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A B S T R A C T   

L-dopa is a chiral drug that has been extensively used for the treatment of Parkinson’s disease. The concentration 
of L-dopa plays a vital role in the treatment, and this work emphasizes on designing a versatile platform for the 
quantitative and selective detection of L-dopa using reduced graphene quantum dot (rGQD). The platform is 
efficient in three different sensing methods, viz. fluorescence turn-on, filter paper-based sensing, and electronic 
measurements. The rGQD undergoes a dramatic fluorescence turn-on in the presence of L-dopa in aqueous media 
and artificial urine with a detection limit as low as 1.307 µM and 1.217 µM respectively. Experimental evidence 
revealed that the fluorescence enhancement is attributed to aggregation-induced emission mechanism. The 
system is also applicable for visual detection of L-dopa using filter paper strips treated with rGQD and develops 
bright fluorescence under ultra-violet irradiation. Apart from this, electrical sensors for L-dopa were also 
developed by preparing rGQD treated poly-vinyl alcohol films, and the increase in the current conduction with 
varying concentrations of L-dopa was observed. The films produce 2.5 order higher current conduction at 300 μM 
of L-dopa with a detection limit of about 13.136 µM. At the final stage, we have designed flexible electronic 
devices using these materials that develop 1.3 order higher current for L-dopa. The devices exhibit excellent air 
stability under varied relative humidity conditions as well as high bending stability for potential practical 
applications.   

1. Introduction 

Parkinson’s disease, named after the physician Dr. James Parkinson 
[1], is a neurodegenerative disorder [2] that affects movements of the 
body [3]. It is associated with several motor symptoms like rigidity, 
micrographia, tremor at rest, postural instability, and shuffling gait [4, 
5]. A severe shortage of neurotransmitters dopamine in substantia nigra 
and the presence of Lewy bodies is the primary cause of Parkinson’s 
disease [6]. Tremendous progress has been made to evaluate the 
neurophysiological mechanism involved in the disease progression; 
above all, the most efficacious therapy based on L-dopa treatment [7], 
considered as Gold standard [8] for Parkinson disease. l-3,4-dihydrox
yphenylalanine, commonly known as L-dopa, is a prominent chiral drug 
used in the treatment of Neurodegenerative Parkinson’s disease (PD) 
caused by a severe shortage of neurotransmitters dopamine in substantia 

nigra pars compacta [9]. In the presence of dopacarboxylate enzyme in 
the brain, L-dopa is converted to dopamine and stored in dopaminergic 
neurons. In contrast, dopamine itself can’t penetrate the blood-brain 
barrier [10]. As the disease progresses, with continuous loss of neu
rons, the clinical benefit from each dose of L-dopa progressively shortens 
[11]. Consequently, deterioration in their symptoms such as Parkin
sonism, anxiety, and depression or higher concentrations that result in 
dyskinesias, psychosis, and orthostatic hypotension appears [12,13]. 
Therefore, to maintain the therapeutic effectiveness, the concentration 
of L-dopa must be adjusted to avoid adverse effects [14]. The Devel
opment of efficient L-dopa sensors will be beneficial in this regard, and 
hence we developed a new and versatile method for the selective 
detection of L-dopa via fluorescence turn-on measurements, filter 
paper-based observation, and flexible electronic devices for electrical 
measurements using reduced graphene quantum dot (rGQD) as the 
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sensing material. Graphene-based quantum dots possess unique optical 
and physicochemical properties mainly, large surface-to-volume ratio, 
excellent thermal and electrical conductivity, biocompatibility, and has 
received considerable attention as a potential candidate for biosensor 
application [15,16]. Over the past few decades, developing biosensors 
based on graphene-based materials has great attention for disease 
management and health care monitoring because of its high sensitivity, 
portability, rapid, low-cost operation, and ease of use [17]. Wearable 
biosensors have additional benefits of real-time application, convenient 
operation, quick response, portability, and inherent miniaturization 
[18] towards the diagnostics of disease [19]. 

In literature, there are a few reports available for the selective 
detection of L-dopa based on fluorescence turn-off/on mechanism 
[20–23]. Other common techniques used for the sensing are colorimetric 
[24], electrochemical methods [10,13], high-performance liquid chro
matography [25], and spectrophotometry methods [26]. Among all 
these techniques, fluorescence turn-on sensors are more attractive and 
efficient among fluorescence-based sensing due to their high selectivity, 
sensitivity, and higher resolution ability [20]. One of the main reasons 
for fluorescence turn-on is aggregation-induced emission (AIE). AIE is a 
special case in the fluorescence process and was first observed by Tang 
et al. in silole molecules in the year 2001 [27]. Since then, many efforts 
have been made by both theoretical and experimental researchers to 
establish the underlying mechanism of AIE as well as exploring its high 
technological applications in various domains. As reported earlier, the 
most commonly accepted cause for the AIE is the restriction of intra
molecular motions (RIM) such as rotational and vibrational motions. 
Due to these restrictions, the radiative decay process or fluorescence 
becomes predominant over the nonradiative decay. This was experi
mentally validated by incorporating chromophores, lowering the tem
perature, and doping in a rigid polymer matrix and metal-organic 
frameworks [28–30]. Various factors such as structural rigidity, the 
viscosity of the medium, temperature, doping of chromophores in rigid 
matrices can cause strong emission [31]. In recent years, AIE was also 
observed in carbon quantum dots [32,33] and GQDs [34,35]. In the 
current context, AIE was observed during the fluorescence sensing of 
L-dopa in aqueous media. This fluorescence enhancement was also 
found to be helpful in designing filter paper-based fluorescence turn-on 
sensor for L-dopa. Such paper-based sensing processes are very simple, 
inexpensive, and convenient to use [36]. On the other hand, interaction 
with the analyte significantly alters the electrical properties of the sensor 
system making it suitable for designing flexible devices. To the best of 
our knowledge, filter paper-based, and flexible electronic device-based 
L-dopa sensors have not been reported earlier. We believe that these 
findings will open up research in a new direction in this area which will 
help develop low-cost and efficient technologies for such bio-medical 
applications. The three major observations made in this work are 
shown in Scheme 1. 

2. Experimental section 

2.1. Material development 

2.1.1. Materials used 
Graphite flakes, sodium hydroxide (NaOH), sulfuric acid (H2SO4), 

potassium permanganate (KMnO4), sodium nitrate (NaNO3), Poly-vinyl 
alcohol (PVA), blood plasma was obtained from Sigma-Aldrich. Ethyl
enediamine (EDA) was obtained from SRL. All the chemicals were used 
without any further purification. Milli-Q water was used for all the 
reactions. 

2.1.2. Preparation of graphene oxide (GO) 
GO was synthesized from graphite using the modified Hummer’s 

method [37]. In brief, 0.5 g of NaNO3 and 0.5 g of graphite flakes were 
mixed with 23 mL of 12.1 M H2SO4 (98%) and stirred for 15 min at 
0–3 ◦C. In this mixture, 4 g of KMnO4 was slowly added by keeping the 
temperature below 20 ◦C. The reaction mixture was then stirred for 
90 min, maintaining the temperature of 40 ◦C, followed by dilution with 
50 mL double distilled water under vigorous stirring for 10 min. The 
dark brown suspension of this mixture was treated with 6 mL 30% H2O2 
solution and dilute with 50 mL double distilled water. The excess 
manganese salt was removed by washing several times with deionized 
water until pH becomes 7. Finally, the purified GO was dried and stored 
in desiccators over CaCl2 for further experiment. 

2.1.3. Preparation of reduced graphene quantum dots (rGQD) 
rGQD was prepared using microwave-assisted pyrolysis methods to 

prepare rGQD. Firstly, 100 mg of graphene oxide (GO) was mixed in 
deionized water (1 mg/mL) followed by exfoliation using ultra
sonication for 3 h. To this, EDA was added under vigorous stirring at 
room temperature. The reaction mixture was heated using microwave 
irradiation for 10 min at 500 Watt power. The resultant solution was 
centrifuged under 10,000 rpm, and the upper portion of the solution 
containing rGQD was stored for further use. Preparation of GO and 
rGQD from graphite is shown in Scheme 2A. 

2.2. Sensing experiments 

2.2.1. Fluorescence-based sensing 
Aqueous solutions of L-dopa was prepared at a concentration ranging 

from 3 μM to 300 μM. Freshly prepared L-dopa solution of a particular 
concentration was mixed thoroughly with 2 mL of prepared rGQD so
lutions in a quartz cuvette using excitation wavelength (λex) at 350 nm. 
The same procedure has been applied for detecting L-dopa spiked in 
artificial urine (AU) to investigate the applicability of the method in the 
real sample. 

Scheme 1. Pictorial representation for the triple mode sensing of L-dopa, A. Aggregation induced emission (AIE) based fluorescence turn-on, B. Filter paper-based 
sensor, C. Current-voltage measurements. 
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2.2.2. Filter paper-based sensing 
Firstly, Whatman filter paper (grade-1) was cut into small pieces of 

1 cm × 5 cm strips and treated with rGQD solution for five minutes. 
After that, these rGQD coated filter paper strips were dried in a hot air 
oven for 20 min. For visual detection of L-dopa, the prepared filter paper 
strips were treated with varying L-dopa concentrations in distilled 
water, and their digital photographs were taken under an ultraviolet 
(UV) cabinet with 365 nm UV monochromatic light. The same protocol 
has been followed for the L-dopa samples prepared in AU to mimic the 
real-sample analysis. 

2.2.3. Electrical measurements based sensing 
For electrical measurements, oven-dried rGQD + PVA (8% W/V) 

films were cut into pieces with 1 cm2 area and sandwiched in between 
stainless steel (SS) mesh with 200 µm pore size (Scheme 2B). After that, 
these films were treated with different L-dopa concentrations 
(10–300 μM) and dried in a vacuum desiccator. The change in the 
current-voltage (I-V) characteristics and the impedance (Z) of the 
rGQD + PVA (8% W/V) films were monitored using an impedance 
analyzer (HIOKI 3532-50) and electrometer (Keithley 6517B) at room 
temperature. 

2.2.4. Flexible devices fabrication 
To fabricate air-stable and flexible devices, we have blended rGQD 

with 8% PVA W/V by magnetic stirring and deposited it on poly- 
(ethylene terephthalate) (PET) substrates, followed by oven drying at 
60 ◦C for 4 h. After that, silver paste was deposited with 0.5 × 1 cm2 

area with a separation of 2 mm (Scheme 2C). All the devices were kept 
in a vacuum dedicator for further use. The idea behind using 8% PVA W/ 
V is to provide a stretchable platform required for performing the ex
periments at different banding angles. This also ensures better contact 

with the substrate and the electrodes. 

2.3. Characterization techniques 

The Fourier transform infrared (FT-IR) studies were carried out in 
PerkinElmer FT-IR spectrophotometer by mixing the sample with KBr 
pellet; the measurements were performed in transmission mode over 
32 scans. X-ray diffraction (XRD) patterns were recorded using a Bruker 
D8 Advance X-ray diffractometer with Cu Kα radiation, at a scan rate of 
2 s per step. The tube current and voltage were maintained at 40 mA and 
40 kV, respectively, with 2θ = 10–90◦ angular range. Electronic transi
tions were monitored by UV-Vis spectra at room temperature using a 
1800 SHIMADZU UV-Vis spectrophotometer. The fluorescence spectra 
were collected using a Cary Eclipse spectrophotometer with a constant 
scan rate of 240 nm/s with a halogen lamp as the excitation source. The 
excitation and emission slit widths were maintained at 5 nm with an 
applied voltage 700 V. All fluorescent spectacle measurements were 
carried out using Quartz cells (4 × 1 × 1 cm) with high vacuum Teflon 
stopcocks. The fluorescence lifetime of the samples in aqueous media 
was determined using Edinburg instruments FSP920, Picosecond Time- 
resolved cum Steady State Luminescence Spectrometer. An LED source 
of wavelength 350 nm was used as the excitation source. Zeta potential 
and hydrodynamic diameter of the particles were measured in Malvern 
NanoZS90 in a glass cuvette with a square aperture with zeta dip cell 
electrode at room temperature. Transmission electron microscope 
(TEM) data were studied on the JEOL TEM-2100 model by drop-casting 
the rGQD on a 3 mm copper grid covered with carbon film and kept in a 
desiccator. The surface morphology of the rGQD + PVA films were 
studied with a SIGMA VP (ZEISS) FESEM at an accelerating voltage of 
5 kV. The electrical measurements were performed using HIOKI 3532- 
50, LCR Hi-TESTER. 

Scheme 2. Pictorial representation for the A. Synthesis of rGQD from graphite, B. rGQD + PVA (8% W/V) film for electrical measurements, C. Flexible device for 
sensing experiments. 
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3. Results and discussions 

3.1. Materials characterization 

The rGQD so prepared is well characterized with the help of UV–vis, 
photoluminescence, and FT-IR spectroscopic analysis, XRD, and TEM 
analysis, as discussed below. 

Supplementary Material Fig. S1A shows the UV–visible absorption 
spectra of GO and rGQDs. Here, GO exhibits a characteristic absorption 
peak at 227 nm, presumably due to the π→π*transition of C––C bond, 
along with a shoulder peak appears at 302 nm corresponding to the 
n→π*transition of C––O bonds [38]. The reduction of GO by EDA in 
water is confirmed by the red-shift of the peak at 227–317 nm, which is 
probably due to the restoration of delocalized double bond along with 
high polarity solvent media [39]. 

Fig. S1B represents the typical fluorescence spectra of rGQD recorded 
in aqueous media with varying excitation wavelengths from 300 nm to 
550 nm. It is evident that the emission spectra position undergoes red- 
shift and the intensity gradually decreases with the increase in the 
excitation wavelength. 

The FT-IR spectra of pure GO (Fig. S1C) exhibit characteristic ab
sorption bands at 1061 cm-1, 1222 cm-1, and 1397 cm-1 corresponding 
to C-O stretching vibration in alkoxy group, epoxy group, and carboxylic 
group respectively. The appearance of the strong stretching bands at 
1632 cm-1, 1723 cm-1 and 3433 cm-1 correspond to the functional 
groups C––C (in the aromatic ring), C––O (in carboxylic acid), and O-H 
group, respectively [40]. Reduction of GO with EDA is confirmed by the 
disappearance of the peak at 1723 cm-1 corresponding to the C––O 
stretching vibration of carboxylic acid and the appearance of a new peak 
at 1635 cm-1 and 1579 cm-1 corresponding to C––O and N-H stretching 
vibration for secondary amide group, respectively [41]. Amide fiction
alization is further confirmed due to the appearance of the peaks at 
1327 cm-1 and 1158 cm-1 corresponds to C-N stretching vibrations [42]. 
When out-of-plan NH2 and NH couple with C-N antisymmetric 

stretching vibration, a weak intensity peak at 1486 cm-1 was observed in 
rGQD interferogram [43]. 

To further confirm the formation of GO and rGQD, the XRD patterns 
were observed, as shown in Fig. S1D. Neutral graphite shows a basal 
reflection (002) diffraction peak at 2θ = 26.6◦ [41]. However, shifting 
of 002 reflection peak at 2θ = 10.85, corresponding to a d spacing of 
0.81 nm reveals the interaction of oxygen-containing functionalities 
between the basal plane of graphene [39]. The XRD pattern of rGQDs 
shows a board peak at 2θ = 24.11, inferred that the layered structure of 
graphene oxide is exfoliated to a few layers by simultaneous reduction 
and surface modification by EDA. 

3.2. Sensing experiments 

3.2.1. Fluorescence-based sensing 
The main advantage of fluorescence-based sensing using our mate

rial is that it showed a dramatic increase in the fluorescence intensity 
rGQD in the presence of an increasing concentration of L-dopa in 
aqueous media, as shown in Fig. 1A. Also, the intensity of the emission is 
proportional to the concentration of L-dopa. This increase in the fluo
rescence intensity is significantly higher than the earlier reports [11,23]. 
The difference in the fluorescence intensity (F-Fo) was plotted after the 
addition of L-dopa for a definite time interval as shown in the supple
mentary material Fig. S2. The plots reach a saturation point at 4 min 
(Fig. S2). Additionally, it is useful for visual detection and hence prac
tically more favorable over the turn-off processes. To demonstrate the 
practical applicability of the proposed biosensor, the real-sample anal
ysis was carried out in AU samples by spiking different quantities of 
L-dopa ranging from 5 to 300 μM with AU Fig. 1B. From the calibrations 
plots (Fig. 1C and D), the limit of detection (LOD) was calculated using 
the equation LOD = 3.3 × RSD/Slope and found to be 1.307 µM and 
1.217 µM for aqueous and AU, respectively. Here, RSD stands for rela
tive standard deviation. This indicates that the rGQD is a potential 
candidate for sensing L-dopa not only in aqueous samples but also in real 

Fig. 1. PL spectra of A. rGQD + L-dopa in aqueous media, B. rGQD + L-dopa in artificial urine. Calibration plot of C. rGQD + L-dopa in aqueous media, D. rGQD + L- 
dopa in artificial urine. 
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samples. 
In the UV–vis spectral analysis, as shown in Fig. S3A, the absorption 

of the pure L-dopa was observed at around 279 nm, which undergo red- 
shift to 295 nm indicating the aggregation of the analyte and the sensor. 
Considering the chemical architectures, the occurrence of red-shift is 
presumed to be due to the formation of hydrogen bonding or electro
static interaction between the sensing material and the analytes, as 
shown in Fig. S3B [44]. This has been confirmed with the help of TEM 
analysis, ‘salt-screening effect’, and DLS measurements as discussed 
later. To further investigate the selectivity of the method, we checked 
the fluorescence response of the rGQD in the presence of various ions, 
amino acids, urea, uric acid, and ascorbic acid, as shown in Fig. 2A, and 
there was no such fluorescence turn-on for all these analytes. 

3.2.2. Effect of pH towards fluorescence enhancement 
To evaluate the optimal conditions for fluorescence turn-on detec

tion of L-dopa, the fluorescence intensities of rGQD as well as in the 
presence of 50 µM L-dopa in PBS buffer solution at different pH ranging 
from 1.0 to 11 were recorded as shown in Fig. 2B. The relative fluo
rescence intensity value, ΔF = (F–F0) increased with increasing pH from 
1 to 7 along with the blue-shift in the emission spectrum. It was observed 
that the maximum PL intensity was attained at pH = 7 and reduced 
when pH increases from 7 to 11. The observed changes in spectral 
properties can be useful to evaluate the optimal condition towards the 
fluorescence response of the rGQD sensor at different pH levels. 

3.2.3. Mechanism of sensing 
To find out the reason behind the fluorescence turn-on in our system, 

we checked the TEM images of the mixture solution right after the 
sensing experiment. The rGQD particles are spherical, and the average 
particle size was found to be about 4 nm (Fig. 3A). But, after the inter
action with L-dopa, aggregated and large particles were observed in the 
TEM images, as evident from Fig. 3B, which indicates the occurrence of 
aggregation-induced emission (AIE) in the fluorescence measurements. 
In literature, it was found that in addition to the enhancement of fluo
rescence intensity, the occurrence of AIE also increases the fluorescence 
lifetime [45]. In the present context, the initial fluorescence lifetime was 
calculated to be 2.12 ns, which increases to 2.8 ns after the interaction 
with L-dopa. This observation confirms the occurrence of AIE in the 
sensor-analyte system. The fluorescence decay profiles are shown in 
Fig. S4. 

The presence of electrostatic interactions between rGQD and L-dopa 
is the driving force for such aggregation and confirmed by performing 
the well-known experiment called the ‘salt-screening effect’. Here, the 
presence of a highly ionized salt in the aqueous solution prevents the 
electrostatic interaction among the other components. We have per
formed the sensing experiment in the presence of a higher concentration 

of KCl solution (2 M) and observed that in the presence of KCl, the in
tensity of the mixture solution doesn’t further increase with the 
increasing concentration of L-dopa (Fig. 3C) [46]. Another way to study 
the existence of electrostatic interaction is to determine the change in 
the zeta-potential values of the system before and after the sensing 
experiment. A detailed study is given in the later section. On the other 
hand, a comparative spectroscopic analysis of the chemical composition 
of the material before and after the sensing experiment can provide 
information related to the presence or absence of permanent chemical 
interaction between the sensor and the analyte [46,47]. Here, we have 
performed the FT-IR spectral analysis and found that the intensity of the 
initial peak position of the rGQD at 1635 cm-1 significantly diminished 
after the interaction with L-dopa. Again, the peak at 1579 cm-1 shifted to 
1562 cm-1. From these observations, it has been confirmed that both the 
C––O and N-H groups present in rGQD takes part in hydrogen bonding 
with the analyte as shown in Fig. S3B [46]. 

Fig. 4 depicts the particle size distribution of the sample in aqueous 
media before and after the interaction with the analyte. It was found that 
the initial particle size of the rGQD was about 6 nm (Fig. 4A), but after 
the interaction with L-dopa, the value significantly increased to about 
73 nm (Fig. 4B). Therefore, there was a twelve-fold increase in the hy
drodynamic diameter of the system which is in agreement with the TEM 
analysis as discussed earlier (Fig. 3A and B). Therefore, both the TEM 
and DLS studies have provided conclusive evidence of aggregation in the 
system. Corresponding zeta-potential values are shown in Fig. 5. Here, L- 
dopa and rGQD both possess a negative zeta-potential value of about 
− 17.0 mV and − 43.0 mV respectively (Fig. 5A and B). After the 
interaction with L-dopa, the zeta-potential decreases to about 
− 33.0 mV (Fig. 5C). Such a notable difference in the zeta-potential 
value provides strong evidence of the electrostatic interaction associ
ated with the system. Decease in the zeta-potential value facilitates 
particle aggregation that leads to AIE in the fluorescence process [48]. 
Previous reports emphasized the change in the zeta-potential of the 
sensing platforms governed by electrostatic interactions [49–51]. The 
results of the DLS measurements thus comply with previously reported 
work where AIE was the main reason for the fluorescence turn-on [46]. 

3.2.4. Practical applicability of the method 
In literature, it was found that the expected value of L-dopa in plasma 

of a patient is 3.5 µg mL-1 [52]. To demonstrate the practical applica
bility of the proposed biosensor, real sample analyses were carried out in 
commercially available human blood plasma. The simultaneous deter
mination of L-dopa in blood plasma by spiking different quantities of 
analyte ranging from 5 μM to 300 μM were performed through cali
bration curve methods. Three consecutive measurements (n = 3) have 
been performed to determine the RSD. The accuracy of this method was 
evaluated by determining the recovery of the spike which was found to 

Fig. 2. A. Histogram of the fluorescence intensity of rGQD in the presence of various ions, amino acids, bio-chemicals. B. Histogram of the fluorescence intensity of 
rGQD at different pH. 
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Fig. 3. TEM images of A. rGQD (5 nm), and B. rGQD + L-dopa (50 nm). C. Salt screening effect experiment using fluorescence spectra of rGQD in the presence of L- 
dopa and 2 M KCl solution. D. FT-IR spectra of rGQD, rGQD + L-dopa. 

Fig. 4. DLS measurement: particle size distribution plot of A. rGQD, B. rGQD + L-Dopa.  

Fig. 5. DLS measurement: Zeta-potential distribution plot of A. L-dopa, B. rGQD, C. rGQD + L-Dopa.  

K.J. Goswami et al.                                                                                                                                                                                                                             



Sensors and Actuators: B. Chemical 350 (2022) 130892

7

be in the range of 97.1–102.9%. Table 1 with RSD from 2.38% to 3.65% 
indicating the reliability and sensitivity of the sensor towards the 
determination of L-dopa in real samples [53]. 

Earlier we have demonstrated the fluorescence enhancement in AU 
with varying concentrations of L-dopa. To check the practical applica
bility in a real urine sample, three (n = 3) measurements have been 
performed at 70 µM concentration of L-dopa and the results are shown in 
Table S1. In a similar experiment, Smyth et al., were able to recover 
1.87 µg mL-1 from urine samples after spiking with 2 µg mL-1 of L-dopa 
[52]. Therefore, from these measurements using human blood plasma 
and real-urine sample, it can be confirmed that the present system is 
applicable not only in aqueous media but also in real samples. 

3.2.5. Visual detection of L-dopa 
For visual detection of L-dopa, we have collected the digital photo

graphs of rGQD solutions under 365 nm UV light irradiation. As evident 
from Fig. 6A, the rGQD develops bright blue fluorescence after the 
interaction with L-dopa dissolved in AU. In a different approach, filter 
paper strips were treated with rGQD and the change in their 

fluorescence for L-dopa present in aqueous media and AU was observed 
under UV irradiation (Fig. 6B and C). The results are similar to that of 
the solution phase as the filter paper strips develop bright blue colours at 
room temperature. The use of filter paper is one of the most cost- 
effective methods for the detection of the different analytes. Handling 
of paper-based sensors is easy and can be stored in ambient conditions 
[54]. Therefore, this method is effective for the low-cost production of 
L-dopa sensors from rGQD treated filter papers. 

3.2.6. Electrical measurement-based sensing 
Before starting the sensing experiment, we checked the air-stability 

of the sensor by measuring its impedance (Z) with varying relative hu
midity from 20% to 90%, as presented in Fig. 7A. It was observed that 
the Z of the devices remain unchanged, which indicates that varying 
humidity conditions don’t alter the electrical properties of the sensor 
and hence the sensor can be useful for measuring ambient conditions. 
For the sensing experiments, I-V characteristics and ionic conduction of 
the sensor were measured before and after the interaction with 
increasing concentration of L-dopa ranging from 5 to 300 μM. Similar to 
the fluorescence measurements, the presence of L-dopa significantly 
alters the electrical properties of PVA + rGQD films, as shown in Fig. 7B. 
At a maximum of 300 μM of L-dopa, there was a 2.5 order increase in the 
current density at a maximum applied voltage of 5 V. From the cali
bration plot (Fig. 7C), the LOD was calculated to be 13.136 µM. 

Similarly, the interaction of L-dopa also increases the percent ionic 
character of the device, which has been observed by measuring the DC 
current density at the fixed voltage of 0.1 V with respect to time as 
shown in Fig. 8A. Here, at a constant DC voltage, migration of ions takes 
place until the sample is fully polarized. Here, the two silver electrodes 
act as ion blocking electrodes. When the steady-state is achieved, the 
material shows only electronic conduction [55]. From this plot, the 
percentage ionic character was calculated by using the following 
equation, tion = (iT – ie)/iT × 100, where ie and iT are the residual and 
total current, respectively. In the present case, PVA and its composite 
with rGQDs initially show electronic conduction and develop about 89% 
ionic conduction in the presence of L-dopa. During these electrical 
measurements, the film retained its structural integrity, which was 
confirmed under SEM as discussed in the later section. In continuation of 
Section 2.2, a flexible device architecture was realized to check the 
potential of this method as wearable biosensors. Similar to the results of 
I-V measurements of conventional methods, the flexible device also 
develops one order increase in the current conduction at 200 µM con
centration of L-dopa (Fig. 8B). 

In practical applications, wearable devices must operate under 
extreme bending angles and hence we checked the I-V characteristics of 
the flexible device at 180◦ and about 90◦ bending angles. Digital pho
tographs of the device are shown in Fig. 9A at 180◦ and 90◦ bending 
angles. Additionally, in Fig. 9B, the I-V characteristics of the flexible 
device are also presented for four different cycles and evidently, the 
device generates similar current conduction in these cycles. The struc
tural integrity of the sensing materials play a vital role in this experi
ment. Here, the 8% PVA (W/V) provides a strong adhesion with the PET 
substrate and also creates a transparent and stretchable thin film under 
the device fabrication conditions. The PVA + rGQD films possess a very 
smooth surface morphology, and unlike macroporous polymers, no 
significant surface patterns were observed under SEM. After the treat
ment with L-dopa, other than the nanometer-sized particles on the 
surface, there was no notable change in the surface morphology of the 
film architecture as shown in Fig. S5A–C. This observation was partic
ularly important for developing flexible devices for electrical sensing 
experiments. Here, it was essential to maintain a structural integrity of 
the films to ensure similar electrical properties at different bending 
angles, which is not possible with porous polymer films. 

Table 1 
Analysis of real sample for L-dopa in human blood plasma sample and recoveries 
at five concentrations of L-dopa. (n = 3).  

Sl No. L-dopa spiked/(µM) Found/(µM) Recovery/% RSD/% 

1  10  10.29 102.9  3.16 
2  20  19.49 97.4  2.38 
3  30  29.14 97.1  3.65 
4  40  39.33 98.3  3.49 
5  50  50.37 100.7  2.80  

Fig. 6. Digital photographs in UV cabinet (365 nm): A. rGQD and rGQD + L- 
dopa in AU. Filter paper strips treated with rGQD and varying concentrations of 
L-dopa in B. Aqueous media, and C. AU. 
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4. Comparative study 

In literature, there are different methods of L-dopa detection. Herein, 
a brief comparative study has been conducted based on the limit of 
detection of the fluorescence measurements as given in Table 2. In 
comparison to the already reported methods, there are three major as
pects that make the present work readily distinguishable and unique 
compared to the other methods. 

Firstly, the present study reports a triple mode detection of L-dopa 
based on the same starting material viz. fluorescence turn-on, filter 
paper-based sensing, and electrical and flexible electronic device-based 
sensing of L-dopa. The quick response of all the three modes toward the 
analyte with an appreciable limit of detection compared to the reported 

sensors. 
Secondly, the photophysical methods are applicable in real sample 

analysis as it shows efficient fluorescence enhancement in human blood 
plasma, artificial and real artificial urine samples. 

Thirdly, the methods do not require sophisticated instrumentation 
facilities for device fabrication and sensing experiments. The device 
fabrication is extremely simple and low-cost, ensuring practical appli
cability of the sensor in resource-limited and urgent requirement situ
ations for developing a biosensor. Additionally, the devices are air-stable 
and show bending stability which is rare, particularly in the case of 
electronics. 

Fig. 7. A. logZ versus Time plot of the rGQD + PVA film at different relative humidity (include) B. I-V characteristics of the rGQD + PVA films with increasing 
concentration of L-dopa. C. Calibration plot. 

Fig. 8. A. Current versus time plot of PVA, PVA + rGQD, PVA + rGQD + L-dopa. B. I-V characteristics of flexible devices with PVA + rGQD, PVA + rGQD + L-dopa.  
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5. Conclusion 

The present work demonstrated a new approach towards the selec
tive and sensitive detection of L-dopa in aqueous media as well as in 
artificial urine using rGQD. The rGQD undergoes significant fluores
cence turn-on in the presence of L-dopa with a LOD of about 1.307 µM. 
This fluorescence turn-on is predominantly governed by AIE mechanism 
which is also supported by different experimental evidences such as 
TEM, salt screening effect, and DLS. The practical applicability of this 
method was also investigated by spiking different concentrations of L- 
dopa in human blood serum and real urine samples. In addition, rGQD 
treated filter papers develop bright fluorescence in the presence of L- 
dopa under UV-light irradiation, which is helpful for visual detection of 
L-dopa in aqueous and artificial urine. Such filter paper-based detection 
is very easy and helpful in the case of rapid drug sensing applications. On 
the other hand, electrical measurement-based sensing was carried out by 
investigating the current-voltage characteristics of the rGQD with PVA 
based thin films under ambient conditions. This method has a limit of 
detection of about 13.136 µM. More importantly, electronic devices 
were fabricated using a facile fabrication technique on a flexible sub
strate to demonstrate the practical applicability of the method as a 
wearable biosensor. These devices are air-stable, and their electrical 
properties do not vary with increasing relative humidity. We have also 
found that the electrical properties of the sensors remain similar at 
different bending angles. Using such flexible prototype devices, it would 
be possible to design wearable L-dopa sensors in the future. 
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