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A B S T R A C T

A simple, cost-effective system was developed for dopamine (DA) detection using green synthesized 1–6 nm
honey-based carbon quantum dots (H-CQDs) exhibiting bluish green fluorescence. The H-CQDs exhibited emis-
sion at 445 nm, with a quantum yield of ~44%. The H-CQDs were used as a probe for electron transfer based DA
detection and changes in H-CQD color in the presence of DA. The H-CQDs were formed with polar functional
groups and were highly soluble in aqueous media. In the fluorometric mode, the proposed system demonstrated
high specificity toward DA and effective limit of detection (LOD) values of 6, 8.5, and 8 nM in deionized (DI)
water, male geriatric plasma, and female geriatric plasma, respectively, in the linear range 100 nM–1000 μM. In
the colorimetric mode, the color changed within 5 min, and the LOD was 163 μM. A colorimetric sensor array
system was used to precisely detect DA with a smartphone-integrated platform using an in house built imaging
application and an analyzer app. Additionally, no additives were required, and the H-CQDs were not function-
alized. More importantly, the H-CQDs were morphologically and analytically characterized before and after DA
detection. Because the sensor array-based system allows high specificity DA detection in both DI water and
geriatric plasma, it will play an important role in biomedical applications.
1. Introduction

Dopamine (DA), a signaling molecule, plays an important role as a
neurotransmitter in normally functioning nervous systems. DA deficiency
and malfunctions are linked to several disorders such as Parkinson's
disease and schizophrenia in elderly people [1,2]. Moreover, DA is an
extra synaptic messenger, and most approaches for treating addictions
focus on DA because all drugs affect the dopaminergic pathway [3].
Traces of DA have been found in blood, and the DA concentration may
increase or decrease depending on disease origins and characteristics [4].
Under physiological conditions in nervous systems and bodily fluids, the
usual DA concentration range is 10–1000 nM [5,6]. Therefore, owing to
various important aspects of pathophysiology, DA must be precisely and
selectively detected at the lowest characteristic concentration in bio-
logical systems to contribute to the diagnosis of neurological diseases.
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Several methods of detecting DA concentration have been developed,
including electrochemical detection, liquid chromatography (LC) [7],
capillary electrophoresis (CE) [8], microdialysis coupled with high per-
formance liquid chromatography (HPLC) [9], fast scan cyclic voltam-
metry (CV) [10], Mass Spectrometry (MS) [11], Raman Spectroscopy
[12]. Although critical advances have been made in DA detection using
these techniques, a few drawbacks and limitations remain. For instance,
owing to the electroactive characteristics of DA, electrochemical sensing
is the method most used to detect DA [13,14]. Nevertheless, because
other molecules such as uric acid (UA) and ascorbic acid (AA) exhibit
potentials that approximate the DA potential, selective detection is
limited using electrochemical methods. The conventional chromato-
graphic techniques require sophisticated instrumentation setup and ex-
perts to handle the equipment, they have major disadvantages such as
poor temporal resolutions, small sample volume capacities, and large
.kr (K. Yun).

3 November 2021

he CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

mailto:biovijaysaran@gmail.com
mailto:ykyusik@gachon.ac.kr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.mtbio.2021.100168&domain=pdf
www.sciencedirect.com/science/journal/25900064
www.journals.elsevier.com/materials-today-bio
https://doi.org/10.1016/j.mtbio.2021.100168
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.mtbio.2021.100168


G. Chellasamy et al. Materials Today Bio 12 (2021) 100168
time consumption during separation and analysis. The advantages of the
fluorometric and colorimetric sensor array-based system over other
available methods are summarized in Table S1. Optical detection tech-
niques involving the use of fluorometric and colorimetric sensors coupled
with nanoparticles have been proposed over the past decade to overcome
these obstacles [15–18].

Fluorometric and colorimetric sensors coupled with nanomaterials
have been extensively applied to rapidly and selectively detect DA. In the
fluorometric detection of DA, either the quenching or enhancement of
the employed nanoparticles is measured. The fluorescence based tech-
nique has attracted more attention because of its exceptional features
such as minimal cost, simple handling, and comparatively high selec-
tivity and specificity. Extensive research has been dedicated to devel-
oping fluorescent probes to effectively detect DA [19]. In addition,
various probes such as graphene quantum dots, functionalized carbon
quantum dots, metal organic framework materials, and nanoclusters
have been developed for detecting DA [20–23]. Changes in light ab-
sorption, which are observed directly by the naked eye or quantified
spectroscopically, are assessed in colorimetric detection [24]. Consid-
ering the characteristics of these advanced techniques, combining fluo-
rometric and colorimetric detections would greatly enhance DA
detection. In recent years, smartphone-based biosensing platforms have
rapidly emerged because of their handiness, ubiquity, and accessibility.
With advancements in highly featured smartphone cameras and image
quality, smartphones have been broadly coordinated with fluorescence,
colorimetric, and electrochemical biosensors. The added advantage of
mobile phones is the convenient use of in-house-built Android/I OS
based applications, which eliminates desktop data/image processing. In
particular, smartphones have effectively been incorporated with colori-
metric detection owing to their expected ongoing applications to
biomedical and environmental studies [25].

Some of the most prominent nanoparticles used in optical sensors are
gold nanoparticles (AuNPs), silver nanoparticles (AgNPs), copper nano-
particles (CuNPs), and fluorescent carbon quantum dots (CQDs) [26–29].
Most DA detection methods utilize an additive such as an enzyme, an
aptamer, or a deoxyribonucleic acid (DNA) template, and in some cases,
nanoparticles are chemically modified and functionalized. However,
these characteristics limit the cost effectiveness, robustness, and subse-
quent application of the resulting sensors. In contrast, CQD based DA
detection has attracted considerable attention because of its source
availability, better fluorescent characteristics, water solubility, selec-
tivity, and sensitivity [30,31]. Recently, dual-mode detection using gold
nanoclusters (AuNCs) coupled with aptamers and enzymes has been re-
ported [32].

DA usually is readily detected in geriatric plasma because elderly
persons have considerably high levels of plasma DA and exhibit high
interindividual distinctions [33]. Moreover, numerous research reports
and methods are available for analyzing serum and plasma samples.
Perhaps this is the first report on DA detection in male and female
geriatric plasma by smartphone-integrated fluorometric and colorimetric
methods using eco-friendly and environmentally benign honey-derived
CQDs (H-CQDs). Moreover, to the best of our knowledge,
smartphone-integrated, additive free, nonfunctionalized CQD based
fluorometric and colorimetric DA detection has not yet been reported.

Therefore, in this study, we report dual-mode DA detection by inte-
grating a sensor array-based reader system with H-CQDs to detect DA in
male and female geriatric plasma. Our study aimed to synthesize water
soluble CQDs by a quick (~20 min), cost-effective, and environment
friendly approach. We utilized honey as the carbon source and sodium
hydroxide (NaOH) as the reducing agent to synthesize H-CQDs by mi-
crowave assistance. In the fluorometric mode, DA was detected by the
electron transfer between the H-CQDs and the DA. In the colorimetric
mode, the H-CQD bound DA formed DA-O-hydroquinone (DQ), thereby
changing the color of the H-CQD solution. In the sensor array-based
reader system, the color change was readily analyzed using a smart-
phone and an Android-OS-based image analysis application. We chose
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male and female geriatric plasma as the biological media because DA-
related disorders such as Parkinson's disease, Alzheimer's disease, and
schizophrenia are more common among older people. For further
confirmation, high performance liquid chromatography (HPLC) was
performed to detect DA in biological samples for comparative analysis.
Compared with other DA detection techniques, our system effectively
detected DA in biological samples, dual-mode DA detection with a sensor
array-based reader system provides additional advantages such as con-
sistency, cost effectiveness, and rapid analysis. Moreover, it provides
qualitative and quantitative results for DA detection in deionized (DI)
water and biological samples, which could be practically applied to
clinically diagnose geriatric patients.

2. Experimental methods

2.1. Chemicals

Food grade honey (Natural honey 90%, Miscellaneous Honey 10%
Carbon isotope ratio-12%) was purchased from a local market in South
Korea. Sodium hydroxide (>97.0%), dopamine hydrochloride (98%),
glucose (99.5%), sodium chloride (99.0%), potassium chloride (99.0%),
magnesium chloride (>98.0%), and calcium chloride (>97%), Iron (III)
chloride hexahydrate (97%), Iron (II) chloride tetrahydrate (98%),
Aluminum chloride hexahydrate (99%), Zinc nitrate hexahydrate (98%),
L-Aspartic acid (>98%), L-Cysteine (97%), Uric Acid (UA) (>99%), L-
Glutathione reduced (>98%), were all purchased from Sigma Aldrich
(USA). Plasma samples from male and female geriatric patients were
obtained from Lee BioSolutions, Inc. (USA). DI water prepared using a
Milli-Q® purification system (Millipore, USA) was used for all the
experiments.

2.2. Instrumentation

An ATTO ultraviolet (UV) transilluminator was used to obtain lumi-
nescent images of the H-CQDs irradiated at 365 nm. A Varian Cary 100
UV–visible (UV–vis) spectrophotometer was used to record the UV–vis
absorption spectra. Photoluminescence (PL) spectra were recorded using
a SCINCO FS-2 fluorescence spectrometer equipped with FluoroMaster
Plus software, a 150-W continuous-wave xenon arc lamp, and a high-
performance R-928 photomultiplier tube (PMT) detector. High-
resolution transmission electron microscopy (HR-TEM) and energy
dispersive X-ray spectroscopy (EDS) were performed using a Tecnai™ G2
F30-Series microscope. The H-CQD height was obtained using bioatomic
force microscopy (Bio-AFM, JPK NanoWizard® II bioatomic force mi-
croscope, Berlin, Germany). An A1-Kα radiation source (15 kV, 100 W,
400 μM) equipped with sigma-probe X-ray photoelectron spectroscopy
(XPS) was employed to chemically analyze the elemental contents of the
H-CQDs in the presence and absence of DA. Fourier transform infrared
spectroscopy (FTIR) was performed using a JASCO FT/IR 4600 spec-
trometer equipped with spectral analysis software. Surface charge was
analyzed using a NanoBrook ZetaPALS (phase analysis light scattering)
analyzer (Brookhaven Instruments). Raman spectral analysis was per-
formed using a micro Raman system (Ramboss 500i) with an He–Ne laser
beam at 633 nm. The quantum yield (QY) of the H-CQDs was measured
using a Fluoro-Q2100 Quantum Yield system operating at an excitation
wavelength of 450 nm. Lifetime decay curves were recorded using a
Photon Technology International (PTI) EL series of nanosecond pulsed
light emitting diodes (LEDs) designed for EasyLife™ II (Horiba). A mi-
crowave oven was used to heat the solution, dissolve the honey, and
synthesize the H-CQDs. Dialysis tubing (molecular weight cutoff: 1 kDa)
was purchased from Spectrum Chemical Mfg.

2.3. Synthesis of H-CQDs

H-CQDs were synthesized using microwave assistance. In brief, honey
(5.0 g) and distilled water (25 mL) were mixed using a magnetic stirrer to
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uniformly dissolve the honey in the water. The solution was then heated
to ~100 �C in a microwave oven for 10 min, and 5 mL of 0.5 M NaOH
solution was added. The mixture was stirred and heated in a microwave
oven (~100 �C) for up to 10 min to obtain the H-CQDs, as confirmed by
analyzing the fluorescence of the obtained solution in a UV trans-
illuminator operating at 365 nm. Finally, the H-CQDs were filtered using
filter paper, dialyzed using a membrane (molecular weight cutoff: 1 kDa)
against DI water for 12 h to purify them, and stored at 4 �C. The reaction
conditions pertaining to the pH, solvent, different honey were optimized
before synthesizing the H-CQDs. Followed by the quantum yield of as-
synthesized H-CQDs were assessed by five point standard quinine sul-
phate (QS) approach. Simultaneously biocompatibility of the as-
synthesized H-CQDs was analyzed.
2.4. Fluorometric detection of DA using H-CQDs

DA biosensing was performed by directly combining the H-CQDs and
the DA after the H-CQDs had been sonicated for a few seconds in a bath to
bring them to the ambient temperature. Throughout the experiment, the
H-CQDs concentration was maintained at 1.8 mg/mL. The fluorometric
spectra were obtained as follows: 3 mL of DI water and 100 μL each of H-
CQDs and DA were added to a cuvette, mixed well by pipetting, and
incubated for approximately 10 min. The incubated mixture was then
subjected to fluorescence measurements. DA was detected at concen-
trations ranging from 100 nM to 100 μM, and each measurement was
performed three times to standardize the results and establish a repeat-
ability protocol. Complete DA detection by fluorometric assay required
approximately 15 min, including an incubation period of approximately
10 min and a response readout time of approximately 5 min.
2.5. Colorimetric sensor array-based reader system for DA detection

For colorimetric DA detection, solutions were prepared using various
DA concentrations ranging from 1000 μM to 100 mM. Then, 200 μL each
of H-CQDs and the prepared DA (1000 μM–100 mM) solutions were
added to different wells in a well plate, and the color change was
observed. The DA detection response time was approximately 5 min to
observe the color change. The same mixture was used to quantify the DA
concentration by UV–vis spectroscopy. To precisely detect DA colori-
metrically, we used a colorimetric sensor array-based reader system
housed in a unit to maintain a constant position for the sensor array into
which the samples were loaded and imaged using an Android OS-based
application. The acquired images were analyzed using an app to obtain
the color difference of the sensor array.
2.6. Detection of DA in geriatric plasma

DA was detected in biological samples of male and female geriatric
plasma according to a method previously described elsewhere in the
literature [27]. Initially, the plasma was diluted 10 fold using phosphate
buffered saline (PBS) solution and was used for further experiments
without any purification. Initially, 100 μL of H-CQDs and male geriatric
plasma were spiked with DA in concentrations ranging from 100 to 1000
nM in separate cuvettes. The samples were mixed well and were incu-
bated for 10 min, and the PL spectra were measured for the incubated
samples. Finally, PL spectra were recorded for the incubated mixtures.
For colorimetric DA detection, 200 μL of H-CQDs and 100 μL each of
plasma and DA in concentrations ranging from 1000 μM to 100 mMwere
added to detachable 8-well plates, and the color change was observed.
The same mixture was used to quantify the DA concentration by UV–vis
spectroscopy. All the measurements were performed separately for the
male and female geriatric plasma samples. HPLC experiments were then
performed on the samples, and the results were compared with those of
our DA detection system.
3

2.7. Interference experiments

Interferents such as sodium (Naþ), potassium (Kþ), calcium (Ca2þ),
magnesium (Mg2þ), chlorine (Cl�), glucose (Glu), urea, creatinine,
ammonia, iron (Fe2þ and Fe3þ), zinc (Zn2þ), aluminum (Al3þ), UA,
glutathione (GSH), L-aspartate (L-Asp), L-cysteine (L-Cys), Albumin were
used for the selectivity study, which was conducted as follows. Interfer-
ent solutions (100 μM) were prepared, and 100 μL each of the H-CQDs
and the prepared interferent solutions were added to different cuvettes.
Next, 3 mL of DI water was added to the cuvettes, the mixtures were
incubated for 10 min, and PL spectra were recorded. The same procedure
was followed using 100 μL of plasma to analyze the biological samples.
For colorimetric DA detection, 1000 μM interferent solutions were pre-
pared, and 200 μL each of H-CQDs and prepared interferents were added
to well plates. Then, 200 μL of H-CQDs and 100 μL each of plasma and
interferents were added to different well plates, and color changes were
observed.

3. Results and discussion

3.1. H-CQDs-synthesis, characterization, mechanism

3.1.1. Synthesis
Herein, we report a rapid, cost-effective method of synthesizing H-

CQDs from honey which is rich in both fructose and glucose as a carbon
source and NaOH as a reducing agent. The entire synthesis required
approximately 20 min, and the honey solution was stirred and heated
twice for 10 min once each before and after the NaOH was added to
enable the NaOH to readily react with the carbon source and corre-
sponding functional groups and form hydroxyl (–OH), and carbonyl
(–C––O) functional groups on the H-CQD surfaces [34]. Because of these
functional groups, the as-prepared H-CQDs were remarkably soluble in
all types of aqueous media, including DI water, PBS, serum, plasma, and
cerebrospinal fluid. The emission of bluish green fluorescence from the
final obtained reaction mixture under UV illumination confirmed the
formation of the H-CQDs, which were used to detect DA by fluorometric
and colorimetric sensors. The optimized H-CQD synthesis route and DA
detection working principle are presented in Scheme 1.

3.1.2. Optical properties of H-CQDs
The initial optical properties of the as-prepared H-CQDs were inves-

tigated, and the corresponding results are presented as follows; The H-
CQDs exhibited bluish green fluorescence emission at 445 nm when
excited at 342 nm (Fig. 1a). The inset is a photograph of the as-
synthesized H-CQDs, which appeared pale yellow under normal light
(Fig. 1a, Inset A), and bluish green luminescence was observed upon UV
irradiation at 365 nm, as shown in (Fig. 1a, Inset B). Furthermore, the
optical characterization of the H-CQDs by UV–visible absorption spec-
troscopy showed a distinct peak at 286 nm and a tail extending into the
visible range (Fig. 1a) owing to the n–π* transition of the carbonyl
(–C––O) functional groups and the π–π * transition of the C––C bonds in
the graphitic core of the H-CQDs [35]. PL spectra were generated for the
H-CQDs to determine the size dependent PL behavior and the emission
wavelength through excitation dependent emission (Fig. 1b). The
maximum emission wavelength was observed at 445 nm when the
H-CQDs were excited at 342 nm, and the emission peaks red shifted with
increasing excitation wavelength. However, the intensity of the emission
peaks increased gradually, and themost intense emission was observed at
445 nm when the H-CQDs were excited at 342 nm. Because most CQDs
are synthesized from various natural sources using a top down approach,
the as-prepared H-CQDs exhibited unique synthesis condition dependent
behaviors such as different excitation dependent emission properties.
Although several competing mechanisms have been proposed to explain
this phenomenon, the exact reason remains unclear. However, density
functional theory (DFT) calculations suggest that charge transfer, nano-
crystal edge defects, and self-aggregation are the main reasons for this



Fig. 1. a) Overlay image of the UV–vis absorption spectrum, Excitation and Emission spectra of H-CQDs, Inset: Photographs of H-CQDs under (A) daylight and (B) UV
light (b) Excitation dependent emission spectra of H-CQDs.

Scheme 1. Schematic illustration of synthesis and working principle for smartphone integrated sensor array reader system for DA detection using H-CQDs.
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phenomenon. In addition, several molecular orbital electronic transitions
such as nN 2p–σ*, π–π*, nO 2p–π* (–OH), nO 2p–π* (–COOH), nO 2p–π*
(–COO�), and nN 2p–π* transitions from π, nO 2p (–OH), nO 2p (–COOH),
nO 2p (–COO�), nN 2p, π*, and σ* excited states are molecularly possible
for CQDs. The hydroxyl, carboxyl, and amine functionalities were
detected for various electronically excited states. In addition, bonding
and antibonding molecular orbitals also play a crucial role in these
transitions. Because of this peculiar property, CQDs have also been
employed for bioimaging and other medical research applications
[36–39].

We used standard QS as a reference to measure the QY of the H-CQDs
and used the five point method to theoretically calculate the QY based on
the following equation:

QS ¼QR � IS
IR
� AR

AS
� η2S
η2R

(1)
4

where QS and QR are the QYs of the H-CQDs and QS, respectively; IS and
IR are the areas under the PL spectra generated for H-CQDs and QS,
respectively; AS and AR are the absorbances of the H-CQDs and QS,
respectively; and ηS and ηR are the refractive indices of the H-CQDs and
QS, respectively [40]. According to these calculations, the H-CQDQYwas
44.7% (Fig. S1).

To optimize the H-CQDs and their PL characteristics, we assessed H-
CQDs under various conditions including different pH values, solvents,
and time. The results showed that for pH values in the range 2–10, the H-
CQDs exhibited the highest PL intensity at pH 7 and were almost stable
under basic conditions between pH 7 and 10. (Fig. S2a). The H-CQDs
were stable in the different solvents, and the PL was not quenched
(Fig. S2b). The H-CQD PL intensity was stable over 15 days for 4.5
months (Fig. S2c), which confirms that the H-CQDs were highly stable for
a sustained period. To optimize the reproducibility, we synthesized H-
CQDs from different honey purchased from the same market. All the H-
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CQDs exhibited unique fluorescence properties and similar PL intensities,
as shown in Fig. S3a, b, c, d respectively. Because the H-CQD stability is
expressed as a function of λemi, the PL intensity was reexamined for
several batches consisting of a homogeneous mixture of H-CQDs. Clearly,
each batch of H-CQDs excited at 445 nm exhibited a unique stability and
PL intensity as functions of λemi. (Fig. S3e and f). Consequently, the
fluorescence of the H-CQDs was theoretically visualized as exhibiting an
organic moiety consisting of conjugated double bonds lying between
electron releasing (–OH and –NH2) and receiving groups (–COOH and
–C––O). More importantly, high fluorescence emission can be generated
by the well-organized conjugation between the electron releasing and
receiving groups. Interestingly, the as-synthesized H-CQDs exhibited
–OH and –COOH functionalities as electron releasing and receiving
groups, respectively. In contrast, the fluorescence of any nanomaterial
can depend on well separated electron hole (e� – hþ) pairs between
valence and conductance bands (CBs). Consequently, both theories might
be responsible for the high fluorescence emission of the H-CQDs. Inter-
estingly, the calculated high QYs were also in good agreement with those
theoretically predicted by the mechanism for the H-CQD fluorescence
properties [41]. The biocompatibility of H-CQDs were assessed and it is
observed that they were biocompatible up to 100 mg/mL of sample so-
lution which contains 180 μg/mL of drug upon 24 h of sample treatment
on HaCaT cells (Fig. S4).

3.1.3. Morphological and analytical studies of H-CQDs before and after
sensing DA

The H-CQD morphology was characterized using TEM and Bio-AFM.
The HR-TEM image shows that the H-CQDs were well distributed parti-
cles ranging from 1 to 6 nm. (Fig. 2a–c). The selected area diffraction
(SAED) pattern shown in Fig. 2c insert confirms that the H-CQDs are poly
Fig. 2. a-c) HR-TEM images of H-CQDs, a-Inset: Particle size distribution of H-CQDs, c
(f) 3D image of H-CQDs.
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nanocrystalline nature [42,43]. HR-TEM images focused on various
H-CQDs regions are shown in Fig. S5a-c. The H-CQD lattice spacing was
measured as 0.2198 nm which further confirms the crystallinity. EDS
analysis showed that the H-CQDs exhibited a high carbon content and
traces of N, O, and Na (Fig. S5d). The Bio-AFM height image confirmed
that the H-CQDs were well distributed and that few H-CQDs overlapped
at a height of 5.94 nm (Fig. 2d) the corresponding particle size distri-
bution showed that individual H-CQDs were smaller than 6 nm (Fig. S5e,
f). The corresponding error image (Fig. 2e) and 3D height profile of the
H-CQDs (Fig. 2f) were consistent with the HR-TEM images. Prior to DA
detection, the H-CQD morphology was characterized, and we then
analyzed the morphology of the H-CQDs in the DA containing solutions
by HR-TEM and Bio-AFM. HR-TEM analysis showed that the H-CQD
particle size had increased tremendously, as shown in Fig. S6a, which
depicts H-CQD particles aggregated with DA and particle sizes ranging
from 10 to 50 nm. Furthermore, we confirmed this result by Bio-AFM
analysis in which the AFM height showed that the aggregated H-CQD
height was approximately 10 nm (Fig. S6b).

To analytically characterize the H-CQDs, FTIR spectra were generated
to elucidate the surface functional groups. As shown by the red trace in
Fig. S7a, the stretching frequencies at 3291, 1641, 1052 cm�1 indicates
the presence of –OH, C––O, C–O groups, respectively [44]. The black
trace in Fig. S7a shows the FTIR spectrum obtained for the DA. The peaks
at 3342, 3201, and 3031 cm�1 were attributed to the –OH, –CN, and –NH
groups, respectively. The peak at 1221 cm�1 corresponds to the DA –CH
group [45]. The blue trace in Fig. S7a shows the FTIR spectrum obtained
for the H-CQDs after DA detection. The corresponding spectrum shows
that the –OH group around the 3000 cm�1 is reduced and the stretching
around 1500–1600 cm�1 is increased which attributes the reaction of DA
with H-CQDs. The results show H-CQDs functional groups had been
-Insert: SAED pattern (d) Bio-AFM image of H-CQDs, (e) Error image of H-CQDs,



Fig. 3. a) Survey XPS spectra of (i) H-CQDs (ii) H-CQDs þ DA, (b–d) Deconvoluted high resolution XPS spectra of C 1s, N 1s, O 1s (i) H-CQDs (ii) H-CQDs þ DA.
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conformationally changed on addition of DA and it confirmed that DA
had been detected by the H-CQDs.

To analyze the complete chemical and elemental composition of the
H-CQDs, XPS spectra were generated. The XPS spectra in Fig. 3ai show
three major peaks corresponding to C, N, and O at binding energies of
288, 402, and 535 eV, respectively. Furthermore, the high resolution
deconvoluted C 1s XPS spectra showed peaks corresponding to C–C,
C–O–C/C–O, C–O–C/C–OH, N–C––O, and HO–C––O at binding energies
of 284.9, 285.7, 287.4, 289, and 290 eV, respectively (Fig. 3bi). The
deconvoluted N 1s spectra showed a peak at 400 eV, corresponding to the
C–NH2 group (Fig. 3ci). In the O 1s spectra, two distinct peaks at 529 and
531 eV were attributed to C–O and C––O, respectively (Fig. 3di) [46].
The XPS spectra (Fig. 3 a–d [ii]) exhibited considerably different peaks
after DA detection. The total survey spectrum shown in Fig. 3aii
exhibited characteristic peaks at 288, 402, and 535 eV corresponding to
C 1s, N 1s, and O 1s, respectively. To further elucidate the H-CQD surface
chemistry after DA detection, the individual high resolution C 1s, N 1s,
and O 1s spectra were deconvoluted from the total survey spectrum. After
DA detection, the deconvoluted C 1s spectrum for the H-CQDs (Fig. 3bii)
exhibited peaks corresponding to C–C, C–O–C/C–O, C–O–C/C–OH, and
N–C––O at binding energies of 285.2, 286.3, 288.08, and 289.78 eV,
respectively. Compared to the peak in the spectrum generated for the
H-CQDs prior to DA detection, the intensity of the peak at 290 eV
6

corresponding to OH–C––O was weaker, which confirms that DQ had
formed by proton transfer thereby quenching the H-CQDs. In addition,
peaks like those in the spectrum generated for the H-CQDs prior to DA
detection also appeared in the deconvoluted N 1s and O 1s spectra but
were slightly different after DA detection. The FTIR and XPS spectra were
consistent, suggesting that the H-CQDs exhibited an enormous concen-
tration of hydroxyl groups and traces of amine groups, thereby facili-
tating their excellent water solubility.

The Raman spectra of the H-CQDs showed characteristic D band at
1353 cm�1 and G band at 1575 cm�1 (indicated by the black trace in
Fig. S7b), which attributes the similarities of graphitic core and the defect
[47]. A downward shift in the D and G bands of H-CQDs after detection of
DA as compared to H-CQDs is observed. The intensity ratio ID/IG of as
prepared H-CQDs is 1.05 whereas the ID/IG of H-CQDs after DA detection
is 1.04 [48]. In accordance with the SAED pattern and the lattice spacing
with ID/IG ratio calculated the H-CQDs possess the polycrystallinity [49].
The Raman spectra generated for DA (Fig. S7b Insert) exhibited multiple
vibrations in the range of 1000–4000 cm�1, implying the presence of
different forms of carbon stretching [50]. To assess the H-CQD surface
charge, zeta potentials were measured. The H-CQD surface revealed a
charge of �26.98 mV (Fig. S8a), which confirmed that the –OH and
–COOH functional groups had contributed to the negative surface charge.
The DA surface (Fig. S8b) exhibited a positive charge of approximately
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16.59 mV [51]. After DA detection, the H-CQDs exhibited a considerably
reduced surface charge of approximately �11.76 mV (Fig. S8c), which
confirms that DA had reacted with the H-CQDs thereby leading to DA
detection.

3.1.4. Plausible mechanism
According to the foregoing analysis results, we propose a plausible

working mechanism for the PL quenching of DA-treated H-CQDs, and
corresponding data are shown in Fig. 4. The FTIR and XPS spectra indi-
cated that the H-CQD surfaces exhibited an enormous concentration of
hydroxyl functional groups, which almost resembled phenolic moieties.
The basic amine functional groups on the DA surfaces catalyzed the
initiation of the reaction between the DA and the H-CQDs to avoid PDA
formation instead of forming DQ, which eventually quenched the PL
intensity of the H-CQDs. The protons on the H-CQD surfaces were highly
acidic because of the resonance structures for the ionizable aromatic
moieties of the graphitic core. Subsequently, these protons were
abstracted by the amine functional groups of the DA treated H-CQDs.
Consequently, basic polyphenoxide ions were generated from the H-
CQDs and initiated the reaction between the H-CQDs and the DA. In
addition, DA exhibits two hydroxyl groups on its benzene ring and
excellent redox properties owing to its amazing ionizability (pKa � 9)
[52]. In contrast, exciton or electron hole pairs were generated from the
H-CQDs by the transfer of electrons from the valence band (VB) to the CB
to generate sufficient energy (hv). The DA acidic protons were then
abstracted by the negatively charged H-CQD surface and eventually
generated stable phenoxide anions on the DA surface because the nega-
tive charge of the DA oxygen atom was delocalized through the benzene
ring resonance structures and eventually formed the DQ structure, as
illustrated in Fig. 4. Finally, electrons flowing from the H-CQD CB to the
DA may have formed DQ, which eventually may have quenched the PL
intensity of the H-CQDs in the presence of DA [1,53]. When DQ was
formed, the ammonium protons could be returned by the H-CQDs. Soon
thereafter, intramolecular conjugate addition may have occurred be-
tween the amine and α, β unsaturated functional groups of the H-CQDs to
form a PDA structure through sequential chain reactions, as presented in
Fig. 5. Owing to the formation of PDA molecules, DA interacted with the
Fig. 4. Schematic representation of plausible working mech
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geriatric plasma, and the reaction mixture considerably darkened after
24 h.
3.2. Sensing of DA using H-CQDs

3.2.1. H-CQDs based fluorometric detection of DA
H-CQDs based fluorometric detection of DA is shown in Fig. 6a. When

DA was added in concentrations ranging from 100 nM to 100 μM to the
H-CQDs, the fluorescence intensity of the H-CQDs was quenched drasti-
cally up to 70%. The relative change in fluorescence intensity is plotted
as a linear function of the initial intensity (F0/F) for H-CQDs excited at
342 nm with DA concentrations in the range 100–1000 nM. The
regression coefficient (R2 ¼ 0.993) is presented in the inset of Fig. 6b.
The Stern–Volmer equation F0/F¼ Q (1þ Ks) was used to investigate the
relationship between the DA concentration and the quenching efficiency
of the H-CQDs, where F0 and F are the emission intensities generated at
445 nm in the absence and presence of DA, respectively, Ks is the
Stern–Volmer constant, andQ is the DA concentration. From the obtained
results, we calculated the limit of detection (LOD) as 6 nM according to
the formula LOD ¼ 3S/q, where S is the standard deviation, and q is the
slope of the calibration curve. To further confirm the fluorescence
quenching of the H-CQDs in the presence of DA, the prominent lifetime
decay was measured to detect electron transfer from the H-CQDs to the
DA. The lifetime decay curves were recorded at an excitation wavelength
of 342 nm before and after the H-CQDs were treated with DA. The double
exponential function was used to fit all the curves as follows:

DðtÞ¼
Xn

i¼1

ai expð� t = τiÞ; (2)

where D is the fluorescence decay, τ is the lifetime, τi is the PL lifetime of
various fluorescent species, and ai is the corresponding preexponential
factor. According to the lifetime decay, τ1 and τ2 were 14.94 and 1.42 ns,
respectively, for the H-CQDs. However, after DA was added to the H-
CQDs, τ1 and τ2 decreased to 5.8 and 0.081 ns, respectively, which clearly
indicated that electrons had transferred from the CB of the H-CQDs to the
DQ in 9.14 ns. A representative image of the H-CQD lifetime decay is
anism for PL quenching H-CQDs in the presence of DA.



Fig. 5. Schematic illustration of plausible working mechanism for the formation of PDA from DA through polymerization process in real samples after 5 min and 24 h.
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presented in Fig. S9.

3.2.2. Colorimetric sensor array-based reader system for DA detection
DA was colorimetrically detected, and the results were analyzed by

visual inspection with the naked eye and were subsequently quantified
using UV–vis spectroscopy. When DA (1000 μM–100 mM) was added to
the H-CQDs, the pale yellow H-CQDs changed to light brown after 5 min
(Fig. 7a), while the corresponding UV–vis spectrum exhibited a peak at
approximately 305 nm, which was attributed to the formation of dop-
aquinone from DA oxidation (Fig. 7b) due to surface hydroxyl groups and
oxygen [54,55]. After 24 h, the reaction mixture changed from light to
dark brown (Fig. 7a), and the corresponding UV spectrum exhibited a
peak at approximately 400 nm (Fig. 7c) which was attributed to the
formation of polydopamine (PDA) by aggregation [56]. Thus, to char-
acterize the DA induced color change, we used an absorbance ratio of
Fig. 6. a) Fluorescence spectrum of H-CQDs in the presence of different concentratio
range of 100 nM-1 μM.
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400 nm (A400) to 305 nm (A305) to obtain a regression coefficient of R2 ¼
0.987, and the corresponding detection limit was 163 μM (Fig. S10). A
representative image of the various DA concentrations is shown in
Fig. S11, and the different systems used to detect DA are summarized in
Table 1. All the other previously reported techniques were used additives
like tetramethylbenzidine (TMB), H2O2, copper ions, PVP, etc., with
nanoparticles to detect DA. In this system, without using any additives
and functionalization of carbon quantum dots, sensed dopamine
compared with reported techniques. However, based on the experi-
mental results, the developed H-CQDs were also able to detect the DA in
DI water and geriatric plasma and results were considerable for the point
of care analytic view.

In addition to quantifying DA detection based on UV–vis spectros-
copy, changes in sample color were effectively analyzed using a colori-
metric sensor array-based system consisting of a 30 � 30 � 4 mm, 6 � 6
n of DA, (b) Linear relationship between F0/F and the concentration of DA in the



Table 1
A comparison of different detecting system for DA determination.

Probe þ Additive used Technique Linear range Limit of
detection

Reference

Carbon dots þ Chitosan Electrochemical sensor 0.1–30 μM 11.2 nM [60]
Adenosine capped QDs Fluorescent sensor 0.1–20 μM 29.3 nM [61]
Carbon quantum dots Fluorescence quenching 0.2–100 mM 0.2 mM [31]
Carbon dots Fluorescence quenching 33–1250 μM 33 μM [62]
Graphene quantum dots þ dithienotetraphenylsilane Fluorescent sensor 1–200 μM 80 nM [63]
Gold nanoparticles þ 3,30,5,50-tetramethylbenzidine (TMB)
and H2O2

Colorimetric sensing 0.07–24 μM 0.025 μM [64]

Silver nanoparticles þ task-specific pyridinum ionic liquid Colorimetric sensing 0.1–7.5 μM 0.031 μM [65]
Silver nanoparticles þ polyvinylpyrrolidone (PVP) Colorimetric sensing 3.2 μM- 2.0 � 10�5 M 1.2 μM [66]
H-CQDs - No additive added Fluorometric and colorimetric sensor array

reader system
100 nM-100 μM and 1000 μM-
100 mM

8 nM and 163
μM

This work

Fig. 7. a) Photographs of H-CQDs in presence of varies concentration of DA. UV–vis absorption spectrum of H-CQDs in presence of varies concentration of DA (b) 5
min and (c) 24 h. Inset: Zoomed in image of UV–visible spectrum of H-CQDs in presence of varies concentration of DA.
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array substrate fabricated with sensors consisting of ⌀4 mm wells that
could hold approximately 50 μL samples. H-CQDs mixed with different
concentrations of DA were added to the wells, and the white LED/UV
light was illuminated from the bottom of the sensor matrix. The smart-
phone was placed on top of the system to image the sensor array with a
color array analysis application. The detailed structure of the sensor
array-based system is shown in Fig. S12.

Samples containing H-CQDs treated with different concentrations of
DA were added to the wells on the sensor spots, and the array was imaged
using the smartphone camera at 0, 5, and 60 min (1 h). The obtained
images were analyzed using the analysis gel array application. The cen-
ters of the individual spots were calculated using the circle Hough
transform algorithm. The analysis areas obtained using the algorithm
overlapped the images obtained prior to and after DA detection, yielding
9

red/green/blue (RGB) values and the associated differences and de-
viations in the RGB values of the images [57]. In turn, the program
extracted the median, mean, and standard deviation of the RGB values
obtained for the spots and sensor array images into an Excel file, and
respective virtual array images were saved for the differences in the RGB
values (Fig. 8a and b). The detailed procedure for sample imaging and
data analysis is presented in Fig. S13.

3.2.3. Detection of DA in geriatric plasma
The pretreatment of the sample is carried out according to the steps of

experimental part. After that, the standard addition method was used to
test the content of DA in real samples with fluorometry and colorimetry.
The PL intensity of the H-CQDs was gradually quenched up to 45%
(Fig. 9a), the regression coefficient was R2¼ 0.985 (Fig. 9b), and the LOD



Fig. 8. a) The images of color sessor array and the analysis results of the RGB difference of the color sensor array of H-CQDs with different concentration of DA. The
light source used is white LED. b) The images of color sessor array and the analysis results of the RGB difference of the color sensor array of H-CQDs with different
concentration of DA. The light source used is UV light.
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was calculated as 8.5 nM. The same procedure was repeated using female
geriatric plasma for which the PL intensity of the H-CQDs was quenched
40% (Fig. 9c), the regression coefficient was R2¼ 0.982 (Fig. 9d), and the
LOD was calculated as 8 nM. In addition, the emission spectra were
slightly blue shifted. We hypothesized that the markedly increased con-
centration of amino acids in the plasma of elderly females may have
increased the energy gap between the ground and excited states of the
chromophore, thereby blue shifting the spectrum [58,59]. The recovery
values ranged from 97 to 105%. These results indicated that H-CQDs
could be employed as fluorescent probes to detect DA in biological
samples. In case of colorimetric sensing, the color changes were observed
with the naked eye. The pale yellow H-CQDs changed to light brown
within 5 min and turned blackish brown after 24 h. Representative
colorimetric images of the H-CQDs mixed with DA and male and female
geriatric plasmas are shown in Fig. 9e. The absorption spectra generated
for the mixtures after 5 min and 24 h are presented in Fig. S14a–d,
respectively.

The DA concentration in the spiked male and female geriatric plasma
was measured using HPLC as a reference method. The results obtained
using our DA detection system and HPLC are compared in Table S2.
10
Interestingly, the results obtained using HPLC were consistent with those
obtained using the developed fluorescence and colorimetric approaches
(Fig. S15).

3.2.4. Specificity of dual-mode DA detection system
Initially, we determined how Naþ, Kþ, Glu, Cl�, Mg2þ, Ca2þ, urea,

creatinine, ammonia iron (Fe2þ and Fe3þ), zinc (Zn2þ), aluminum (Al3þ),
UA, glutathione (GSH), L-aspartate (L-Asp), L-cysteine (L-Cys), Albumin
interfered with DA detection in DI water. The PL spectra (Fig. S16)
showed that only DA quenched the PL intensity of the H-CQDs and that
the remaining interferents did not affect the PL intensity. With the same
interferents, we fluorometrically detected DA in the male and female
geriatric plasmas separately. The obtained PL spectra (Fig. S17a and b,
respectively) again showed that other than DA, the remaining interfer-
ents did not quench the PL intensity of the H-CQDs in either the male or
female geriatric plasma.

In colorimetric detection mode, Fig. S18 clearly shows that the color
was only altered in the well containing both DA and H-CQDs. The colors
in the wells containing the other interferents did not change. The same
interference study was performed using the male and female geriatric



Fig. 9. (a) Fluorescence spectrum of H-CQDs in the presence of different concentration of DA in male geriatric plasma (b) Corresponding Linear regression plot of H-
CQDs in male geriatric plasma, (c) Fluorescence spectrum of H-CQDs in the presence of different concentration of DA in female geriatric plasma, (d) Corresponding
Linear regression plot of H-CQDs in female geriatric plasma, e) Photographs of H-CQDs in presence of varies concentration of DA in male and female geriatric plasma.
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plasma separately, and similar results were obtained. Fig. S19 a and b
show representative images of the interference study conducted using the
male and female geriatric plasma, respectively. The results confirmed
that our proposed system had selectively detected DA in both DI water
and biological samples.

4. Conclusion

In conclusion, by exploiting the quick synthesis of 1–6 nm H-CQDs
exhibiting bluish-green fluorescence and a QY of ~46%, we developed an
electron transfer based dual-mode DA detection system (fluorometric
sensor) and a colorimetric sensor array-based system to detect DA in
aqueous media and male and female geriatric plasma. Because the DA
detection system did not require any additives or functionalized H-CQDs,
the system was cost effective. The enhanced properties of the H-CQDs
enabled the proposed system to effectively detect DA over a wide linear
range of concentrations up to the nanomolar level. The electron transfer
and color change of the H-CQDs rendered the system effective and
consistent for DA detection. Additionally, the proposed DA detection
11
system was much easier to operate than conventional ones owing to
simple PL measurements and the visual inspection of color changes
through a smartphone-integrated sensor array-based system in a
response time of approximately 5 min. Moreover, the proposed system
provided effective, consistent, quantitative, and qualitative DA detection
results on par with those achieved using HPLC. The results showed that
our approach may be useful for developing a highly sensitive, selective,
environmentally friendly, and cost effective DA detection system for
application to the clinical diagnosis of geriatric patients.
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