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Abstract: The development of affordable and compact noninvasive point-of-care (POC) dopamine
biosensors for the next generation is currently a major and challenging problem. In this context,
a highly sensitive, selective, and low-cost sensing probe is developed by a simple one-step laser-
scribing process of plastic waste. A flexible POC device is developed as a prototype and shows a
highly specific response to dopamine in the real sample (urine) as low as 100 pmol/L in a broad
linear range of 10−10–10−4 mol/L. The 3D topological feature, carrier kinetics, and surface chemistry
are found to improve with the formation of high-density metal-embedded graphene-foam composite
driven by laser irradiation on the plastic-waste surface. The development of various kinds of
flexible and tunable biosensors by plastic waste is now possible thanks to the success of this simple,
but effective, laser-scribing technique, which is capable of modifying the matrix’s electronic and
chemical composition.

Keywords: flexible sensor; direct laser writing; carbon materials; dopamine; biosensor; electrochemical

1. Introduction

The most significant neurotransmitter that influences human behavior, as well as
vital physiological processes in the human body, is dopamine (DA) [1,2]. Our body’s DA
imbalance causes severe mental issues as well as other ailments including Alzheimer’s
disease, Parkinson’s disease, obesity, and attention deficit hyperactivity disorder (ADHD),
especially in children [3–7]. Thus, continuous monitoring of this neurotransmitter is
necessary in order to perform early diagnosis and offer suitable medical care to the user
end. Noninvasive methods should be considered as one of the most effective ways to
continuously monitor DA. In general, DA is present in the urine of healthy people at
very low concentrations ranging from 274 to 500 nmol/L, with potential interferents, and
concentrations less or higher than this range are considered to be a DA imbalance (for
unhealthy people) over a 24 h period [8]. Regrettably, there are very few methods available
for the detection of DA at ultralow levels. These analytical procedures depend on costly
instruments, are time-consuming, and need a skilled person for precise preparation of
the sampling, which makes noninvasive DA detection for point of care (POC) continuous
monitoring extremely difficult.
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Recent studies demonstrate that electrochemical sensing is one of the most promis-
ing methods for determining neurotransmitters at the pmol/L level in biofluids and de-
signing POC devices [9–13]. However, due to the utilization of costly metals [14–19],
aptamers [20,21], processed nanocarbon [22–25], enzymes [9,26], hybrid composites [27–43],
and complicated fabrication process [44,45], their application for creating large-scale recog-
nizing units/electrodes is still restricted, yet they offer good sensitivity. Therefore, a novel
sensor that is highly efficient and economical must be designed without a complex manu-
facturing technique. In this context, researchers have recently focused on laser-induced
graphene (LIG) composites due to their reasonable conductivity, electrocatalytic nature,
and the chemical-free flexible fabrication process for the easy integration of electrodes.
However, LIG is mostly explored in dense commercial polymers [46–55], which have limi-
tations in terms of in situ functionalization, flexibility, transparency, and so on. In light of
these constraints, the exploration of this research field is currently wide open and there is a
strong desire to develop next-generation noninvasive electrochemical biosensors.

Herein, we develop a flexible and highly effective DA sensor through a simple one-step
laser-scribing process of plastic/polymer waste. The newly developed sensor consists of a
laser-induced metal-embedded graphene nanocomposite (LIMG), which has extraordinary
electrocatalytic activity, flexibility, and stability. A unique high-density metal-embedded
graphene-foam material is generated when the surface of metal-ion-incorporated plastic
waste (Polyethylene terephthalate [PET]) is exposed to laser radiation under appropriate
conditions. A flexible and portable POC device is built as a proof of concept. The sensor
is capable of detecting DA as low as 100 pmol/L in human urine samples. This study is
the first example of electrochemical DA detection in a real biological sample noninvasively
using plastic waste as a basic source. This new technique facilitates the efficient conversion
of plastic waste into a biosensing platform. The details of this study are provided below.

2. Methods
2.1. Sensor Fabrication

As illustrated in Figure 1, the fabrication setup was designed. First, waste polyethy-
lene terephthalate (WPET) bottles were thoroughly washed with MilliQ water. They were
subsequently cut into small rectangle-shaped sheets and pressed to form neat sheet shapes.
The chemical composition of the waste PET bottles is subjected to FTIR spectral analysis
to ensure the reliability of the source material (Figure S6). The surface of the PET sheets
was precisely hydrolyzed in the second stage causing no damage to the interior structure.
At 50 ◦C, the WPET sheets were immersed in a NaOH (pH 9) solution for 3 min. After
the hydrolysis process, WPET sheets were washed, dried, and stored for further process.
Afterward, a single 5 cm × 5 cm WPET sheet was placed into a 0.01 M Copper dithiocarba-
mate/DMSO solution for about 1 h; this process enables the metal ion incorporated into
WPET’s active surface, as shown in Figure 1.

A continuous-wave (CW) laser beam at a wavelength of 473 nm was utilized as an
irradiation source. After measuring the UV-Vis spectra of precursor samples in each stage
(Figure S1), the laser light wavelength is selected; it is critical to select a material that can
produce an appropriate photothermal effect without damaging the substrate during the
laser-scribing process. To control the energy and polarization direction of the laser beam,
an attenuator and a half-wave plate were used. An oil-immersion objective lens (NA = 1.4,
Zeiss, Jena, Germany) was employed to focus the laser beam properly on the sample with
a spot size of 200 µm. The sample was mounted on a three-dimensional high-precision
nanopositioning translation stage (P-563, PI) controlled by a computer. To find out the
optimized condition for laser scribing, various physicochemical parameter combinations
are used (power, wavelength, Cu ion source, soaking time, etc.). Since it is outside the
scope of this article, a separate research paper describing the comprehensive dedicated
work of laser interaction with the surface of metal-ion polymer waste and the method of
creation will be provided. The desired patterns were created by laser scribing at a power
of 70.03 mJ µm−2 and a speed of 5 µm/s. The samples were thoroughly cleaned with
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MilliQ water after the laser-scribing process and, then, they were allowed to air dry out
naturally. The scribed area of PET samples produced the LIMG, which was utilized for
further investigation.
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Figure 1. Schematic illustration of the complete fabrication process of the biosensor from plastic waste.

2.2. Fabrication of Flexible POC Device

The portable flexible POC sensor was fabricated by modifying a working electrode
(WE) area and a reference electrode (RE) was constructed using a colloidal Ag/AgCl (60/40)
paste. A 50 µL solution of 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide, together with
N-hydroxysuccinimide 1:1 (by volume), was drop-casted onto the WE surface and left for
10 min. Then, 10 µL of 10 units/µL tyrosinase in 50 mmol/L PBS for 6 h was added to the
WE area. This procedure was repeated 2 times. Further, to remove the detached enzyme, the
WE was washed in 50 mmol/L PBS (pH 7.2) solution. This process produced a tyrosinase-
immobilized laser-induced metal-embedded graphene nanocomposite (Tyr/LIMG) sensor.
Subsequently, the desired Tyr/LIMG sensors were then produced by adding 1 mol/L
ethanolamine to immobilize the uncovered active sites. The laser-scribed pattern acted as a
counter electrode (CE) and an electrical contact. To insulate the contact of the electrodes,
the PI tape was laminated on top of the integrated sensor. A schematic illustration and a
photographic image are presented in Figure 1, respectively, for easy understanding. The
Supplementary Information contains the detailed experimental procedure.

3. Results and Discussion
3.1. Morphological, Surface, and Structural Evaluation

Figure 2a displays the X-ray diffraction patterns of the laser-induced structure. It
exhibits well-crystalline graphitic nature peaks (denoted as G) [56] along with copper metal
crystal planes [57]. The peaks (denoted as Cu) can be indexed as cubic-phase metallic
copper PDF# 85-1326. There are no discernible impurity peaks, confirming that the newly
formed structure is a copper–graphene-like composite. In addition, the Raman spectrum of
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the fabricated sample is obtained to reveal the structural evolution of the metal–graphene
composite. As shown in Figure 2b, the graphene feature exhibits the typical D band (around
1341 cm−1), G band (around 1574 cm−1), and 2D band (2684 cm−1). The intensity ratio of
the designated peaks ID, IG, and 2D is quite different from that of the standard graphene
feature [10]. It could be because of the strong metal–graphene interaction, where the nature
of the peak is influenced by localized surface plasmon resonance (SPR) [58].
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Figure 2. (a,b) XRD/Raman spectra of the LIMG. Deconvoluted XPS core-level spectra (c) Carbon,
(d) Copper 2p, (e) Copper LMM Auger spectrum. (f) TEM image of LIMG, Inset: SAED pattern of
the corresponding sample. (g) The HRTEM image of the selected region is denoted as a red rectangle
in (f). (h) Cyclic voltammograms of the LIMG and Tyr/LIMG electrodes in [Fe(CN)6]3−/PBS solution
at a scan rate of 100 mVs−1. (i) DPV results in the presence of the mixture containing 1 mM ascorbic
acid, 0.1 mM dopamine, and 1 mM uric acid.

X-ray photoelectron spectroscopy (XPS) analysis is also used to investigate the surface
nature of the LIMG, as shown in Figure 2c–e. The spectrum of C 2p (Figure 2c) can be
deconvoluted into one major and three minor components in the 285–292 eV range. These
are attributed to the presence of various chemical moieties, such as –C=O, –C–O, sp2 C–C,
and sp3 C–C [9]. It implies that the laser-induced surface of plastic waste has –COOH
and –COH functional groups, which enable hydrophilicity and easy linkage with other
chemical species. Figure 2d displays the core-level spectrum of Cu 2p peaks showing two
distinct peaks at 952 and 929 eV, which correspond to 2p3/2 and 2p1/2 along with satellite
peaks (Cu 2p ions) [59]. To confirm the presence of a Cu0 metallic state, the Cu LMM Auger
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spectrum is obtained, as shown in Figure 2e. The deconvoluted spectra consist of one major
and one minor peak. The major peak at 568.3 eV can be attributed to the Cu0 metallic
species. These results evidence the existence of a Cu metallic and Cu ion type linkage
formed during the fabrication process. Figure 2f is a typical TEM image of the fabricated
sample that displays tiny metallic particles with an average size of 12.1 nm (Figure S1)
embedded in the nanocarbon matrix. Moreover, the SAED pattern of the corresponding
region reveals diffraction rings indicative of the random crystallographic orientations of
the nanocrystal of the as-fabricated material. All diffraction rings are identified as that
of a cubic structure of copper metal and graphitic nature, which is consistent with the
XRD and XPS data. The bright spots in the ring pattern can be well indexed to the (100),
(110) Cu, and (101) graphene planes. The HRTEM image (Figure 2g) of a selected area in
Figure 2f reveals the base material foam-like morphology with several nanometer pore
sizes and the layered arrangements of graphene. The most abundant element, carbon, is
uniformly distributed throughout the sample, in contrast to copper and oxygen, which are
expectedly distributed randomly in the material (Figure S3b–d). The density of the copper
nanoparticles is extremely high here. The amounts of these three elements are summarized
in Tables S1 and S2. This points out that the fabricated material is made of high-density
metal-embedded graphene.

3.2. Electrochemical Feature

To shed light on the electrochemical features of the LIMG and Tyr/LIMG electrodes,
cyclic voltammetry (CV) and differential pulse voltammetry (DPV) analyses are carried out
using a portable smartphone-assisted electrochemical wireless USB-like platform, which is
manufactured by Shenzhen Refresh Biosensing Technology Co., Ltd. (Shenzhen, China);
device model: Biosys P15E MAX. Figure 2h shows the CV curves for [Fe(CN)6]3−/KCl
redox probes. A comparison of Faradaic peak separation (∆Ep) and peak current ratio
Io/r = Iox/Ired, shows that LIMG has a higher ability than Tyr/LIMG. As-fabricated LIMG
exhibits such performance as a result of improvements in electroactivity, surface func-
tionalities, and reaction kinetics [46]. However, when tyrosinase enzyme is added to the
LIMG WE, the redox potential of [Fe(CN)6]3−/KCl is moderately reduced due to slow
electrode kinetics provided by the enzyme’s nonconducting layer on the electrode sur-
face, validating the presence of tyrosinase [9,26]. Moreover, the interface properties of
the modified electrodes are characterized by the electrochemical impedance spectroscopy
(EIS) study. As shown in Figure S4, the semicircle portion of the Nyquist plot is attributed
to the charge transfer resistance (RCT) caused by the electron transfer of the redox probe
[Fe(CN)6]3-. The RCT value can be estimated to be 268 Ω and 628 Ω for bare LIMG and
Tyr/LIMG, respectively. The higher RCT value of Tyr/LIMG discloses that the electron
transfer resistances were significantly increased by enzyme immobilization.

The DPV approach is employed to examine the precise sensitivity, specificity, and
analytical capability of the LIMG, Tyr/LIMG, and commercial GCE against DA with
probable interferences, as illustrated in Figure 2i. Tyr/LIMG has a very strong and clear
DA peak (200 mV), in a combination including DA, ascorbic acid (AA), and uric acid (UA),
with AA and UA concentrations 10 times greater than DA. These three peaks are well-
differentiated anode current responses in the presence of potential interferents (1 mmol/L
AA and 1 mmol/L UA) for detecting 0.1 mmol/L DA, which is attributable to AA, DA,
and UA oxidation at potentials of 0.49 V, 0.2 V, and 0.348 V, respectively, which refers to the
oxidation-reduction reactions in the following order [9].

1. Dopamine + Tyr(ox)→ Dopamine-O-quinone + 2H+ + Tyr(red);
2. Tyr(red) + 2 [Fe(CN)6]3− ↔ Tyr(ox) + 2 [Fe(CN)6]4−;
3. 2 [Fe(CN)6]4− ↔ 2 [Fe(CN)6]3− + 2e−.

In the case of bare LIMG and GCE, we found three and two wide peaks with lower
current response, respectively, where the signals of each molecule overlapped, resulting in
low selectivity and sensitivity. In this study, the CV results display that the Tyr/LIMG has
a lower oxidation peak in the presence of [Fe(CN)6]3− alone, compared to bare LIMG. On
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the contrary, Tyr/LIMG exhibits a two times higher oxidation current in the presence of
DA along with interferents in the DPV study. It is well known that DA is an electroactive
compound with redox peaks at the majority of electrodes including LIMG and GCE,
whereas the tyrosinase enzyme in Tyr/LIMG functions as a biocatalyst, DA capturer, and
an electron mediator, catalyzing the oxidation reaction of DA into dopamine-O-quinone
and acting as an interface for the flow of electrons at the bioelectrode surface, causing an
increase in oxidation current via the simultaneous reduction of tyrosinase and [Fe(CN)6]3−,
followed by [Fe(CN)6]4− oxidation. This is in response to the enzyme’s active binding sites
and improved electron transfer between the active sites and the electrode, which allows for
more sensitive detection of dopamine. This phenomenon is consistent with the previous
works [9,55]. On the whole, the results of the DPV study demonstrated that the Tyr/LIMG
electrochemical sensor has remarkable selectivity and sensitivity for detecting DA.

Further examining the sensitivity of the Tyr/LIMG sensor against DA, the DPV exper-
iment to various concentrations of DA (0.0001–100 µmol/L) is conducted under constant
stirring. The typical DPV curves of different DA concentrations, in relation to current
response Vs potential, are shown in Figure 3a. At a potential of 200 mV, it is determined
that the anodic peak current increased linearly with the increasing DA concentration. The
as-fabricated Tyr/LIMG sensor displays an excellent linear range of detection (Figure 3b).
The linear relationship between Ipa and CDA is Ipa = 0.66949 CDA + 0.40976, where Ipa is
the current response in µA, and CDA is the concentration of DA in µmol/L. The calculated
value of the limit of detection (LOD) of this Tyr/LIMG sensor is 100 pmol/L (S/N = 3) with
a sensitivity of 669.49 nA (µmol/L)−1 and a limit of quantification (LOQ) =337 µmol/L,
which is an excellent LOD to determine the DA in real physiological samples (urine, serum,
and saliva) [13].
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Figure 3. (a) DPV curves of the Tyr/LIMG modified sensor for various concentrations of dopamine
(0.0001–100 µmol/L). (b) Calibration curve of current versus dopamine concentration. (c) Real-
sample analysis results are plotted as current response versus both (standard and serum) samples.
(d) Photographic images of the as-fabricated integrated sensor. (e) Real urine samples analysis by the
HPLC method and the as-fabricated Tyr/LIMG sensor.
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3.3. Real-World Application Study

In addition, we investigated key aspects, such as real-sample and reliability analyses,
to assess the commercial use of this sensor. To determine the practicality of this study, the
constructed sensor is used to find DA in human urine samples spiked with known DA
concentration. The strong correlation between the standard and real samples is shown
in Figure 3c. It displays an acceptable relative standard deviation (RSD) of 2.6–3.8%
and a decent recovery range of 92.6–100.2%. Figure 3d shows photographic images of
the integrated sensor as fabricated, demonstrating its high processability and flexibility.
Finally, the fabricated sensor is tested for real-world applications. It detects DA at the
concentrations of 0.59, 0.088, and 0.473 µmol/L in the urine samples of the volunteers
(Figure 3d). We additionally examined the same samples using the HPLC method to ensure
the validity of the data obtained, which shows good agreement with the t-test value of 2.45
in 4◦ of freedom. The obtained statistical results are tabulated in Tables S3 and S4. It proves
the applicability of possible clinical usage for DA detection noninvasively.

Moreover, to assess the practical application of this sensor, specificity, consistency,
longevity, and volatility investigations are undertaken. The Tyr/LIMG sensor demonstrates
good sensing performance when DA (40 µmol/L) is added, as shown in Figure S5a. There
is no substantial response to the addition of the equimolar species of chemicals. The
introduction of AA and UA, in particular, has no effect on the current amplitude of the
Tyr/LIMG. This finding agrees with the results of DPV analysis, which further confirms
the Tyr/LIMG composite’s outstanding specificity for DA detection. Five Tyr/LIMG
sensors are made concurrently under identical circumstances. The same current response
(RSD 4.6%) for all of the sensors shown in Figure S5b demonstrates the manufacturing
method’s consistency. The Tyr/LIMG longevity test chart is shown in Figure S5c and it is
examined on a five-day basis for 60 days. The material is durable for an extended time
at typical storage circumstances since 97.2% of the current signal and operating function
are kept intact. Furthermore, prolonged use of the Tyr/LIMG sensor for up to 50 cycles
preserves 90.9% of the current signal, indicating the sensor’s outstanding durability and
antifouling characteristic (Figure S5d). This performance significantly overtakes those
reported recently (Table 1).

Table 1. A comparison between the results of this study and previously published data utilizing
different sensors for DA sensing.

Carbon/Polymer/Metal-Based
Sensing Probe Linear Range (µmol/L) LOD

(mol/L)
Real Sample

Invasive/Noninvasive Ref

rGO-PAP 0.001–100 2.0 × 10−9 Invasive [10,13]

rGO-PAS 0.001–100 1.1 × 10−10 Invasive [13]

rGO-PAB 0.0001–100 1.0 × 10−11 Invasive [13]

Au/PPy/rGO 0.001–5 1.8 × 10−11 Invasive [14]

Carbon NRs 1–10 6.0 × 10−8 Invasive [27]

POMF-rGO 1–200 8.0 × 10−8 NA [28]

HOPG-β-cyclodextrin - 1.0 × 10−7 NA [29]

NACP 0.05–15 1.0 × 10−8 Invasive [30]

MIP/MWCNT/GAs/GCE 0.005–20 1.6 × 10−6 Invasive [31]

SPANI/CNSs/GCE 0.5–1780 1.5 × 10−8 NA [32]

Ni-MOF 0.2–100 6.0 × 10−8 Invasive [34]

PPy/ZIF-67/Nafion 0.08–100 3.0 × 10−8 Invasive [35]

Ni3HHTP2-MOF 0.04–200 6.3 × 10−8 NA [37]

rGO-Au NPs/ITO 0.02–200 1.5 × 10−8 Invasive [38]
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Table 1. Cont.

Carbon/Polymer/Metal-Based
Sensing Probe Linear Range (µmol/L) LOD

(mol/L)
Real Sample

Invasive/Noninvasive Ref

rGO-SS 1–1000 1.0 × 10−6 NA [40]

TiN-rGO 5–175 1.59 × 10−7 Noninvasive [41]

rGO-PTA 0.5–20 - NA [42]

rGO-MWNT-PTA 0.5–20 1.14 × 10−9 NA [43]

rGO-Pt 10–170 2.50 × 10−7 NA [60]

rGO-Pd NPs 1–150 2.33 × 10−7 Invasive [61]

3D SWNT–PPy composite 5–50 5.0 × 10−6 NA [62]

rGO-GC 0.1–100 1.0 × 10−7 NA [63]

Carbon fiber - 4.1 × 10−8 NA [64]

Tyr/LIMG 0.0001–100 1.0 × 10−10 Noninvasive This work

NA: Not applicable, NP: Nanoparticle, SS: Stainless steel, NT: Nanotube, NR: Nanorod, PTA: Phospotungstic
acid, PPy: Polypropylene, MWCNT: Multiwall Carbon nanotube, GC: Glassy carbon, POMF: Polyoxometalate-
based metal–organic framework, HOPG: Highly oriented pyrolytic graphite, MOF: Metal–organic framework,
NACP: Ni-MOF composite/AuNPs/CNTs/PDMS, SPANI: sulfonated polyaniline, CNS: Carbon nanospheres, G:
Graphene, GCE: Glassy carbon electrode.

3.4. Material Formation and Sensing Mechanism

The results of the physicochemical analysis confirm that the LIMG is made up of
graphene-foam structures and copper nanoparticles. The photoreduction process, which is
associated with hydrolyzed PET, causes the copper ions to be reduced when the surface
of precursor materials is exposed to suitable laser light at 473 nm. In this case, copper
dithiocarbamate (CDC) has a strong absorbance at around 450 nm while PET is completely
transparent. The drastic material transformation is relatively poor in the case where the
wavelength of the incident light is almost at the edge of the CDC’s absorption band,
i.e., hv–Eg. Low-single photon absorption may be the cause of this phenomenon. But, as
exposure time and light intensity are increased, optically induced photothermal effects come
in greater capacities [65]. As a result, the graphitization of the PET surface is accompanied
by the formation of tiny copper particles. At the surface/interface of the precursor material,
copper-ion reduction and PET graphitization both happen simultaneously with abundant
oxygen functionalities [66].

The excellent performance of the developed sensor has been observed, as shown
in Figures 3 and S5. This distinct behavior can result from all of the components listed
below: (1) Due to the synergy of copper nanoparticles and graphene foam, high-density
metal-embedded graphene foam undergoes rapid charge transfer via electron coupling,
resonance, and the surface plasmon effect during operation. (2) The interface layer of the
porous structure facilitates the chemical’s quick passage through the foam. (3) Through
an effective H-bond interaction, the immobilized enzyme molecule functions as both an
effective biomolecule selector and a capturer. (4) The sensor surface’s net negative charge
expels the UA, AA, and other negatively charged interferents. Schematic illustration of the
whole materials-analyte-transduction process is presented in Figure 4.
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4. Conclusions

A flexible highly efficient biosensor is developed by a one-step laser-scribing process
of waste plastic PET to detect a DA noninvasively. Remarkable physicochemical properties
are achieved when the Cu ion-treated waste PET sheet is exposed to the visible laser
light under appropriate conditions, resulting in the formation of the laser-induced metal-
embedded graphene-foam nanocomposite. The as-fabricated biosensor is evaluated against
the detection of DA in a PBS/real-sample solution. It senses DA down to 100 pmol/L
in the urine samples with the presence of interferents, which is the very much lower
detection limit of the recently reported polymer–metal–carbon-based sensor (Table 1).
Further results of the real-sample (disease-diagnosing human urine) analysis could prove
the possible usage of portable fabricated POC devices for the clinical examination of DA.
Nevertheless, large amounts of data remain needed to justify it, which provides a new
avenue for advancement in the future. The current study adds to our understanding of
how to develop an effective neurochemical sensor using a simple laser-scribing process of
plastic waste, which is abundant and polluting our environment.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/bios13080810/s1, Information S1: Experimental details; Figure S1:
UV-Vis spectra of precursor sample and laser light; Figure S2: Copper nanoparticle size calculation
with Gaussian peak fit; Figure S3: (a) HAADF image of Figure 2f (main text). Corresponding
Energy-dispersive X-ray spectroscopy mapping images of (b) Copper, (c) Carbon, and (d) Oxygen;
Figure S4: Electrochemical impedance spectra of bare LIMG and Tyr/LIMG-modified electrodes
in an [Fe(CN)6]3−/PBS solution; Figure S5: (a) Amperometry specificity study of the Tyr/LIMG
and electrocatalytic oxidation of DA (40 µmol/L) along with equimolar EP, 5HT, AA/UA, K+Cl−,
Ca2+, Mg2+, glucose, and glutamic acid, operated at +200 mV in PBS. (b) The current responses of
five parallelly fabricated Tyr/LIMG sensors toward DA (40 µmol/L) (n = 3). (c) Change in current
response against the number of days towards DA detection (n = 3). (d) Subsequent measurement of
Tyr/LIGM in the 40 µmol/L DA/PBS, recorded for 50 cycles by reusing the same sensor; Figure S6:
FT-IR spectra of the PET sheet cut from a PET bottle, which is recorded from three different bottles.

https://www.mdpi.com/article/10.3390/bios13080810/s1
https://www.mdpi.com/article/10.3390/bios13080810/s1
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Inset: Molecular structure of PET consists of C, H, and O as the major species; Table S1: Chemical
species data in at% obtained from EDS measurement; Table S2: Chemical species data in Wt%
obtained from EDS measurement; Table S3: Detection of DA spiked in urine samples; Table S4:
Detection of DA in human subjects’ urine samples [67,68].

Author Contributions: J.S.: Design the study, conceived the idea, wrote an original draft, and
executed the whole project. L.W.: supervised the project and was involved in all stages of the work,
including material design, characterization, and explaining the mechanism. Y.H., Z.H., H.W., Y.Z.
(Yiyu Zhan), Y.Z. (Yangtao Zhou) and I.T. were involved in the material design, helped with the
experiments, interpret the data, and explained the mechanism. All authors have read and agreed to
the published version of the manuscript.

Funding: This work was funded by the National Natural Science Foundation of China (NSFC)
(Grant No. 12274148) and the Natural Science Foundation of Guangdong province (Grant
No. 2021A1515010286). Jagadeesh Suriyaprakash (J.S.) acknowledges CPSF and SCNU Young Talent
Fellowship. The project was funded by the China Postdoctoral Science Foundation (2020M672669).

Institutional Review Board Statement: The entire study protocol was conducted in accordance
with the Declaration of Helsinki and as per the ethics committee’s guideline of College’s Ethics
Committee, South China Normal University for studies involving humans. Approval Protocol
Number: 2022022436.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data that support the findings of this study are available from the
corresponding author upon reasonable request.

Acknowledgments: J.S. is thankful to Tingting Qiao for her professional and personal advice to
make this paper into the final shape and help to analyze HPLC data. J.S. is grateful to Lianwei Shan,
HRBUST for the spectroscopic analysis and fruitful discussion.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Berke, J.D. What does dopamine mean? Nat. Neurosci. 2018, 21, 787. [CrossRef] [PubMed]
2. Wise, R.A. Dopamine, learning and motivation. Nat. Rev. Neurosci. 2004, 5, 483–494. [CrossRef] [PubMed]
3. Papalini, S.; Beckers, T.; Vervliet, B. Dopamine: From prediction error to psychotherapy. Transl. Psychiatry 2020, 10, 164. [CrossRef]

[PubMed]
4. de la Mora, M.P.; Hernandez-Mondragon, C.; Crespo-Ramirez, M.; Rejon-Orantes, J.; Borroto-Escuela, D.O.; Fuxe, K. Conventional

and novel pharmacological approaches to treat dopamine-related disorders: Focus on Parkinson’s disease and schizophrenia.
Neuroscience 2019, 439, 309. [CrossRef] [PubMed]

5. Beaulieu, J.M.; Gainetdinov, R.R. The Physiology, Signaling and Pharmacology of Dopamine Receptors. Pharmacol. Rev. 2011, 63,
182. [CrossRef] [PubMed]

6. Wang, G.; Volkow, N.; Logan, J.; Pappas, N.R.; Wong, C.T.; Zhu, W.; Netusll, N.; Fowler, J.S. Brain dopamine and obesity. Lancet
2001, 9253, 354. [CrossRef]

7. Michaelides, M.; Thanos, P.K.; Volkow, N.D.; Wang, G. Dopamine-related frontostriatal abnormalities in obesity and binge-eating
disorder: Emerging evidence for developmental psychopathology. Int. Rev. Psychiatry 2012, 24, 211. [CrossRef]

8. Dalirirad, S.; Steck, A.J. Lateral flow assay using aptamer-based sensing for on-site detection of dopamine in urine. Anal. Biochem.
2020, 596, 113637. [CrossRef]

9. Verma, S.; Arya, P.; Singh, A.; Kaswan, J.; Shukla, A.; Kushwaha, H.R.; Gupta, S.; Singh, S.P. ZnO-rGO nanocomposite based
bioelectrode for sensitive and ultrafast detection of dopamine in human serum. Biosens. Bioelectron. 2020, 165, 112347. [CrossRef]

10. Suriyaprakash, J.; Bala, K.; Shan, L.; Wu, L.; Gupta, N. Molecular engineered carbon-based sensor for ultra-fast and specific
detection of neurotransmitters. ACS Appl. Mater. Interfaces 2021, 13, 60878–60893. [CrossRef]

11. Lei, Y.; Butler, D.; Lucking, M.C.; Zhang, F.; Xia, T.; Fujisawa, K.; Granzier-Nakajima, T.; Cruz-Silva, R.; Endo, M.; Terrones, H.; et al.
Ebrahimi, Single-atom doping of MoS2 with manganese enables ultrasensitive detection of dopamine: Experimental and
computational approach. Sci. Adv. 2020, 6, eabc4250. [CrossRef] [PubMed]

12. Suriyaprakash, J.; Gupta, N.; Wu, L.; Shan, L. Engineering of all solution/substrate processable biosensors for the detection of
epinephrine as low as pM with rapid readout. Chem. Eng. J. 2022, 436, 135254. [CrossRef]

13. Suriyaprakash, J.; Gupta, N.; Wu, L.; Shan, L. Immobilized Molecules’ Impact on the Efficacy of Nanocarbon Organic Sensors for
Ultralow Dopamine Detection in Biofluids. Adv. Mater. Technol. 2022, 7, 2200099. [CrossRef]

14. Qian, T.; Yu, C.; Zhou, X.; Wu, S.; Shen, J. Au nanoparticles decorated polypyrrole/reduced graphene oxide hybrid sheets for
ultrasensitive dopamine detection. Sens. Actuators B Chem. 2014, 193, 759. [CrossRef]

https://doi.org/10.1038/s41593-018-0152-y
https://www.ncbi.nlm.nih.gov/pubmed/29760524
https://doi.org/10.1038/nrn1406
https://www.ncbi.nlm.nih.gov/pubmed/15152198
https://doi.org/10.1038/s41398-020-0814-x
https://www.ncbi.nlm.nih.gov/pubmed/32451377
https://doi.org/10.1016/j.neuroscience.2019.07.026
https://www.ncbi.nlm.nih.gov/pubmed/31349007
https://doi.org/10.1124/pr.110.002642
https://www.ncbi.nlm.nih.gov/pubmed/21303898
https://doi.org/10.1016/S0140-6736(00)03643-6
https://doi.org/10.3109/09540261.2012.679918
https://doi.org/10.1016/j.ab.2020.113637
https://doi.org/10.1016/j.bios.2020.112347
https://doi.org/10.1021/acsami.1c18137
https://doi.org/10.1126/sciadv.abc4250
https://www.ncbi.nlm.nih.gov/pubmed/32821846
https://doi.org/10.1016/j.cej.2022.135254
https://doi.org/10.1002/admt.202200099
https://doi.org/10.1016/j.snb.2013.12.055


Biosensors 2023, 13, 810 11 of 13

15. Yang, Z.; Liu, X.; Zheng, X.; Zheng, J. Synthesis of Au@Pt nanoflowers supported on graphene oxide for enhanced electrochemical
sensing of dopamine. J. Electroanal. Chem. 2018, 817, 48. [CrossRef]

16. Jiao, J.; Zuo, J.; Pang, H.; Tan, L.; Chen, T.; Ma, H. A dopamine electrochemical sensor based on Pd-Pt alloy nanoparticles
decorated polyoxometalate and multiwalled carbon nanotubes. J. Electroanal. Chem. 2018, 827, 103. [CrossRef]

17. Ivanova, M.N.; Grayfer, E.D.; Plotnikova, E.E.; Kibis, L.S.; Darabdhara, G.; Boruah, P.K.; Das, M.R.; Fedorov, V.E. Pt-decorated
boron nitride nanosheets as artificial nanozyme for detection of dopamine. ACS Appl. Mater. Interfaces 2019, 11, 22102. [CrossRef]

18. Bala, K.; Suriyaprakash, J.; Singh, P.; Chauhan, K.; Villae, A.; Gupta, N. Copper and cobalt nanoparticles embedded in naturally
derived graphite electrodes for the sensing of the neurotransmitter epinephrine. New J. Chem. 2018, 42, 6604. [CrossRef]

19. Bekmezci, M.; Ozturk, H.; Akin, M.; Bayat, R.; Sen, F.; Darabi, R. Karimi-Maleh, Bimetallic Biogenic Pt-Ag Nanoparticle and Their
Application for Electrochemical Dopamine Sensor. Biosensors 2023, 13, 531. [CrossRef]

20. Liu, S.; Xing, X.; Yu, J.; Lian, W.; Li, J.; Huang, M.C.J. A Novel Label-Free Electrochemical Aptasensor Based on Graphene-
Polyaniline Composite Film for Dopamine Determination. Biosens. Bioelectron. 2012, 36, 186. [CrossRef]

21. Wang, W.; Wang, W.; Davis, J.J.; Luo, X. Ultrasensitive and Selective Voltammetric Aptasensor for Dopamine Based on a
Conducting Polymer Nanocomposite Doped with Graphene Oxide. Microchim. Acta 2015, 182, 1123. [CrossRef]

22. Kujawska, M.; Bhardwaj, S.K.; Mishra, Y.K. Kaushik. Using Graphene-Based Biosensors to Detect Dopamine for Efficient
Parkinson’s Disease Diagnostics. Biosensors 2021, 11, 433. [CrossRef] [PubMed]

23. Fredj, Z.; Sawan, M. Advanced Nanomaterials-Based Electrochemical Biosensors for Catecholamines Detection: Challenges and
Trends. Biosensors 2023, 13, 211. [CrossRef]

24. Butler, D.; Moore, D.; Glavin, N.R.; Robinson, J.A.; Ebrahimi, A. Facile post-deposition annealing of graphene ink enables
ultrasensitive electrochemical detection of dopamine. ACS Appl. Mater. Interfaces 2021, 13, 11185. [CrossRef] [PubMed]

25. Song, H.; Liu, Y.; Fang, Y.; Zhang, D. Carbon-Based Electrochemical Sensors for In Vivo and In Vitro Neurotransmitter Detection.
Crit. Rev. Anal. Chem. 2021, 53, 1–20. [CrossRef] [PubMed]

26. Gigli, V.; Tortolini, C.; Capecchi, E.; Angeloni, A.; Lenzi, A.; Antiochia, R. Novel Amperometric Biosensor Based on Tyrosi-
nase/Chitosan Nanoparticles for Sensitive and Interference-Free Detection of Total Catecholamine. Biosensors 2022, 12, 519.
[CrossRef] [PubMed]

27. Demuru, S.; Nela, L.; Marchack, N.; Holmes, S.; Farmer, D.; Tulevski, G.; Lin, Q. Deligianni. Scalable Nanostructured Carbon
Electrode Arrays for Enhanced Dopamine Detection. ACS Sens. 2018, 3, 799. [CrossRef]

28. Zhang, W.; Jia, G.; Li, Z.; Yuan, C.; Bai, Y.; Fu, D. Selective electrochemical detection of dopamine on polyoxometalate-based
metal-organic framework and its composite with reduced graphene oxide. Adv. Mater. Interfaces 2017, 4, 1601241. [CrossRef]

29. Li, Z.; Guyse, J.; Rosa, V.; Gorp, H.; Walke, P.; Rodríguez González, M.C.; Uji-i, H.; Hoogenboom, R.; Feyter, S.D.; Mertens, S.F.L.
One-step covalent immobilization of β-cyclodextrin on sp2 carbon surfaces for selective trace amount probing of guests. Adv.
Funct. Mater. 2019, 29, 1901488. [CrossRef]

30. Shu, Y.; Lu, Q.; Yuan, F.; Tao, Q.; Jin, D.; Yao, H.; Xu, Q.; Hu, X. Stretchable electrochemical biosensing platform based on Ni-MOF
composite/Au nanoparticle-coated carbon nanotubes for real-time monitoring of dopamine released from living cells. ACS Appl.
Mater. Interfaces 2020, 12, 49480. [CrossRef]

31. Ma, X.; Gao, F.; Dai, R.; Liu, G.; Zhang, Y.; Lu, L.; Yu, Y. Novel Electrochemical Sensing Platform Based on a Molecularly Imprinted
Polymer-Decorated 3D-Multi-Walled Carbon Nanotube Intercalated Graphene Aerogel for Selective and Sensitive Detection of
Dopamine. Anal. Methods 2020, 12, 1845. [CrossRef]

32. Fu, Y.; Sheng, Q.; Zheng, J. The Novel Sulfonated Polyaniline Decorated Carbon Nanosphere Nanocomposites for Electrochemical
Sensing of Dopamine. New J. Chem. 2017, 41, 15439. [CrossRef]

33. Zhu, Y.; Tian, Q.; Li, X.; Wu, L.; Yu, A.; Lai, G.; Fu, L.; Wei, Q.; Dai, D.; Jiang, N.; et al. A Double-Deck Structure of Reduced
Graphene Oxide Modified Porous Ti3C2Tx Electrode towards Ultrasensitive and Simultaneous Detection of Dopamine and Uric
Acid. Biosensors 2021, 11, 462. [CrossRef] [PubMed]

34. Huang, Z.; Zhang, L.; Cao, P. Electrochemical sensing of dopamine using a Ni-based metal-organic framework modified electrode.
Ionics 2021, 27, 1339. [CrossRef]

35. Zhang, W.; Duan, D.; Liu, S.; Zhang, Y.; Leng, L.; Li, X.; Chen, N.; Zhang, Y. Metal-organic framework-based molecularly
imprinted polymer as a high sensitive and selective hybrid for the determination of dopamine in injections and human serum
samples. Biosens. Bioelec. 2018, 118, 129. [CrossRef]

36. Nuh, S.; Numnuam, A.; Thavarungkul, P.; Phairatana, T. A Novel Microfluidic-Based OMC-PEDOT-PSS Composite Electrochemi-
cal Sensor for Continuous Dopamine Monitoring. Biosensors 2023, 13, 68. [CrossRef]

37. Ko, M.; Mendecki, L.; Eagleton, A.M.; Durbin, C.G.; Stolz, R.M.; Meng, Z.; Mirica, K.A. Employing Conductive Metal–Organic
Frameworks for Voltammetric Detection of Neurochemicals. J. Am. Chem. Soc. 2020, 142, 11717. [CrossRef]

38. Huang, X.; Shi, W.; Bao, N.; Yu, C.; Gu, H. Electrochemically Reduced Graphene Oxide and Gold Nanoparticles on an Indium Tin
Oxide Electrode for Voltammetric Sensing of Dopamine. Microchim. Acta 2019, 186, 310. [CrossRef]

39. Thirumalai, D.; Lee, S.; Kwon, M.; Paik, H.-J.; Lee, J.; Chang, S.-C. Disposable Voltammetric Sensor Modified with Block
Copolymer-Dispersed Graphene for Simultaneous Determination of Dopamine and Ascorbic Acid in Ex Vivo Mouse Brain Tissue.
Biosensors 2021, 11, 368. [CrossRef]

40. Farajikhah, S.; Innis, P.; Paull, B.; Wallace, G.; Harris, A. Facile Development of a Fiber-Based Electrode for Highly Selective and
Sensitive Detection of Dopamine. ACS Sens. 2019, 4, 2599. [CrossRef]

https://doi.org/10.1016/j.jelechem.2018.03.062
https://doi.org/10.1016/j.jelechem.2018.09.014
https://doi.org/10.1021/acsami.9b04144
https://doi.org/10.1039/C8NJ00881G
https://doi.org/10.3390/bios13050531
https://doi.org/10.1016/j.bios.2012.04.011
https://doi.org/10.1007/s00604-014-1418-z
https://doi.org/10.3390/bios11110433
https://www.ncbi.nlm.nih.gov/pubmed/34821649
https://doi.org/10.3390/bios13020211
https://doi.org/10.1021/acsami.0c21302
https://www.ncbi.nlm.nih.gov/pubmed/33645208
https://doi.org/10.1080/10408347.2021.1997571
https://www.ncbi.nlm.nih.gov/pubmed/34752170
https://doi.org/10.3390/bios12070519
https://www.ncbi.nlm.nih.gov/pubmed/35884322
https://doi.org/10.1021/acssensors.8b00043
https://doi.org/10.1002/admi.201601241
https://doi.org/10.1002/adfm.201901488
https://doi.org/10.1021/acsami.0c16060
https://doi.org/10.1039/D0AY00033G
https://doi.org/10.1039/C7NJ03086J
https://doi.org/10.3390/bios11110462
https://www.ncbi.nlm.nih.gov/pubmed/34821678
https://doi.org/10.1007/s11581-020-03857-2
https://doi.org/10.1016/j.bios.2018.07.047
https://doi.org/10.3390/bios13010068
https://doi.org/10.1021/jacs.9b13402
https://doi.org/10.1007/s00604-019-3408-7
https://doi.org/10.3390/bios11100368
https://doi.org/10.1021/acssensors.9b01583


Biosensors 2023, 13, 810 12 of 13

41. Feng, J.; Li, Q.; Cai, J.; Yang, T.; Chen, J.; Hou, X. Electrochemical detection mechanism of dopamine and uric acid on titanium
nitride-reduced graphene oxide composite with and without ascorbic acid. Sens. Actuators B Chem. 2019, 298, 126872. [CrossRef]

42. Zhang, H.; Xie, A.; Shen, Y.; Qiu, L.; Tian, X. Layer-by-layer inkjet printing of fabricating reduced graphene-polyoxometalate
composite film for chemical sensors. Phys. Chem. Chem. Phys. 2012, 14, 12757. [CrossRef] [PubMed]

43. Ling, Y.; Huang, Q.; Zhu, M.; Feng, D.; Li, X.; Wei, Y. A facile one-step electrochemical fabrication of reduced graphene
oxide–mutilwall carbon nanotubes–phospotungstic acid composite for dopamine sensing. J. Electroanal. Chem. 2013, 693, 9.
[CrossRef]

44. Tu, J.; Torrente-Rodríguez, R.M.; Wang, M.; Gao, W. The Era of Digital Health: A Review of Portable and Wearable Affinity
Biosensors. Adv. Funct. Mater. 2020, 30, 1906713. [CrossRef]

45. Lakard, S.; Pavel, I.-A.; Lakard, B. Electrochemical Biosensing of Dopamine Neurotransmitter: A Review. Biosensors 2021, 11, 179.
[CrossRef]

46. Ye, R.; Peng, Z.; Wang, T.; Xu, Y.; Zhang, J.; Li, Y.; Nilewski, L.; Lin, J.; Tour, J. In Situ Formation of Metal Oxide Nanocrystals
Embedded in Laser-Induced Graphene. ACS Nano 2015, 9, 9244. [CrossRef]

47. Zhu, J.; Huang, X. Physical and Chemical Sensors on the Basis of Laser-Induced Graphene: Mechanisms, Applications, and
Perspectives. ACS Nano 2021, 15, 18708. [CrossRef]

48. Jiang, M.; Zhu, L.; Liu, Y.; Li, J.; Diao, Y.; Wang, C.; Guo, X.; Chen, D. Facile fabrication of laser induced versatile graphene-metal
nanoparticles electrodes for the detection of hazardous molecules. Talanta 2023, 257, 124368. [CrossRef]

49. Zhang, Q.; Zhang, F.; Liu, X.; Yue, Z.; Chen, X.; Wan, Z. Doping of Laser-Induced Graphene and Its Applications. Adv. Mater.
Technol. 2023, 2300244. [CrossRef]

50. Zhao, G.; Wang, X.; Liu, G.; Thi Dieu Thuy, N. A disposable and flexible electrochemical sensor for the sensitive detection of
heavy metals based on a one-step laser-induced surface modification: A new strategy for the batch fabrication of sensors. Sens.
Actuators B Chem. 2022, 350, 130834. [CrossRef]

51. You, Z.; Qiu, Q.; Chen, H.; Feng, Y.; Wang, X.; Wang, Y.; Ying, Y. Laser-induced noble metal nanoparticle-graphene composites
enabled flexible biosensor for pathogen detection. Biosens. Bioelectron. 2020, 150, 111896. [CrossRef] [PubMed]

52. Ge, L.; Hong, Q.; Li, H.; Liu, C.; Li, F. Direct-Laser-Writing of Metal Sulfide-Graphene Nanocomposite Photoelectrode toward
Sensitive Photoelectrochemical Sensing. Adv. Funct. Mater. 2019, 29, 1904000. [CrossRef]

53. Scroccarello, A.; Álvarez-Diduk, R.; Della Pelle, F.; de Carvalho Castro e Silva, C.; Idili, A.; Parolo, C.; Compagnone, D.; Merkoçi, A.
One-Step Laser Nanostructuration of Reduced Graphene Oxide Films Embedding Metal Nanoparticles for Sensing Applications.
ACS Sens. 2023, 8, 598. [CrossRef] [PubMed]

54. Hui, X.; Sharifuzzaman, M.; Sharma, S.; Park, C.I.; Yoon, S.; Heum Kim, D.; Park, J.Y. A nanocomposite-decorated laser-induced
graphene-based multi-functional hybrid sensor for simultaneous detection of water contaminants. Anal. Chim. Acta. 2022, 1209,
339872. [CrossRef] [PubMed]

55. Roychoudhury, A.; Basu, S.; Kumar Jha, S. Dopamine biosensor based on surface functionalized nanostructured nickel oxide
platform. Biosens. Bioelectron. 2016, 84, 72. [CrossRef]

56. Suriyaprakash, J.; Shan, L.; Gupta, N.; Wang, H.; Wu, L. Janus 2D-carbon nanocomposite-based ascorbic acid sensing device:
Experimental and theoretical approaches. Comp. Part B Eng. 2022, 436, 135254. [CrossRef]

57. Sharma, D.; Suriyaprakash, J.; Dogra, A.; Alijani, S.; Villa, A.; Gupta, N. Versatile carbon supported mono and bimetallic
nanocomposites: Synthesis, characterization and their potential application for furfural reduction. Mater. Today Chem. 2020, 17,
100319. [CrossRef]

58. Esparza, I.; Fan, J.; Michalik, J.M.; Rodríguez, L.; Ibarra, M.; Teresa, J. The nature of graphene–metal bonding probed by Raman
spectroscopy: The special case of cobalt. J. Phys. D Appl. Phys. 2016, 49, 105301. [CrossRef]

59. Zhang, Y.; Li, N.; Xiang, Y.; Wang, D.; Zhang, P.; Wang, Y.; Lu, S.; Xu, R.; Zhao, J. A flexible non-enzymatic glucose sensor based
on copper nanoparticles anchored on laser-induced graphene. Carbon 2020, 156, 506–513. [CrossRef]

60. Xu, T.; Zhang, Q.; Zheng, J.; Lv, Z.; Wei, J.; Wang, A.; Feng, J. Simultaneous determination of dopamine and uric acid in the
presence of ascorbic acid using Pt nanoparticles supported on reduced graphene oxide. Electrochim. Acta 2014, 115, 109. [CrossRef]

61. Palanisamy, S.; Ku, S.; Chen, S. Dopamine sensor based on a glassy carbon electrode modified with a reduced graphene oxide
and palladium nanoparticles composite. Microchim. Acta 2013, 180, 1037. [CrossRef]

62. Min, K.; Yoo, Y. Amperometric detection of dopamine based on Tyrosinase-SWNTS-PPY composite electrode. Talanta 2009, 80,
1007. [CrossRef] [PubMed]

63. Wang, H.; Ren, F.; Wang, C.; Yang, B.; Bin, D.; Zhang, K.; Du, Y. Simultaneous determination of dopamine, uric acid and ascorbic
acid using a glassy carbon electrode modified with reduced graphene oxide. RSC Adv. 2014, 4, 26895. [CrossRef]

64. Demuru, S.; Deligianni, H. Nafion coatings for enhanced dopamine, serotonin and adenosine sensing. J. Electrochem. Soc. 2017,
164, 129. [CrossRef]

65. Chen, L.; Guo, C.; Pan, M.; Lai, C.; Wang, Y.; Liao, G.; Ma, Z.; Zhang, F.; Suriyaprakash, J.; Guo, L.; et al. Sub-40 nm Nanogratings
Self-Organized in PVP-based Polymer Composite Film by Photoexcitation and Two Sequent Splitting under Femtosecond Laser
Irradiation. Appl. Surf. Sci. 2023, 609, 155395. [CrossRef]

66. Kogolev, D.; Semyonov, O.; Metalnikova, N.; Fatkullin, M.; Rodriguez, R.; Slepicka, P.; Guselnikova, O.; Boukherroube, R.;
Postnikov, P. Waste PET upcycling to conductive carbon-based composite through laser-assisted carbonization of UiO-66. J. Mater.
Chem. A 2023, 11, 1108. [CrossRef]

https://doi.org/10.1016/j.snb.2019.126872
https://doi.org/10.1039/c2cp41561e
https://www.ncbi.nlm.nih.gov/pubmed/22890151
https://doi.org/10.1016/j.jelechem.2013.01.001
https://doi.org/10.1002/adfm.201906713
https://doi.org/10.3390/bios11060179
https://doi.org/10.1021/acsnano.5b04138
https://doi.org/10.1021/acsnano.1c05806
https://doi.org/10.1016/j.talanta.2023.124368
https://doi.org/10.1002/admt.202300244
https://doi.org/10.1016/j.snb.2021.130834
https://doi.org/10.1016/j.bios.2019.111896
https://www.ncbi.nlm.nih.gov/pubmed/31784311
https://doi.org/10.1002/adfm.201904000
https://doi.org/10.1021/acssensors.2c01782
https://www.ncbi.nlm.nih.gov/pubmed/36734274
https://doi.org/10.1016/j.aca.2022.339872
https://www.ncbi.nlm.nih.gov/pubmed/35569853
https://doi.org/10.1016/j.bios.2015.11.061
https://doi.org/10.1016/j.compositesb.2022.110233
https://doi.org/10.1016/j.mtchem.2020.100319
https://doi.org/10.1088/0022-3727/49/10/105301
https://doi.org/10.1016/j.carbon.2019.10.006
https://doi.org/10.1016/j.electacta.2013.10.147
https://doi.org/10.1007/s00604-013-1028-1
https://doi.org/10.1016/j.talanta.2009.08.032
https://www.ncbi.nlm.nih.gov/pubmed/19836587
https://doi.org/10.1039/c4ra03148b
https://doi.org/10.1149/2.1461714jes
https://doi.org/10.1016/j.apsusc.2022.155395
https://doi.org/10.1039/D2TA08127J


Biosensors 2023, 13, 810 13 of 13

67. Worku, B.G.; Wubieneh, T.A. Mechanical Properties of Composite Materials from Waste Poly(ethylene terephthalate) Reinforced
with Glass Fibers and Waste Window Glass. Int. J. Polym. Sci. 2021. [CrossRef]

68. Roosen, M.; Mys, N.; Kusenberg, M.; Billen, P.; Dumoulin, A.; Dewulf, J.; Van Geem, K.M.; Ragaert, K.; De Meester, S.
Detailed Analysis of the Composition of Selected Plastic Packaging Waste Products and Its Implications for Mechanical and
Thermochemical Recycling. Environ. Sci. Technol. 2020, 54, 13282–13293. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1155/2021/3320226
https://doi.org/10.1021/acs.est.0c03371

	Introduction 
	Methods 
	Sensor Fabrication 
	Fabrication of Flexible POC Device 

	Results and Discussion 
	Morphological, Surface, and Structural Evaluation 
	Electrochemical Feature 
	Real-World Application Study 
	Material Formation and Sensing Mechanism 

	Conclusions 
	References

