the NE RGB
values. A stepwise analysis of the NE samples using the
smartphone-based application is shown in Fig. S8 (ESIT).

3.4 Electrochemical sensing of NE

CV and EIS were used to study the electrochemical behavior of
the N-MQDs-modified electrode in a 10 mM PBS (pH 7.0)
solution containing 5 mM ferri/ferro and 0.1 M KCl (Fig. 6).
The bare GCE exhibited redox peaks at 0.248 and 0.334 V, with
oxidation currents of 1483 pA cm™2 and reduction currents of
—1440 pA cm ™ (Fig. 6a). By contrast, for the N-MQDs-modified
electrode, a potential shift was observed, along with double the
oxidation (3104 pA cm 2) and reduction (—2938 pA cm?)
currents, indicating high electrochemical activity of the N-
MQD-modified electrode. EIS was used to measure the electron
transfer resistance of the N-MQDs; the Nyquist diagram is
shown in Fig. 6b, the inserted circuit was used to fit the
impedance spectrum, which included four parts: solution
resistance (R;), charge transfer resistance (R.), parallel compo-
site element (Q), and diffusion resistance (Z,,). The pristine GCE
showed a resistance of 940 Q, suggesting that the electrode had
a higher electron transfer resistance. The N-MQDs-modified
GCE showed a resistance of approximately 237 Q. This indicates
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the low resistance and high electrical conductivity of the
synthesized material, which provided excellent active sites for
the redox probe.

Similarly, the electrochemical behaviors of the N-MQDs with
and without NE were investigated using CV in a 10 mM PBS
solution. For the pristine GCE, no noticeable redox peak was
observed. By contrast, the N-MQDs-modified electrode exhib-
ited an oxidation peak at 0.36 V, as shown in Fig. S9a (ESI¥).
After the addition of 250 uM of NE to the electrolyte, oxidation
peaks were observed at —0.007 and 0.394 V, while reduction
peaks were noted at 0.213 and —0.169 V, respectively, indicat-
ing a two-electron and two-proton transfer process (Fig. S9b,
ESIt). The detailed mechanism is discussed in Section 3.2 and
Fig. 4b. Fig. S9c (ESIt) shows the effect of pH on the oxidation
of NE in 10 mM PBS solution using the N-MQD-modified
electrode, with pH values ranging from 5 to 9. On increasing
the pH, a negative potential shift was observed, and the highest
redox current was observed at pH 7.0, after which the redox
current decreased. Therefore, the entire experiment was con-
ducted at pH-7.0, and the corresponding current and potential
changes are shown in Fig. S9d (ESIf).

To investigate the kinetics of the electrode reaction, a scan
rate effect study was performed, as shown in Fig. 6¢c. CV was
conducted using the N-MQD-modified electrode in a 10 mM
PBS (pH 7.0) solution at different scan rates ranging from 10 to
100 mV s~ . The corresponding oxidation and reduction peak
currents as a function of the scan rate are presented in Fig. 6d.
The regression coefficients of the anodic and cathodic peak
currents were R = 0.999 and R” = 0.998, respectively. Based on
these results, we confirmed that the N-MQD-modified electrode
underwent a diffusion-controlled reaction. When the scan rate
increased from 10 to 100 mV s, the diffusion of ions at the
electrode—-electrolyte interface increased, and both the anodic
(Ipa) and cathodic (I,.) peak currents increased linearly. The
reaction proceeds via two-electron and two-proton transfer
processes. A peak was observed at 0. 420 V (10 mV s 1),
indicating the presence of NE quinone and the completion of
the oxidation reaction. A peak was observed at 0.020 V, indicat-
ing the presence of the NE semiquinone, which is an inter-
mediate step. The semiquinone (intermediate step) was not
stable; therefore, we considered the full reaction step (0.420 V)
for the scan-rate effect study. At 10 mV s~ the anodic peak and
cathodic peak potential (AV) difference was observed at 0.233 V,
denoting the quasi-reversible electrochemical behavior of the
developed sensor.’>® In addition, the anodic and cathodic
peak currents were unequal. The corresponding regression
coefficients are expressed as,

J=0.748v (mV s~ ') + 54.688; R> = 0.999 (1)
J=1.071v (mV s~ ') + 24.850; R>=0.998 (2)

DPV was performed to determine the sensitivity and LOD of the
NE sensor using the N-MQD-modified electrode under the
optimal conditions, as shown in Fig. 6e. The figure shows a
well-defined oxidation peak (0.267 V) for the N-MQD-modified
electrode in 10 mM PBS solution. Different concentrations of
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Fig. 6 Electrochemical detection of NE using the N-MQD modified electrode, (a) and (b) are CV and impedance spectrum of the bare GCE and N-MQD
modified GCE using 10 mM PBS (pH-7.0) solution containing 5 mM of ferri/ferro with 0.1 M KCl solution, respectively (Fig. b inset: equivalent circuit
diagram used for fitting of impedance data), (c) CV of various scan rates from 10 to 100 mV s~* using 10 mM PBS (pH-7.0) solution, (d) corresponding
calibration plot, (e) DPV analysis using an N-MQDs modified GCE with different concentrations of NE from 0.1 to 500 uM, and (f) corresponding linear

regression plot.

NE (0.1, 0.25, 0.5, 1, 5, 10, 25, 50, 100, 250, 500 uM) were used,
and the DPV was recorded between the potentials from 0 to
0.8 V, with a step potential of 0.05 V, an amplitude of 0.025 V,
and a scan rate of 50 mV s '. The fabricated electrodes
exhibited excellent electrochemical activity toward NE sensing.
When the concentration was increased, a potential shift and an
increase in the oxidation current were observed. The reason
behind this potential shift may be owing to electrode surface

and mass transport effects. The interaction of the NE with the

This journal is © The Royal Society of Chemistry 2025

electrode surface can improve its conductivity or modify its
adsorption behavior. These changes influence the potential for
efficient electron transfer. In addition, increasing the concen-
tration of NE can affect the dynamics of mass transport and the
thickness of the diffusion layer because of the greater avail-
ability of NE for oxidation. This led to a potential shift toward a
more positive direction in the DPV analysis. Fig. 6f shows the
corresponding linear graph. The regression coefficient for 0.1-
10 pM was R> = 0.9880, and that for 10-500 M was R’ = 0.9861.
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Excellent sensitivity was obtained with a LOD of 54 nM, based
on the following equation: LOD = 3S/q. The N-MQD-modified
GCE exhibited excellent catalytic activity for NE detection. For
real-world applications, selected concentrations of NE were
spiked with a 20-fold diluted human serum sample (Fig.
S10a, ESIT). DPV analysis was used for the real sample analysis
of NE detection with a potential range of 0-0.8 V, step potential
of 0.05 V, and a scan rate of 50 mV s~ . Selected concentrations
of NE (0.1-500 pM) were used for real sample analysis. As
shown in the figure, a predominant oxidation peak is observed
at 0.257 V, and increasing the concentration increases the
oxidation peak current. Fig. S10b (ESIt) shows the corres-
ponding linear graph. The regression coefficient for 0.1-10
UM was R* = 0.9909 and that for 10-500 uM was R* = 0.9791.
An LOD of 33 nM was achieved. The recovery percentages and
relative standard deviations are listed in Table S2 (ESIt). The N-
MQD-modified electrode is a potential candidate for the detec-
tion of NE in real samples without a reduction in sensitivity.
Table S3 (ESI{) compares the NE detection results using various
methods with those of previously reported sensors, highlight-
ing the nanomaterials used for detection, analytical methods,
linear range, and LOD.
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3.5 Reproducibility and stability

The reproducibility of 10 uM NE detection using the N-MQDs-
modified electrode was evaluated with seven individually pre-
pared electrodes by employing DPV in the potential range of 0-
0.8 V, as shown in Fig. S11a (ESIt). Predominant oxidation was
observed at 0.267 V without reducing the sensitivity and was
highly repeatable; therefore, the prepared electrode was highly
reproducible for NE detection. Fig. S11b (ESIf) shows the
corresponding current response as a bar chart, representing
the reproducibility of the proposed sensor. Fig. Siic (ESIY)
demonstrates the stability of the developed sensor for NE
detection using the N-MQD-modified electrode. The CV was
recorded in 50 cycles at potentials between —0.4 and +0.7 V,
with a scan rate of 50 mV s~" in 10 mM PBS. This resulted in an
RSD decrease of 1.0% in the initial electrochemical current
response after 50 cycles. These results demonstrate the consis-
tent stability of the developed sensor and its ability to retain
activity for over 50 cycles.””

3.6 Specificity of dual-mode NE detection

Interfering compounds exist in the extracellular serum and
fluids of the central nervous system, including dopamine (DA),
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Fig. 7 Specificity of the developed sensor in the presence of interferents using PL spectrum and electrochemical analysis. (a) PL spectrum of N-MQDs in
the presence of interfering compounds, (b) corresponding bar chart diagram. (c) DPV analysis of NE detection using a N-MQD modified electrode in the

presence of interferents, and (d) corresponding bar chart diagram.
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r-ascorbic acid (AA), epinephrine (EP), and metal ions (Na*, K,
Ca”™"). Fluorescence and DPV analyses were conducted to deter-
mine the specificity of the sensor (Fig. 7). N-MQDs were tested
with and without various interferents, including DA, AA, EP,
5-hydroxytryptamine (5-HT), gamma-aminobutyric acid (GABA),
glucose (Glu), r-cysteine (1-Cys), Na*, K", and Ca>', for the
specificity study. A concentration of 250 pM NE was used, with
all interferent samples at the same concentration (Fig. 7a).
Among them, 5-HT showed 1% fluorescence enhancement,
whereas all the others showed a fluorescence quenching of
1%, except for AA, NE, and DA. Because of their similar
structures, AA (7%), DA (19%), and NE (33%) exhibited fluores-
cence quenching; however, quinone formation occurred only in
NE. No other interferents showed an additional peak at 500 nm,
except for NE. In addition, NE showed this additional peak even
in the presence of high concentrations of all other sources of
interferents, indicating that the N-MQDs specifically detected
NE only. This new peak confirms the conversion of NE to NE
quinone, and the corresponding fluorescence quenching inten-
sities (Fy/F) are shown in the bar chart (Fig. 7b). DPV was also
conducted to assess the specificity of the current study, utiliz-
ing a potential range of 0 to 0.6 V, a step potential of 0.05 V, an
amplitude of 0.025 V, and a scan rate of 50 mV s~ ". Similarly,
DPV analysis was performed with N-MQD-modified electrodes
in the presence of different interferent (1 pM) samples, both
with and without NE (1 uM). DPV analysis showed oxidation
peak potentials for DA (0.25 V), AA (0.23 V), 5-HT (0.39 V), EP
(0.31 V), and NE (0.29 V), while Glu, 1-Cys, GABA, Na*, Ca** and,
K" did not show oxidation peaks, as shown in Fig. 7c. The DA,
AA, 5-HT, and EP samples show the <5 pA current (owing to
the similar structures) and the peak intensity of NE was three
times higher than that of other interferents performed indivi-
dually. Similarly, different interferents in the presence of NE
exhibited almost the same current as that of the pristine NE.
The relative oxidation peak currents are shown in the bar chart
diagram (Fig. 7d), which confirms that the N-MQD-modified
electrode exhibits excellent selectivity toward NE oxidation in
the presence of high concentrations of other interferents.
Fluorescence and electrochemical experiments show that
microwave-synthesized N-MQDs are highly sensitive and selec-
tive toward NE, based on NE-to-NE quinone oxidation.’®

4. Conclusion

This study developed an easy approach for N-MQD synthesis
using a microwave-assisted method for the dual-mode (fluores-
cence and electrochemical) detection of NE in biofluidic envir-
onments. HR-TEM and AFM were used to examine the
morphology of the N-MQDs. XRD, Raman spectroscopy, IR,
and UV-vis spectroscopy were employed to confirm the synth-
esis of the material. XPS analysis was conducted to investigate
the N-MQDs before and after sensing NE and to elucidate the
detection mechanisms. As the NE concentration increased
from 0.1 to 500 pM in the N-MQDs, fluorescence quenching
occurred owing to the conversion of NE to NE quinone via

This journal is © The Royal Society of Chemistry 2025
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FRET, resulting in the appearance of a new peak at 500 nm.
Both PBS and serum samples were utilized for practical appli-
cations, and an LOD of 37 and 40 nM was achieved respectively.
UV-vis spectra were recorded at different concentrations of NE
to the N-MQDs, and a color change was observed, both visually
and under UV light. A smartphone-integrated sensor array
system was used for POC analysis with a response time of
5 min and measures the RGB color changes. DPV studies were
performed for the electrochemical detection of NE in both PBS
and the serum samples, the LOD was calculated to be 54 and 33
nM, respectively. The synthesized N-MQDs were highly selective
for NE oxidation and were easily applicable for real-time
analyses in integrated smartphone applications. In the future,
N-MQD-based devices will be fabricated using printed circuit
boards for specific neurotransmitter detection, which will apply
to next-generation POC analyses.
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