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Abstract: The accurate measurement of drug concentration
in patient samples is vital and is often conducted using point
of care devices for therapeutic drug monitoring and other
clinical activities. Two dimensional (2D) nanomaterials pro-
vide an opportunity to develop miniaturized, affordable and
accurate drug sensors, with the promise of developing point
of care tests, which are more convenient compared to current
techniques that often require advanced instrumentation and
laboratory tests. Here we present a reduced graphene oxide-
based electrochemical sensor that permits precise measure-
ments of amitriptyline, a well-known anti-depressant. The
sensor uses functionalised graphene where amitriptyline
selective receptors directly attached to the carbon atoms on
the surface of the graphene through diels-alder reaction. The
simplicity of the functionalisation procedure along with a

tunable receptor used in this study implies that the same
method can be used for developing similar selective sensors,
simply by changing the small functional groups attached to
the receptor molecule. The electrochemical characteristics of
the functionalised graphene were studied with cyclic voltam-
metry, where the sensor demonstrated excellent selectivity,
responding only to amitriptyline when tested against closely
related tricyclic antidepressants and a range of other psycho-
active drugs. The sensor displayed a wider linear range from
1 ng/mL to 80 μg/mL, which covers the concentration range
for amitriptyline studied in therapeutic, pharmaceutical, and
forensic investigations. The limit of detection of the devel-
oped sensor was 1 ng/ml which competes with the detection
limit of gas chromatography – mass spectrometry investi-
gated in this study.

Introduction

Tricyclic antidepressants (TCAs) are polycyclic aromatic mole-
cules with a long aliphatic chain attached to the central ring
and ended by a secondary or tertiary amine. The middle ring
usually contains seven atoms, and in some TCAs, it possesses a
nitrogen and forms a heterocyclic ring. TCAs such as amitripty-
line, imipramine, protriptyline and trimipramine have been
used as medications for treating psychiatric disorders including
depression.[1] Amitriptyline (AMT) is a traditional treatment used
in clinical practice and its popularity is due to its high clinical
effectiveness.[2] AMT has also been used in treatment of
Fibromyalgia, an illness characterized by widespread chronic
pain, physical exhaustion, cognitive difficulties and depressed
mood.[3] Current pharmacotherapy often requires precise dosing
of TCAs which can be individual to the patient. Therapeutic
drug monitoring is considered by some a useful approach for
compounds such as TCAs as these compounds can show
variability in blood concentration amongst patients given the
same dose.[4] It is therefore important that research continues to
develop new technologies that improve the ability of clinicians
to monitor drug levels using portable, precise systems. AMT is

frequently present in environmental waters that reflects the
continuous consumption growth and raises issues on the
importance of its monitorization.[5] Measuring the accurate
levels of AMT in different samples is not only important for
pharmaceutical and clinical purposes, but it is also important
for forensic pathologists and toxicologists.[6] AMT is toxic for
children and has been implicated in child fatalities.[7] At the
same time AMT overdose could cause cardiovascular and
neurologic effects such as ventricular arrhythmia, low blood
pressure, seizure, and cardiac arrest.[8]

Commonly applied techniques such as gas
chromatography,[9] liquid chromatography[10] and high perform-
ance liquid chromatography[11] coupled with mass spectrome-
try, have been applied to detect and measure TCAs, including
AMT, in the past decade. There is demand, however, for more
affordable and less complicated detection methods which can
measure this antidepressant with relatively high sensitivity and
selectivity and in a shorter period of time to monitor patients
regularly during therapeutic drug monitoring, and also with
wider applications in toxicology and forensic investigations.[12]

There is also a need for designing portable and at-home tests,
that might allow patients to self-monitor and the doctors to
regulate the AMT concentrations. This requires a miniaturized,
affordable system that can detect AMT selectively, and one that
does not suffer from the short lifetime of enzyme or antibody-
based biosensors; graphene provides the base to develop an
affordable and small device, while chemical functionalisations
can survive longer without any need for to be kept at extreme
temperatures. Such portable sensors have been introduced
before for measuring a range of other analytes such as
glucose,[13] SARS-CoV-2,[14] medicines such as levodopa[15] and so
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forth. However, here we focused on the molecular detection of
AMT by developing a highly selective and sensitive electro-
chemical sensor, which can later be used in commercially
available portable potentiostats for on-site testing.[16]

Due to the importance of accurate and precise measure-
ments of AMT for pharmaceutical, medical and forensic studies,
other than conventional chromatography based methods,[17] it
has been more than three decades since scientists tried to
develop a sensitive and selective sensor for measuring
amitriptyline.[18] From plastic membrane[18] and molecular
imprinted sensors[5] to DNA based biosensors[17c] and using
computational modeling,[19] many tried to develop a better
amitriptyline sensor in terms of selectivity and sensitivity. Due
to the fast response of electrochemical sensors, recent studies
tried to utilize cyclic voltammetry and use composites made
from conductive materials such as graphite[20] and carbon nano
tubes[21] to obtain a fast and reliable sensor. However,
previously developed sensors suffer from issues such as being
unable to differentiate between different TCAs,[1d] very limited
linear range,[17c] or poor detection limit[5,20a] that are not low
enough to be used for pharmaceutical studies.[22

Due to the high surface area, high conductivity and
excellent flexibility, which are the some of the most important
aspects of two-dimensions (2D) materials, they have been
utilized for developing a range of sensors from stationary to
portable and wearable sensors. 2D nanomaterials such as
graphene, metal oxides, MXenens, transition metal dichalcoge-
nides (TMDs), metal organic frameworks (MOFs), phosphorene
are known 2D materials that have attracted the interests in
developing electrochemical sensors due to their excellent
physical, chemical, and electrical properties. Such 2D nano-
materials have been used to construct high-performance
sensors and flexible electronic devices that have potential to
revolutionize the conventional detection techniques.[23]

Graphene is a 2D nanomaterial that has attracted a great
deal of interest due to its exceptional characteristics that could
address the aforementioned challenges, such as high conduc-
tivity, high specific surface area, flexibility and mechanical
strength.[24] However, graphene by itself cannot interact with
the analyte without adding proper chemical functional groups
that can interact with the targeted species.[25] To date, graphene
has rarely been used for the detection of psychoactive drugs,
and its application in developing a selective sensor for AMT has
never been reported before.[26] Here we present a novel
functionalized reduced graphene oxide-based AMT selective
electrochemical sensor for the first time. The sensor is highly
selective towards AMT among various tested similar TCAs and
other drugs. It can detect AMT in an outstandingly wide linear
range and can detect concentrations as low as only 1 ng/mL.
The sensor was developed through anchoring functional groups
to the carbon atoms on the surface of graphene employing
Diels-Alder[27] reaction and forming carbon-carbon bonds
between reduced graphene oxide and AMT selective functional
group and studied using cyclic voltammetry. The use of the
Diels-Alder method here minimized the possibility of develop-
ing any side products and let us recycle the unreacted diene for
re-use. The diene used in this study has significant potential for

further functionalisation[28] and can be tuned to be selective
toward other molecules simply by changing its functional
groups.

Results and Discussion

Characterizations

ATR-FTIR

The functional groups on GO, rGO, and functionalised graphene
were determined using Fourier transform infrared spectroscopy
(FTIR) in the range 400 to 4000 cm� 1. As can be seen from
Figure 1b, the intensity of the wide and strong O� H stretching
peak at 3281.80 cm� 1[29] detected on the surface of GO
significantly decreased after Al reduction process, suggesting
successful reduction.[30] The reduction can be further evidenced
by the disappearance of the oxide groups peaks at wavelengths
below 1500 cm� 1. Detecting the C� O stretch at 1054.99 cm� 1

confirming the successful functionalisation of the rGO through
the Diels-Alder reaction.[29b] The spectra of monomer, D1 and
D2 is given in Figure 1a; The strong C=O stretching bond which
appear at 1673.87 cm� 1[31] in the monomer vanished in both D1
and D2, confirming the successful dimerization through the
carbonyl site.

Comparing D1 and D2 spectra in Figure 1a, two new peaks
can be observed: C� O stretching at 1105.88 cm� 1 and O� H
stretching peak at 3349.11 cm� 1. Detecting the O� H peaks
confirms the functional group conversion on the diene, from
� OCH3 to � OH group. Li et al.

[32] suggested that demethylation
by BBr3 will convert both of the methoxy groups to the
alcoholic group. However, we noticed that by slight changes in
the reaction conditions, the group of peaks between 2800 and
3000 cm� 1 correspond to the methoxy group (� OCH3)

[33] can still
be detected. This suggests only one of the methyl groups was
replaced by hydrogen and formed � OH and the other one
remains unchanged. Sousa and Silva[34] suggested that from
two reacted methoxy groups with BBr3, only one methoxy
group will convert to an alcoholic group, and the other
methoxy group will remain intact; their suggested mechanism
was justified via binding energies. In our experiment we see
evidence to support this mechanism in the FTIR results of the
developed diene (D2). The suggested mechanism of reaction in
our experiment is illustrated in Figure 2a.

Raman spectroscopy

The Raman spectra are illustrated in Figure 3. All samples show
distinguished G peaks at about 1580 cm� 1 related to the in-
plane vibration of sp2 hybridized carbon atoms.[35] For GO, rGO
and the functionalised samples show D peak at around
1320 cm� 1, related to the defects induced during the oxidation
of graphite. The ratio ID/IG increased after the aluminum
reduction, suggesting more defects was introduced in the
graphene basal plane during the reduction. Interestingly, the ID/
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IG ratio decreased from 1.79 to 0.87 after the Diels-Alder
functionalisation. The decrease in the ID/IG ratio is also
associated with the appearance of the 2D band at around
2600 cm� 1. This is probably due to the interface between the

carbon atoms in the graphene plane and the dimerization
product (Figure 2b).

Figure 1. ATR-FTIR spectrums of (a) Monomer, D1 and D2, (b) GO, rGO and rGO-D2.

Research Article

ChemNanoMat 2022, 8, e202200209 (3 of 12) © 2022 The Authors. ChemNanoMat published by Wiley-VCH GmbH

Wiley VCH Mittwoch, 28.09.2022

2210 / 261500 [S. 98/107] 1

 2199692x, 2022, 10, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/cnm

a.202200209 by T
est, W

iley O
nline L

ibrary on [24/01/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



SEM and EDX analysis

The morphology of the samples was investigated using a
scanning electron microscope (SEM) and the impurities were
assessed using energy dispersive X-ray analysis (EDX) techni-

ques. The image of the GO samples indicated thin flakes with
lateral size in the range 20–50 μm (Figure 4b). These flakes
slightly aggregated together after reduction, probably due to
the residual charge from the aluminum reducing agent (Fig-
ure 4c). The attraction between the localized positive charges

Figure 2. (a) shows the proposed bimolecular pathways for conversion of D1 to D2, while (b) illustrates the functionalisation procedure.

Figure 3. Raman spectra (λexc=532nm) for graphite, graphene oxide (GO), reduced graphene oxide (rGO) and functionalised rGO.
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caused by aluminum residues and the negatively charged GO
flakes might have caused the flakes to aggregate, which is not
uncommon for rGO. Not much changes can be observed in the
morphology after the Diels-Alder functionalisation. The EDX
results of the final functionalised product, despite the presence
of SiO2, shows a slight increase in the percentage of the oxygen
(Figure 4d), comparing to the reduced graphene oxide, which
could have been caused by attaching diene to the surface of
graphene.

Electrochemical behaviors and redox mechanism of
amitriptyline on sensor

A comparison of the response of pristine graphene and
functionalised graphene to an 80μg/mL amitriptyline solution
was conducted to study the effect of functionalisation on the
sensitivity of the electrode towards the analyte. As can be seen
in Figure 5a, a significant oxidation peak appears only on the
graphene electrode functionalised by anchoring diene on its
surface, while pristine reduced graphene oxide does not show
any sensitivity even towards a high concentration of AMT.

Previous studies on AMT electrooxidation suggested elec-
trode reaction proceeds via oxidation of tertiary amine group at
the end of AMT’s carbon chain, through a process in which it
creates an aminium radical cation.[20b,36] However, previously
developed electrodes that suggested such oxidation process
had the similar issues in that they could not differentiate
between TCAs as almost all of those compounds have the same
amine group on their carbon chain. However, considering that
among 4 tested TCAs with almost similar amine group (Fig-
ure 6), sensor’s selective response to AMT (Figure 7a and b)
could also be related to AMT’s double bond at the beginning of
the carbon chain attached to the rings. Since this π-bond forms
a stable and slightly larger resonance path, from the rings into
the chain, it could be that the 1st or 2nd carbon on the carbon
chain, that are in resonance with two nearby cycles, along with
the non-bonding electrons have been engaged in the electro-
chemical reaction in the presence of oxygen functional groups
on the diene (i. e. � OH and � OCH3) and therefore generated an
oxidation peak to be detected with cyclic voltammetry.[37] It is

also worth mentioning that the oxidation peak developed from
oxidation of tertiary amine group of AMT showed an oxidation
peak at much higher potentials, between 840 and 1340 mV,
depending on the solvent, scan rate and reference electrode
that they used,[1d,17c,20] while the oxidation peak in this research
appears between 140 and 220 mV which can suggest a different
oxidation process, other than just amine group, as our sensor
can differentiate AMT from other TCAs.

The diffusion coefficient was calculated based on Randles-
Sevcik equation[38] as following:

Ip ¼ 2:69� 10
5AD1=2n3=2y1=2C

The 2.69×105 is the constant in the Randles-Sevcik equa-
tion, Ip is the peak current (1.156 μA), A is electrode surface area
(0.1 cm2), y is the scan rate (1 mV/s), n, the number of electrons
involved, considered to be 1. The concentration (C) of the AMT
was 60 μg/mL and the diffusion coefficient (D) of the electro-
chemical sensor found to be about 3.825×10� 3 cm2/s which
suggests the slow diffusion on the surface of the electrode,
which could have been caused due to the size of the AMT
molecule and its specific interaction sites with anchored diene
molecules.

In order to study the diffusion effects on the response of
the sensor further, the changes in electrical current and
oxidation peak potential against a constant concentration of
the drug (80 μg/mL) by changes in the scan rate has been
monitored (Figure 5b, d and e). Results shows that by increasing
the scan rate, the oxidation peak appears at higher potentials
while at the same time it generates a slightly more intense
current response. The oxidation peak currents at the surface of
rGO-D2 electrode in the AMT solution increased linearly with
the scan rate in the range from 1 to 25 mV/s, and for scan rates
above 25 mV/s, the peak vanishes (Figure 5b). This indicates
that the electrode reaction of AMT is a surface confined process.
In the scan rates ranging from 1 to 25 mV/s, the liner regression
equations are showed in Figure 5e and d, where the linear
regression factor (R2) for changes in peak potential and peak
intensity (current) in comparison to scan rates of the sensor
found to be 0.98 and 0.99, respectively. Stability and reproduci-
bility of the signal generated by the sensor has been

Figure 4. SEM images and EDX graphs for (a) graphene oxide, (b) reduced graphene oxide and (c) functionalised graphene. Scale bars are 20 μm.
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investigated by testing the response of the sensor to the same
concentration of AMT over several cycles. The intensity of the
oxidation peak at the presence of 80 μg/mL AMT over 20 cycles,
where sensors showed reasonable reproducibility of the signal
with the RSD of about 1.251% for spectra showed in Figure 5c.

Sensitivity and selectivity of the sensor

The sensitivity of the sensor was investigated by preparing
standard solutions of amitriptyline in methanol in the concen-
tration range between 0.5 ng/mL to 100 μg/mL. The response

of the functionalised graphene electrode to standard solutions
was recorded in the potential window of � 0.3 V to +0.46 V
using a scan rate of 1 mV/s. The peak current linearly increases
with the concentration of the tested drug (Figure 7c and d) in
range between the 1 ng/mL to 80 μg/mL. The calculated R2

value was 0.92 and the lowest concentration that generated a
detectable oxidation peak at a signal to noise ratio of at least
3 : 1 was found to be 1 ng/mL.

The wide linear range suggests that the sensor can be used
for analysing a variety of sample types.[39] Medical and
pharmaceutical studies on AMT require higher sensitivity as the
therapeutic range for amitriptyline is 80–200 ng/mL[22] and its

Figure 5. (a) compares the response of reduced graphene oxide before and after adding the D2-functionalisation group to 60μg/mL AMT. (b) shows oxidation
peaks obtained from cyclic voltammograms recorded in the presence of 60μg/mL AMT at scan rates of 1, 2, 25 and 50 mV/s at room temperature, while (d)
and (e) show the variation of peak potential (mV) and potential intensity (in terms of electrical current; μA) vs the scan rate (mV/s). (c) illustrates the stability
and reproducibility of the results by comparing the response of the sensor the same concentration of AMT (80 μg/mL) after 2, 5, 10, 15 and 20 cycles (scan
rate: 5 mV/s).
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laboratory alert level is 300 ng/mL.[22] In addition, the sensor can
be used for forensic studies as forensic investigations may
require a wide concentration range, up to 1.5 μg/mL[40] of AMT,
which is also covered by the linear range of the developed
sensor.

In order to study the selectivity of the sensor further and
investigate its applications as a selective drug sensor, the
electrochemical response of the sensor against 12 different
drugs (Figure 7) has been tested using cyclic voltammetry. A
0.5 mg/mL standard solution of each of the listed drugs
(Figure 7a) in methanol was prepared and the changes in the
electrical current in the potential range between � 1.0 V to
+1.0 V were recorded. The peak current of the oxidation peak
at the peak potential compared for all of the 12 drugs. The scan
range was intentionally set wider for selectivity tests to confirm
the sensor does not generate any other oxidation or reduction
peaks in the presence of other tested drugs. The resulting data
is illustrated in Figure 7a and b which proved that the sensor is
highly selective towards amitriptyline.

A comparative study on amitriptyline detection techniques

The detection of trace level analytes may be performed through
selective, direct identification within a complex matrix, or via a
separation technique prior to analysis (chromatography for
example), based on physical and chemical characteristics. The
various approaches may differ in terms of ease of use,
affordability and process time, in addition to analytical
performance.[26] Here we present the technical evaluation of our
AMT sensor compared to an in-house developed GCMS
protocol, as well as comparison against a wide range of other
detection techniques presented in Table 1. As can be seen in
Table 1 the achievement of low detection limits, below 5 ng/ml
are usually only obtainable through chromatography-based
techniques. Our AMT sensor is the first electrochemical sensor
to achieve a detection limit of only 1 ng/ml.

To demonstrate the performance of our sensor we
developed a chromatography method for amitriptyline detec-
tion using GC-MS. Considered a gold standard for the detection

Figure 6. Different drugs used in this study to investigate the selectivity of the sensor.
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Figure 7. (a) shows the cyclic voltammetry results obtained from testing different drugs, while (b) represents the response of sensor to each drug at the peak
potential. (c) displays how the intensity of oxidation peak increases by adding more AMT to the test environment. (d) represents the linear range of the
sensor; due to the wide range of the sensor, logarithmic values of concentrations and electrical currents has been used to draw the graph.

Table 1. Comparison of the AMT detection performance of the developed sensor with other techniques.

NO Detection Technique Sensing Material Detection
Limit

Ref.

1 Turn-off Fluorescence sensor Eosin Y 17 ng/mL [42]
2 Turn-on Fluorescence sensor Naphthalimide based organic nanoparticles 21 nM [43]
3 Electrochemiluminescence Single-walled carbon nanotubes (SWCNT)-molecu-

larly imprinted polymer (MIP)
0.4 μM [5]

4 Liquid-liquid microextraction – gas chromatography-flame ioniza-
tion detection (GC-FID)

NA 5 ng/mL [44]

5 High Pressure Liquid Chromatography – UV detection (HPLC-UV) Fe3O4@ZrO2@N-cetylpyridinium 0.04 ng/mL [45]
6 HPLC-UV NA 4 ng/mL [46]
7 GC-MS (SIM mode) NA 2.5 ng/mL [9c]
8 GC-MS (SIM mode) NA 0.6 ng/mL This work
9 HPLC-Cyclic voltammetry detection (HPLC-CV) Highly boron-doped diamond 163 nM [47]
10 CV GO-Fe3O4@SiO2 0.5 μM [48]
11 Linear sweep voltammetry (LSV) PVC coated glassy carbon (GC) electrode 0.3 nM [1d]
12 CV phosphorus-doped multi-walled carbon nanotubes

(MWCNT)
150 ng/mL [49]

13 Differential pulse voltammetry (DPV) Fe3+ exchanged zeolite-clinoptilolite (FeZ) – graphite 220 ng/mL [50]
14 CV Reduced graphene oxide – 7’-methoxy-[1,1’-binaph-

thalen]-7-ol (rGO-D2)
1 ng/mL This work
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of such drug compounds, mass spectrometry may serve as a
benchmark against which to judge alternative detection
techniques. GC-MS analysis of amitriptyline was performed on
an Agilent 8890 gas chromatography system coupled to an
Agilent 5977B single quadrupole mass selective detector. The
column used was a Agilent DB5 ms (30 m×0.25 mm, 0.25-
μL df). The injector and detector temperatures were set to
280 °C. 1 μL standard was used for injection, in splitless mode.
The carrier gas used was helium at a flow rate of 1 mL/min. The
column temperature was initially set to 60 °C for 2 min,
increased to 270 °C at 30 °C/min, and held at 270 °C at 30 °C/
min, taking the total run time to 9.7 min. Solvent delay was set
to 2 min and electron energy was 70 eV. Full scan data was
acquired using EI mode for analysis across the range 50–300 Da.
For single ion monitoring (SIM) experiments the amitriptyline
fragment ion at 58 Da was monitored (Figure 8a and b). All data
was acquired and analyzed using MassHunter software. LOD
achieved using full scan mode was 10 ng/mL and LOD achieved
in SIM mode was 0.6 ng/mL. Previously reported studies by
monitoring m/z 58 for amitriptyline,[41] reported the LOD by GC-
MS was found to be between 2.5 ng/mL[9c] and 30 ng/mL,[9b]

which matches the results we obtained by testing our stand-
ards. Comparing LOD of the GC-MS for amitriptyline with the
1 ng/mL LOD of the developed electrochemical sensor proves

that not only is the developed sensor highly selective to AMT
amongst other drugs, but it is also highly sensitive to this drug.

Conclusion

In this work a novel modified electrochemical senor, based on
functionalised graphene, with a highly selective and sensitive
response towards one of the most common antidepressant
drugs, amitriptyline was introduced. The wide linear range of
the sensor makes it a suitable candidate in a range of
applications from medical and pharmaceutical to forensic
studies. At the same time its miniaturized design and the
application of nanomaterials in its development, make it a
viable sensor for on-site testing. The sensor demonstrated
exceptional selectivity, only responding to amitriptyline among
12 tested drugs, and it was even able to successfully differ-
entiate between different TCAs with very similar molecular
structure and its performance is directly associated with the
functionalisation anchored directly to the surface of reduced
graphene oxide.

The sensor was fabricated with the help of Diels-Alder
reaction which has been used to functionalise the graphene
and offers several key benefits such as: simplicity of the reaction

Figure 8. GC-MS analysis of amitriptyline. (a) chromatography at LOD, retention time is 9.7 min (b) Mass spectra in SIM mode, monitoring 58 m/z fragment ion.
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procedure, allowing us to recycle and reuse the unreacted
diene after filtration of functionalised graphene, minimize the
chances of having any other side products and hence offers
high purity products. Also, the diene which has been used in
this work showed great potential for further functionalisations,
which make it a suitable candidate to be used for detecting
other drugs after minor modification.

The sensor demonstrated an excellent detection limit for
amitriptyline, showing a favourable comparison even with
advanced techniques such as GC-MS. When considering the
practical benefits of electrochemical sensors including their
affordability, and ease of use, this study demonstrates the
potential for nanoparticle-based sensors to revolutionize drug
detection techniques, particularly where portability is required.

Experimental Section
Reagents and apparatus: All chemicals and reagents including
graphite, 7-methoxy-1-tetralone, boron tribromide, mercury (II)
chloride, magnesium sulfate, aluminum foil, graphite, potassium
permanganate, sodium nitrate, hydrogen peroxide and solvents
including toluene, ethanol, methanol and acids were purchased
from Fisher Scientific, UK, and were of analytical reagent grade. All
chemicals were used without prior purifications. RVFM A3 thin
copper sheets (0.1 mm thickness) were used as the substrate.
Aqueous solutions were prepared using purified distilled water.

Cyclic voltammetry and electrochemical measurements were con-
ducted at room temperature using IviumStat.h (Ivium Technologies,
Netherlands) potentiostat. The measuring cell was in a three-
electrode configuration with 1.5 mL volume. The developed
graphene-based sensors were used as the working electrode, Ag/
AgCl as the reference electrode and Pt as the counter electrode.
Graphene-based ink was made in an ultrasonic bath (U500H Ul,
Ultrawave, UK) and printed electrodes on the previously made
patterns were dried in a vacuum oven (Jeio Tech’s OV-11, South
Korea). Platinum ATR – Alpha II FTIR spectrophotometer (Bruker,
USA) was applied to collect Fourier transform infrared (FTIR)
spectra. XploRA™ PLUS Raman spectrometer was used to collect
Raman spectra. JEOL JSM-6010 tungsten cathode scanning electron
microscope was used to carry out both scanning electron micro-
scopy-energy dispersive spectroscopy (SEM and EDX) analysis.

Preparation of graphene oxide and reduced graphene oxide:
Graphene oxide was produced by the modified Hummers[51]

methods using natural graphite as the raw materials. To produce
reduced graphene oxide (rGO), we have used aluminum as a
reducing agent in hydrochloric acid, as outlined elsewhere.

Preparing of functional groups: In this study, while graphene is
going to act as a dienophile[32,52], the chosen functional group is
going to be a large organic molecule which has selective receptors
on one end and with two adjacent (i. e. conjugated) pi bonds on its
other end, which will act as a diene, which allows formation of
direct C� C bonds between functional group and carbon atoms on
reduced graphene oxide through Diels-Alder reaction.

7,7’-dimethoxy-1,1’-binaphthalene (D1)

The main structure of the functional groups for modification and
functionalisation of graphene layers, is an aromatic molecule made
of four carbon rings: 7,7’-dimethoxy-1,1’-binaphthalene (D1), which
was developed through a slightly modified version of Li’s
method.[32] D1 is a diene made by dimerization of its monomer, 7-
methoxy-1-tetralone. The dimerization process starts when
10 grams of 7-methoxy-1-tetralone and 0.1 grams of HgCl2 a
mixture of toluene (50 mL) and ethanol (30 mL) was combined. To
the transparent outcome solution 1.6 grams aluminum foil (cut into
small pieces) was added and the solution is kept under vigorous
stirring. The foil was added to the solution slowly and the color of
the solution changed to gray. After 6 hours the reflux heating was
stopped but vigorous stirring continued and 50 mL diluted HCl
(10%) was added to the flask through the condenser in two 25 mL
portions which leads to changing the color of the solution to white.
The solution kept under stirring for another 2 hours and the color
of the solution turn to yellow and all the aluminum dissolves. The
organic phase of solution separated and placed in a closed
chamber over MgSO4 for 12 hours to remove the water. The
transparent orange solution was dried under vacuum conditions at
30 °C to form dark orange crystals. Dried product then transferred
to the reflux flask and dissolved in a mixture of acetic anhydride
(60 mL) and acetic acid (40 mL) and refluxed started. After 6 hours
reflux the stirring stopped and the solution left to cool down
slowly. Yellow crystals of diene will form in the outcome brown
solution as soon as the solution is shaken. The solution was filtered
three times and outcome solids washed with a mixture of acetic
anhydride and acetic acid and dried under the safety hood
(Figure 9).

7’-methoxy-[1,1’-binaphthalen]-7-ol (D2)

The second diene (D2) was obtained from demethylation of D1.
Firstly, 4 grams of D1 were completely dissolved in 15 mL dichloro-
methane. Afterwards, the solution was transferred to � 78 °C dry-
ice/acetone bath while stirring and 2 mL BBr3 drop by drop was
added to react with methoxy groups. After 3 hours stirring, 2 grams
of pure 0 °C ice (H2O) added to the mixture to react and turn
� O� CH3 groups of the D1 into � O� H and finalize demethylation.
After 1 hour, the organic phase was then separated, washed with

Figure 9. Monomer molecule compared to synthesised dienes, D1 and D2, from left to right, respectively.
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pure water (mix, shake and separation of organic phase again) and
finally dried under the fume hood.

Functionalisation procedure: Diels-Alder reaction was used to
attach the developed dienes to rGO. Li et al reported that the drop-
heating method and reflux may both allow Diels-Alder reaction to
occur between graphene/SiO2 and diene.

[32] Here we used the reflux
method with some modifications. The Dienes dissolved in dichloro-
ethane, while rGO was ultrasonically dispersed in the same solvent
in a separate container. Both solutions were then mixed together
and slowly stirred while refluxed at about 120 °C for 5 hours.

Electrode fabrication: Functionalised graphene samples were
sonicated in dimethylformamide and then mixed with polyethylene
terephthalate (PET; 10 wt% of graphene) using mild sonication. The
electrode was then prepared using the doctor blade method on
copper foil and heated under vacuum up to 130 °C for 24 h to
remove all the residual solvents.
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