
1Scientific Reports | 6:27975 | DOI: 10.1038/srep27975

www.nature.com/scientificreports

Facile and scalable disposable 
sensor based on laser engraved 
graphene for electrochemical 
detection of glucose
Farshad Tehrani1,2 & Behzad Bavarian1,2

A novel and highly sensitive disposable glucose sensor strip was developed using direct laser engraved 
graphene (DLEG) decorated with pulse deposited copper nanocubes (CuNCs). The high reproducibility 
(96.8%), stability (97.4%) and low cost demonstrated by this 3-step fabrication method indicates that 
it could be used for high volume manufacturing of disposable glucose strips. The fabrication method 
also allows for a high degree of flexibility, allowing for control of the electrode size, design, and 
functionalization method. Additionally, the excellent selectivity and sensitivity (4,532.2 μA/mM.cm2), 
low detection limit (250 nM), and suitable linear range of 25 μM–4 mM, suggests that these sensors may 
be a great potential platform for glucose detection within the physiological range for tear, saliva, and/or 
sweat.

Worldwide, over 387 million people suffer from diabetes mellitus1. Diabetes is a medical condition in which 
patients experience glucose concentration deviated from the normal range of 80–120 mg/dL (4.4–6.6 mM). 
According to the international diabetes federation (IDF), every 7 seconds, one person dies due to the health 
complications associated to diabetes, making it one of the leading causes for death in the world. In addition to 
death, the complications associated with diabetes increase the risk of disability and health issues of patients, 
including, heart disease, blindness, and kidney failure. However, these complications can be significantly reduced 
through strict self-monitoring of blood glucose levels. Accordingly, millions of diabetics test their blood glucose 
levels daily, making glucose not only the most commonly tested analyte. Because of this, glucose biosensors to 
account for nearly 85% of the entire biosensor market. It’s no surprise that, by as early as 2008, the market for 
self-monitoring blood glucose sensors (SMBG) surpassed $12 billion2,3.

Since the invention of the first glucose enzyme electrodes by Clark and Lyons4, there’s been tremendous 
amount of research in developing enzyme based amperometric biosensors, which typically rely on glucose oxi-
dase (GOx) for detection of glucose in the blood stream5–10. The majority of SMBG is done by testing blood 
samples on disposable screen-printed enzyme electrode strips. This method of monitoring has two fundamental 
problems: first, the painful finger pricking process that may urge patients to skip their daily blood sample testing, 
and second, the use of a fragile and expensive GOx enzyme. It has been shown that there is a strong correlation 
between the glucose levels found in human blood with that of tears11,12, saliva13, and sweat14, which allows for 
the use of one of these alternative for actual blood glucose level detection. The average production rate of tears is  
0.5–2.2 μ​l/min11. In healthy patients, tears contain a range of ≈​3.6–72.2 mg/dl glucose. However, in patients suf-
fering from diabetes, this range is typically ≈​16.6–56.6 mg/dl15. Similarly, sweat glucose properly harvested to 
prevent contamination from other sources on the skin’s surface can accurately reflect the blood glucose levels 
of patients14. It has also been shown that salivary glucose has a strong correlation to fasting blood glucose levels 
(P <​ 0.05)13,16. Therefore, there is a high demand for the commercialization of an inexpensive, non-enzymatic 
glucose sensor sensitive enough to effectively use on the alternative body fluids of tear, sweat, or saliva.

Graphene, a two dimensional material with great surface area and superior electrocatalytic properties, has 
attracted the attention of scientists in a wide variety of fields, including bio-sensing applications17–29. While 
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tremendous improvements in understanding the properties of graphene have been made since its discovery by 
A. K. Geim, & K. S. Novoselov30,31, there remain challenges in the applications and scalability of production at 
low cost for this wonder material. Production methods for graphene vary, including mechanical and chemi-
cal exfoliation32,33, chemical vapor deposition (CVD)34, and thermal reduction. Generally, thermal reduction of 
graphene has the advantage of low cost, easy processing, and the possibility of customizable patterning with laser 
reduction35,36. One example for a useful application of graphene using an inexpensive and scalable production 
method is the light scribing of the graphite oxide coated on a compact disc (CD) into graphene-based electrodes 
for development of supercapacitors, developed by El-kady and Kaner35. Another example of a simple and scalable 
method, developed by Lin and his colleagues, is the irritation of a commercial Polyimide film using an infrared 
CO2 laser for production of highly efficient supercapacitors. In this study, we’ve used a method similar to that 
presented by Lin et al. utilizing a different laser engraving machine for the fabrication of the sensor electrodes. 
The graphene electrodes formed by the direct laser engraving process is termed as direct laser engraved graphene 
(DLEG), Fig. 1. The DLEG working electrode is then functionalized for the purpose of sensing glucose. There 
is a high level of versatility in choosing the design and size of the DLEG electrodes. Additionally, the scalability 
of the fabrication method for production of DLEG electrodes along with the inexpensive raw materials used for 
development of the highly sensitive sensor platform is another highlight of this application.

Copper nanoparticles are widely used as an electrode modifier, possessing great catalytic functionality and 
synergy with other nano structures, such as carbon nanotubes (CNT) and graphene. For glucose sensors, these 
copper nanoparticles are typically coated on the surface of glassy carbon-graphene substrate37–40. In this study, 
nano cubic structured coppers (CuNCs) were electrochemically deposited on DLEG using a pulse electrodeposi-
tion technique. This worked as a seamless process for generation of highly sensitive glucose sensor strips capable 
of detecting low glucose levels found in human tear, saliva, and sweat. To the best of our knowledge, this is the first 
instance of pulse electrodeposition of cubic copper nano particles.

Results and Discussion
The laser engraved Kapton was characterized by Raman spectroscopy, field emission scanning electron micros-
copy (FESEM), energy dispersive x-ray spectroscopy (EDS), and x-ray photoelectron spectroscopy (XPS). As was 
seen in Lin’s research41, the Raman spectrum (Fig. 2i) showed three distinguished peaks for the DLEG. However, 
no clear peaks were seen for the none-engraved Polyimide within the range of 1200–3000 cm−1. The first order D 
peak, (roughly at 1,350 cm−1) is reflected by either sp2 bonds between atomic carbons or lattice defects. The sec-
ond peak, a first order G peak (roughly at 1,580 cm−1) is common in both graphene and bulk graphite. The third 
peak, which is the second order D peak (also known as the 2D peak), with a singular and sharp shape, is unique 
to 2 dimensional graphite with randomly stacked graphene sheets in the c axis41,42 and was observed at roughly 
2,700 cm−1. Additionally, the 2D peak for the bulk graphite is frequently observed with two components of 2D1 
and 2D2, and is significantly different in shape and intensity from that of DLEG42–44. Ultimately, the intensity ratio 
of the D/G confirms a great extent of graphene formation41 during the laser engraving process. Furthermore, the 
clear difference between Raman spectrum of the DLEG with that of glassy carbon eliminates the possibility of 
glassy carbon being produced as the primary material in the engraving process. The XPS spectrum of the bare 
DLEG (Fig. 2h,j) shows dominant C-C peaks at 278.8 eV, with highly repressed C-O, C-N, and C=​O peaks. The 
high resolution XPS on the DLEG (Fig. 2j) agrees well with the Raman results, and is suitably matched with 
that of graphene. This suggests the presence of sp2 carbons in graphene formed in DLEG during the engraving 
process41,45.

DLEG units with a lateral length of roughly 20 μ​m (height of 25 μ​m from the tilted FESEM image, not shown) 
is apparent in the FESEM image of the sensor’s electrode, seen in Fig. 2a. The FESEM of the bare DLEG (Fig. 2b) 
revealed interconnected nano-sheets that are thin enough to be transparent to the electrons scattered from the 
scanning electron microscope. Additionally, STEM images on the DLEG flakes suspended on top of the carbon 
grid were taken using the FESEM machine in a STEM mode (See the section for CuNCs electrodeposition), 
showing thin overlapped graphene flakes with different number of layers. A uniform, high density deposition 
of copper nano-cubes (particle size <​ 30 nm) was observed in the FESEM images of the modified electrode 
(Fig. 2c,d). The EDS from two different spots of the DLEG-CuNCs (Fig. 2g insets) revealed a 9.95–15.64 weight 
% copper, 83.39–88.39 weight % of C, and 0.97–1.66 weight % of O. XPS spectrum of the bare DLEG (Fig. 2h) 
further confirmed the EDS results by showing a high intensity C1s peak at a binding energy of 285.00 eV (with 

Figure 1.  Fabrication process. Taping Kapton tape on a thin sheet of PVC (a). Direct laser reduction of the 
Kapton tape to graphene forming sensor electrodes (b,c). A DREG 3-electrode platform, prepared for further 
modification (d).
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Figure 2.  Materials Characterization. (a,b) FESEM images of bare DLEG, (c–e) and uniformly deposited 
CuNCs at different magnifications with a high population density on the DLEG sheets. (f) High magnification 
FESEM showing the CuNCs with a cubic structure. (g) EDS results of the graphene-copper nanocomposite 
from two different spots on the sample (spectrum 1 & 13) that indicates the presence of 83.39–88.39 & 
9.95–15.64 weight percent of carbon and copper respectively. (h) XPS spectrum on DLEG, and DLEG-CuNCs 
showing a prominent C1s peak and small N1s & O1s peaks for the bare DLEG as well as the extra Cu2p peak 
that indicates the presence of metallic copper and Cu (I) oxide and Cu (II) oxide on the modified electrode.  
(i) Raman spectrum of the polyimide vs. the DLEG demonstrating prominent D, G, and 2D peaks that suggest 
a large degree of graphene formation during the engraving process on the polyimide. j) High-resolution XPS 
analysis for the C1s peak showing a dominant C1s and a suppressed C=​O peak which is in a great agreement 
with that of graphene.
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92.72% carbon mass concentration), two relatively low intensity peaks of N1s at a binding energy of 400.00 eV 
(with 2.47% nitrogen mass concentration), and O1s at a binding energy of 533.00 eV (with 4.81% oxygen mass 
concentration). The relatively low mass concentration of nitrogen and oxygen on the DLEG is due to their evap-
oration and liberation from the Kapton, suggesting a high level of graphitization during the laser irritation of 
Kapton with a known composition of 70.5%, 22.5%, and 7.0% for C, O, and N respectively41. The XPS spectrum of 
the DLEG-CuNCs composite at 60–480 seconds of Ar-ion etching at 4 KV (0.7 current) shows a rather large Cu2p 
peak at a binding energy of 933.00 eV (in the range of 9.80–49.63% copper mass concentration depending on the 
depth), indicating that the deposition of is primarily metallic copper (Cu) with secondary copper oxide species 
such as CuO (Cu (I)) and Cu2O (Cu (II)) during the pulse electroplating45.

EIS testing was conducted in order to evaluate the charge transfer behavior of the DLEG and DLEG-CuNCs 
electrodes. The results are shown in the form of Nyquist complex plots (Fig. 3a). Fitting the Nyquist plots to 
their equivalent Randle’s circuit model (Fig. 3 inset) gave a calculated solution impedance of Rs =​ 50 Ω​, and an 
impedance to the charge transfer rate at the surface of the bare DLEG equal to Rct =​ 65 Ω​. The solution imped-
ance, Rs, that appeared in the high potential frequency region of the Nyquist plot is directly proportional to the 

Figure 3.  Electrochemical Characterization. (a) Nyquist plot of the bare graphene electrode (1), and modified 
CuNCs-graphene electrode (2), in a 100 mM KCl solution containing 2 mM K3[Fe(CN)6] +​ 2 mM K4[Fe(CN)6] 
(1:1). Inset is the equivalent Randle circuit. (b) CV curves of DLEG (1), as compared to CuNCs-DLEG (2) in 
100 mM KCl solution containing 2mM K3[Fe(CN)6] +​ 2mM K4[Fe(CN)6] (1:1). (c) CV curves of the Bare DLEG 
(1) and modified CuNCs-DLEG electrodes in the absence (2) and presence (3) of 3 mM Glucose in 0.1 M NaOH 
solution. (d) CV curves of the modified CuNCs-DLEG in the presence of 0, 1, 2, 3, and 4 mM Glucose in a 0.1 M 
NaOH solution with constant scan rate of 100 mV/s. The inset plot is the linear correlation between the glucose 
concentration and the output signal. (e) CV curves of CuNCs-DLEG in 0.1 M NaOH with 2 mM Glucose at 
different scan rates ranging from 25 mV/s to 250mV/s, with a step size of 25 mV/s. The inset is a plot of the peak 
current vs. square root of the scan rate at an applied potential of 0.55 v. (f) Optimization of applied potential 
using amperometric current response of CuNCs-DLEG at different potentials in 0.1 M NaOH with successive 
addition of 0.1 mM glucose.
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concentration of the free ions in the solution. The low impedance to the charge transfer at the surface of the 
bare DLEG electrode, which appeared at lower potential frequencies in the Nyquist plot, is attributed to both 
the high conductivity and the large surface area of the porous DLEG. Comparing the Nyquist plots of the bare 
and modified electrode (Figs 2 and 3a-1) shows that the impedance to the charge transfer rate is reduced to 
Rct =​ 21 Ω​ from the DLEG to DLEG-CuNCs. The observed increase in the charge transfer rate from DLEG to 
DLEG-CuNCs can be attributed to the increase in the electrode’s surface area, caused by the formation of highly 
conductive nano cubic particles of copper. The increase in the charge transfer rate of the bare electrode after dep-
osition of CuNCs was further confirmed via Cyclic Voltammetry (CV) experimentation on the same electrodes, 
using a 100 mM KCl solution containing 2 mM K3[Fe(CN)6] +​ 2 mM K4[Fe(CN)6] (Fig. 3b). The CV of the DLEG 
showed a cathodic peak current of ipc =​  434 μ​A (Fig. 3b, curve #1), which, after the electrode’s modification to 
DLEG-CuNCs, was increased to ipc =​ 782 μ​A (Fig. 3b curve #2).

The Cyclic Voltammetry (CV) experimentation on bare and modified samples were conducted in a 100 mM 
NaOH solution, tested in both the absence and presence of a 3 mM glucose, with a scan rate of 100 mV/s from 0 to 
+​1 V. The results are demonstrated in Fig. 3c. By comparing the CV behavior of the DLEG (Fig. 3c, curve # 1) to 
CuNCs-DLEG (Fig. 3c, curve # 2), in the absence of the glucose, an increase in the charge transfer rate of the bare 
electrode to the modified electrode was observed. After the addition of 3 mM glucose for the bare DLEG system, 
no redox peaks were observed. However, in the presence of 3 mM glucose, the CuNCs-DLEG electrode (Fig. 3c, 
curve # 3) demonstrated a rapid increase in the current, starting at around 200 mV, followed by a clear, irreversible 
shoulder oxidation peak at around 600 mV. There was a corresponding current density of roughly 4.5 mA. The 
high peak potential in the electrode decorated with CuNCs indicates the strong electrocatalytic feature of the 
CuNCs toward direct oxidation of the glucose in the basic solution. In order to further characterize the sensitiv-
ity of the CuNCs-DLEG electrode, CV testing of the modified after the addition of 1–4 mM glucose in 100 mM 
NaOH solution were performed on the modified electrode. As a result, a linear correlation between the glucose 
concentration and the output current at the CV’s oxidation peak was established (Fig. 3d). The linearity that was 
established conveys the workability of the working electrode towards glucose sensing.

The effect of scan rate on the oxidation of glucose was investigated in a 100 mM NaOH solution with  
presence of 2 mM glucose by using the CuNCs-DLEG electrode. Multiple CV tests were carried out at scan rates 
of 25–250 mV/s with a scan steps of 25 mV/s (Fig. 3e). The anodic peak (Ip) vs. square root of the scan rate shows a 
highly linear correlation with correlation constant R2 =​ 0.997 and Ip =​ 0.0227SR+​11 (Fig. 3e, inset plot). This con-
firms that the electrochemical oxidation kinetics in the sensor were controlled by the adsorption of the glucose 
molecules at the surface of the working electrode. Furthermore, CV curves with different scan rates stabilized 
within 3 cycles. After stabilization, the CV curves consistently repeated the same pattern over the next 20 cycles, 
indicating the high electrochemical stability of the CuNCs-DLEG platform in the basic solution with the presence 
of glucose.

In order to optimize the potential for oxidation of the glucose molecules at the working electrode, multiple 
amperometric experiments were performed at different potentials with successive addition of 0.1 mM glucose 
into a 0.1 M NaOH solution. Six different potentials (0.2 V, 0.3 V, 0.45 V, 5 V, and 0.6 V) were evaluated using the 
same sensor. The strongest amperometric signal response (approximately 170 μ​A per addition of 0.1 mM glucose, 
with regular step-like responses) was observed at the applied potential of 0.55 V (Fig. 3f). Therefore, 0.55 V is 
considered to be the optimal sensing potential for the sensor.

The amperometric response of the glucose sensor (Fig. 4a) was evaluated by conducting a chronoamper-
ometry experiment after the addition of glucose drops with concentrations of 0.25 μ​M, 0.1 mM, 0.25 mM, and 
1 mM into the testing vial. The calibration curve (Fig. 4B) is plotted to demonstrate the current-glucose con-
centration correlation. The plot shows a linear behavior with R2 =​ 0.99357 (y =​ 0.6795x +​ 0.0002), sensitivity 
of ≈​4532.2 μ​A/mM.cm2, linear range of 0.25 μ​M–4 mM, detection limit of 250 nM, and a rapid amperometric 
response of <​ 3 seconds. The mechanism for the oxidation of glucose in alkaline media at the CuNCs modified 
electrode is believed to be as follows: CuNCs upon exposure to NaOH (the supporting electrolyte) will oxidize 
into CuO [Cu +​ 2OH− →​ CuO +​ H2O +​ 2e−]. Subsequently, CuO is electrochemically oxidized to Cu(III) spe-
cies, such as CuOOH and/or Cu(OH)4− [CuO +​ OH− →​ CuOOH or CuO +​ H2O +​ 2OH−​ →​ Cu(OH)4− +​ e−]. 
Finally, glucose is irreversibly oxidized by the Cu(III) species, forming hydrolyzate gluconic acid [Cu(III) +​ glu-
cose →​ gluconolactone +​ Cu(II)] [Gluconolactone →​ gluconic acid (hydrolysis)]46–48 The thermal (laser) reduc-
tion of polyimide creates a porous nano-sheet structure of graphene with an abundance of crystallographic 
defects and functional groups, such as −​OH, C–O–C, and −​COOH, which provides opportunity for catalytic 
applications35,41. Hence, the porous DLEG is believed to be a great substrate for electroplating of the CuNCs  
(as the catalyst for oxidation of glucose). Furthermore, the large surface area of the porous, double sided DLEG 
promotes an enhanced loading of highly reactive CuNCs and accessibility of the sensing molecule (glucose) as 
well as an electrochemically robust conductive DLEG in an alkaline environment. These are advantageous attrib-
utes of the DLEG-CuNCs nano-composite, making it an excellent synergic material for glucose sensing applica-
tions. Ultimately, the suitable linear range of the sensor allows for the possibility of glucose detection in tears49, 
saliva50, sweat14, and partial in urine51 (Fig. 4c). Table 1 shows the performance of the sensor compared with some 
other graphene-based sensors. In addition to the differences shown in Table 1, our sensor was fabricated on a flex-
ible and facile plastic substrate, and can be fabricated on essentially any other substrate. The other sensors shown 
in the table were fabricated on costlier substrates: a highly conductive and expensive glassy carbon for one, and 
a silicon-silicon dioxide for the other. The seamless fabrication method and low cost of the raw materials for our 
sensor are some of the major advantages of our sensor when compared to the others.

The effect of the some of the electrochemically activating molecules found in the human serum (0.02 mM 
ascorbic acid (AA), uric acid (UA), sucrose, fructose, and lactose, as well as 0.2 mM NaCl) were investigated on 
the sensor by performing a chronoamperometry experiment. The results shown in Fig. 4d show no significant 
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signal from any of the interferants when compared to the signals of the glucose droplets (0.25 mM and 1 mM). 
This implies that the sensor has excellent selectivity towards glucose molecules.

The reproducibility of the samples 1, 2, and 3 is measured by comparing the signal response (sensitivity) of the 
samples in presence of 0.1 mM glucose/0.1 M NaOH solution. The results show great reproducibility among the 
3 samples (>​ 96.8%) with respective sensitivities of 4,419.6, 4,532.2, and 4,387.7 μ​A/mM.cm2 (Fig. 4e). The high 
reproducibility of the sensor, along with the potential for mass fabrication and low material cost indicates a strong 
potential for commercialization.

Figure 4.  Sensor's performance. (a) Amperometric current response at +​0.55 V with successive addition of 
different glucose concentrations including 25 μ​M (5 times, with magnified inset), 0.1 mM (9 times), 0.25 mM  
(5 times), and 1 mM (7 times), illustrated with the black curve. Amperometric response of the none-modified 
electrode (DLEG) with a negligible current response, green curve. (b) Calibration curve of the sensor. (c) The sensing 
linear range of the sensor as compared to physiological levels of glucose found in sweat, tear, saliva, and urine.  
(d) Selectivity experiment using amperometric current responses of sensor with successive addition of 0.25 mM 
glucose (twice), then 0.02 mM electroactive interfering species of AA, DA, UA, Lactose, Sucrose, Fructose, and 
0.2 mM NaCl, and finally 1 mM glucose into 0.1 M NaOH at an applied potential of 0.55 V. (e) Reproducibility  
(3 sensors were compared) and stability (compared with the value of the first test) of the sensors 1, 2, and 3 stored 
at normal ambient conditions using 0.1 mM glucose in 100 mM NaOH at 0.55 v of applied potential, conducting 
repeating amperometric experiments every three days for a total of 10 times during one month.

Sensor RT (s) Potential (v)
Detection 

Limit (μM) Linear Range (mM)
Sensitivity 

(μAmM−1cm−2) Reference

CuNCs-DLEG <​3 0.55 (vs. Ag/AgCl) 0.25 0.025–4.5 4532 This work

GC/CoNSs/CHIT-RGO – 0.45 (vs. SCE) 10 0.015–6.95 1921 53

GC/Cu Nanocubes/Graphene – 0.55 (vs. Ag/AgCl) 1 Up to 7.5 1096 54

GC/CuNPs/Graphene <​2 0.50 (vs. Ag/AgCl) 0.50 Up to 4.5 – 55

SPE /Pt-Cuo/rGO – 0.60 (vs. Ag/AgCl) 0.01 0.0005–12 3577 56

Si-SiO2/Ti/Pt/GNP/PEDOT-GOx – – 0.03 0.01–50 ≈​14 57,58

Table 1.   Comparison of several sensors performance.
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The stability of the sensor was systematically evaluated by performing multiple amperometric experiments 
over a 30-day period. Every three days, samples 1, 2, and 3 were tested in the presence of 0.1 mM glucose/0.1M 
NaOH solution. The samples were then stored in a petri dish in a typical ambient environment (25 °C). The first 
experiment’s first output signal, I0, was used to normalize the subsequent experiments in order to understand the 
samples’ stability (I/I0). From results, shown in Fig. 4e, a stability rate of >​97.4% is calculated. This indicates con-
siderably low signal loss (maximum of 1.3%) over the repetitive use of the sensor strips during the 30-day period 
(each sample tested 10 times). The high stability, despite the repeated use and exposure to the corrosive NaOH 
environment, is attributed to the high electrochemical stability of the DLEG platform.

Pulse electrodeposition was used for deposition of the CuNCs. According to Grujicic, and Pesic49, the  
copper nucleation mechanism is a function of the solution pH, copper ionic concentration, deposition potential, 
temperature, and background electrolyte. Additionally, the deposition time is directly proportional to the size 
of the copper particles. Therefore, a greater deposition time would result into the greater growth of the copper 
nuclei and, subsequently, the formation of larger copper nano particles. Therefore, the size, population density, 
and morphology of the CuNCs can be controlled by the variables mentioned above. For our research, in order to 
simplify the deposition process while achieving the optimal size and population density of the CuNCs, the elec-
trodeposition solution concentration, pH, temperature, and deposition time were held constant at the optimal 
values established in our previous study52. The pulse current intensity, the only variable introduced in the newly 
employed pulse electroplating technique, was manipulated in favor of electroplating optimal CuNCs. Unlike 
the previous research which employed a potentiostatic technique, we used a pulse electroplating technique with 
variable current intensities of 50 μ​A, 100 μ​A, 200 μ​A, 400 μ​A, and 800 μ​A for 350 cycles (squared 1:1 second). 
According to the chronoamperometry results obtained on all the electroplated samples, a pulse current intensity 
of 200 μ​A produces the greatest current response of ≈​170 μ​A (Fig. 5a). As expected, the FESEM results of the 
samples (Fig. 5b–j) revealed that the 200 μ​A electroplated sample produced the finest CuNCs (<​30 nm) with a 
great uniformity and population density (Figs 2c–f and 5d,e). For the samples electroplated at 50 μ​A and 800 μ​A 
(Fig. 5b,j), there are almost no observable CuNCs nuclei deposited on the graphene sheet. However, for the sam-
ples with 100 μ​A, and 400 μ​A (Fig. 5c,f) of applied pulse current, CuNCs are formed on the graphene substrate; 
their population density and particle size are not as optimal as the 200 μ​A electroplated sample, and do not pro-
duce enough catalytic activity. Therefore, it is confirmed that the larger surface area provided by the smaller and 
denser CuNCs on the DLEG surface increases the glucose-CuNCs interaction and, subsequently, the chemical 
reaction leading to the oxidation of glucose. Hence, an optimal electroplating condition for the pulse electroplat-
ing technique is believed to be achieved at 350 cycles of an applied current intensity of 200 μ​A in an electroplating 
solution of 5 mM CuSO4 +​ 50 mM Na2SO4.

Methods
Reagent and Materials.  K3[FE(CN)6] and K4[Fe(CN)6], CuSO4, Na2SO4, D-glucose, Ascorbic Acid (AA), 
and Uric Acid (UA) were purchased from Sigma Aldrich Co. (USA). All the other reagents were of analytical 
grade and used without further purification. Solutions were made using Millipore water (≈​18 MΩ). Kapton (poly-
imide) tape with a film thickness of ≈​30.4 μ​m and a width of ≈​50 mm was purchased from McMaster-Carr co.  
(USA).

Synthesis of graphene electrodes.  A 3-electrode system was designed with CorelDraw Graphics Suit 
ver. X8 and engraved to DLEG-based electrodes (working, auxiliary, and reference) in the following steps. First, 
a piece of Kapton tape (Polyimide) was taped onto a PVC (polyvinyl chloride) transparent substrate and was 
placed into a laser engraving machine. Next, the designed pattern made in a graphic software is engraved to the 
surface of the Kapton tape to form highly conductive DLEG electrodes seen in Fig. 1. The sheet resistance of the 
DLEG, which has a direct impact on the charge transfer rate of the electrodes and, ultimately, the sensitivity of the 
sensor, was optimized by adjusting the laser power intensity (80% of the machines maximum power ≈​ 400mW), 
beam-substrate incident focus size (≈​ 30 μ​A), and distance between the laser beam and the Kapton substrate  
(≈​ 13 cm). DLEG samples with an average sheet resistance (Rs) of 14.3 Ω/square were produced and used as the 
sensing platform. All the three DLEG electrodes (Fig. 1d), including the working electrode (diameter =​ 5 mm), 
were padded using copper tapes. A silver paste was used to improve the connection over repeated use of the 
sensor. The laser engraving process on the Kapton tape was carried out in the ambient conditions (in the air at 
25°C) by using a commercially available DYI 500 mW violet laser engraving machine with a laser wavelength of 
400–450 nm pulse duration of ≈​ 50 milliseconds, and a beam size of ≈​ 1.3 mm. The duration for fabricating a 
complete DLEG sensor platform was less than 6 minutes.

Copper nanocubes electrodepositing.  The DLEG working electrode was modified by using pulse  
electrochemical deposition of Copper Nano Cubes (CuNCs) at an optimized pulse current intensity of 200 μ​A for 
350 cycles (squared 1:1 second). The electroplating was conducted on the same 3-electrode system prepared in the 
previous steps while in an electroplating solution of CuSo4 (5 mM) and Na2So4 (50 mM). (see the last paragraph 
in the “Results and Discussion” section for more details).

Characterization.  A Zeiss Ultra 55 Field Emission Scanning Electron Microscope (FESEM) and a JEOL 
JSM-6480LV SEM were used for the study of the electrodes’ nanostructure. X-ray Photoelectron spectroscopy 
was performed on samples as received and after 60–480 seconds of Argon-ion etching at 4KV (0.7 μ​A of current) 
using an Oxford AXIS ULTRA instrument. Raman spectrum of the DLEG sample for confirming the formation of 
graphene from the polyimide during the engraving process was obtained by using a DXR2 Raman spectrometer 
from Thermo Scientific with a laser power of 5 mW, at a laser excitation of 514.5 nm, and 2 seconds of integration 
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time. Energy-Dispersive X-ray Spectroscopy (EDS) of the sensor was implemented by using X-Mass from Oxford 
Instruments. No additional processing steps were performed on the sensors before the characterizations.

Electrochemical experiments.  All electrochemical measurements and corresponding data fittings were 
carried out on a Gamry Instruments Ver. 4.35, 2005. A 3-electrode system, all made of DLEG, was used with 
the reference electrode coated with a Ag/AgCl Paste. Therefore, all the potentials are reported with respect to a  
Ag/AgCl reference electrode with a standard potential of 230 mV ±​ 10 mV (vs. SHE). Electrochemical Impedance 
Spectroscopy (EIS) experiments were carried out in 100 mM KCl solution containing 2 mM K3[Fe(CN)6] +​2 mM 
K4[Fe(CN)6] (1:1) in the frequency range of 100 KHz- 0.1 Hz. The EIS results were plotted in the form of complex 
plane diagrams (Nyquist plots) and were fitted to the equivalent Randles circuit. Cyclic Voltammetry (CV) exper-
iments were performed in 0.1 M NaOH aqueous solution both with and without glucose. The chronoamperome-
try and CV experiments were performed under a constant stirring condition by using a magnetic stirrer bar with 
a length and thickness of 8 and 2.5 mm. A pipette with a droplet size of approximately 24 μ​L/drop was used for 

Figure 5.  Electrodeposition optimization. (a) Amperometric current response of the working electrodes as 
a function of the electroplating pulse current intensity. (b) STEM image of bare DLE graphene flakes on top 
of the grid with a higher magnification inset before electroplating with CuNCs. (c–h) FESEM Images of the 
DLEG-CuNCs electrodes at different electroplating pulse current during the electroplating process suggesting 
the formation of the finest CuNCs with great uniformity and population density at 200 μ​A and less CuNCs 
population density for all the other applied current.
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successive addition of concentrated glucose solution into the testing vial. All the experiments were performed at 
the room temperature. All reagents were analytical grade and ultra-pure water (≈​18 MΩ​) was used in all of the 
electrochemical experiments.

Limitations.  The major limitations associated with our study is related to the fact that all the experiments 
were implemented in an in-vitro setup. Hence, further study of the sensor performance using real samples of 
human tears, saliva, sweat, and partial urine would be required to validate the findings in this study for real life 
application.

Future work.  In addition to what has been discussed, the following features of the DLEG electrode can cre-
ate an opportunity for future developments toward commercialization of the sensor. First, compatibility of the 
CuNCs-DLEG fabrication method with conventional screen printing technology which would allow the mass 
production of inexpensive disposable test strip platforms and tattoo-like wearable patches. Second, applicability 
of the variety of modification and functionalization techniques on the sensitive DLEG working electrode, which 
would offer fabrication of a wide range of bio-sensors; Therefore, bringing about development of novel sensing 
strips for detection of other important molecules in the body fluids such as AA, UA, cholesterol, alcohol and 
etc. Third, the feasibility of micro-scale fabrication of the flexible DLEG electrodes, which makes it possible to  
integrate the DLEG electrodes possible in disposable contact lenses for glucose sensing applications.

Conclusion
We developed a sensitive, enzyme-less glucose sensor using inexpensive fabrication method and materials. 
Excellent sensitivity, specific linear range, as well as a low detection limit are among the strong attributes of the 
glucose sensor. High stability of the DLEG-CuNCs electrodes along with a high reproducibility rate, and the fea-
sibility for in-scale production of the electrodes allow for commercialization of the sensor. Additionally, the laser 
engraved graphene electrode developed in this study offers a novel approach for development of an inexpensive, 
but a highly sensitive platform for electrochemical bio-sensing applications.
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