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Unmodified, as-grown few layer graphene on copper substrates have been used for glucose sensing using Raman spectroscopy. Graphene 
with stronger 2D band is a better Raman enhancer with significant fluorescence suppression and finer line widths of the Raman signals. 
The origin of the graphene enhanced Raman spectroscopy (GERS) signal of glucose is attributed to a fractional charge transfer 
(calculated to be 0.006 using electrochemical parameters) between glucose and graphene aided by a possible - interaction. 
Physiological concentrations of glucose (10-500 mg/dl) in PBS have been used for the study. For each glucose concentration, the spectral 10 

reproducibility is within 5-25% as calculated by the relative standard deviation of several measurements. The intensity ratio of the 1122 
cm-1 peak of glucose and the 2D peak of graphene varied linearly with the glucose concentration and can be used as a calibration curve 
for unknown sample measurement. 
 

1. Introduction 15 

Optical biosensors are in general sensitive, non-invasive and 
inexpensive and therefore researched with increasing intensity.1 
Blood glucose is one of the earliest molecules whose detection 
mechanism is quite advanced and mature. Since blood glucose is 
marker to many of the human diseases, this parameter needs to be 20 

checked regularly and easily with high sensitivities keeping the 
cost to a minimum. Several optical techniques have been used for 
glucose sensing, such as infrared absorption,2 laser polarimetry,3 
fluorescence modification of dyes,4 bioimpedance spectroscopy,5 
and thermal emission spectroscopy.6 Most of these techniques are 25 

not molecule specific and can yield similar results with 
structurally similar molecules. In this respect Raman 
spectroscopy is unique, demonstrating molecule-specific 
vibrational properties. The drawback of a weak scattering cross-
section of Raman spectroscopy, compared to fluorescence, could 30 

be enhanced by 105-1010 in the presence of metallic nanoparticles 
by a method called surface enhanced Raman spectroscopy 
(SERS).7 SERS makes use of the internal field of the surface 
plasmons to electromagnetically enhance the Raman signals from 
analyte molecules in the vicinity of the metal nanoparticles.8 For 35 

example, Van Duyne and his group did detailed studies of 
glucose detection using SERS with thiol to adsorb glucose on a 
silver film coated nanosphere substrate.9-12 Other SERS studies 
for glucose sensing also exist but the fabrication of a sensitive 
biocompatible substrate is a major limiting factor.13  40 

With the advent of graphene,14 a highly conducting 2 dimensional 
(2D) nanomaterial comprising of a single layer of hexagonally 
arranged carbon atoms, researchers have been trying to use it for 
SERS.15 A plasmon resonance, required to enhance the local 
electric field as in SERS, cannot be excited with a visible laser 45 

because it is in the terahertz regime for graphene.16 It is difficult 

to promote even optical absorption in the visible regime as the 
intrinsic band gap for graphene is very small and neither doping17 
nor structure modification could open up a reasonable band gap. 
Undaunted by these facts, researchers have used graphene to 50 

enhance Raman signals either in conjunction with metal 
nanoparticles18,19 or by chemically modifying20 it to bind to the 
analyte molecules. Some of these efforts were rewarded with 
good results, but the select role of graphene was not identified 
separately. Electrical or electro-chemical approaches to use 55 

modified graphene as a sensor material have been carried out 
with greater success.21-23 As graphene can be functionalized 
easily, several biomolecules such as glucose, dopamine, uric acid, 
ascorbic acid, and others have been detected with unprecedented 
sensitivity with modified graphene electrochemistry.22-24 Glucose 60 

oxidise modified graphene have been a popular choice among the 
researches but for electrochemical sensing mostly. 25-27 
In short, glucose sensing by graphene, modified or pristine, has 
been done by electrochemical techniques, and the SERS based 
sensing studies involved metal nanoparticles only. In this work 65 

we have demonstrated that as-grown graphene could be used as a 
stand-alone enhancer for Raman signals of glucose dissolved in 
water and PBS in the range of physiologically relevant 
concentrations. The usability of graphene right out of the CVD 
furnace into the spectrometric set-up is easier than any other 70 

demonstrated optical technique. The issue of sensitivity and 
reproducibility of the results then just narrows down to a stringent 
growth condition, and sample screening prior to measurement. 
  

2. Results & Discussion 75 

Graphene has been used for molecular sensing in different ways 
including electrical and optical methods.28-30 In spite of its 
applicability in the area of sensing, graphene has an inherent 
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problem in the microscale domain structure31 where individual 
domains are electrically or optically different. This can be due to 
the presence of varied uncontrolled defects, difference in layer 
numbers, and edge structures.32 The difficulty in obtaining 
optically or electrically equivalent large area graphene is the main 5 

reason for the poor reproducibility of results observed in sensing.  
The TEM image of the graphene samples prepared under low (20 
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 20 

 

 

 

 

Fig. 1 Representative TEM images of (a) few layer (2-5 layer in this 25 

case), and (b) multilayer (8-10 layer in this case) graphene, produced 

under low (20 sccm) and high (40 sccm) methane flow rates, respectively.  

Graphene domains with 2-4 layers and 5 layers are marked by the boxes. 

Note the image delocalization in (b) marked by the bracket. Raman 

spectra of graphene samples produced with (c) 20, (d) 30, and (e) 40 sccm 30 

of methane flow rate. The G and 2D band positions are marked with the 

dashed vertical lines. 
 
sccm) and high (40 sccm) CH4 flow rates are shown in Fig. 1a, 
and b, respectively. Evidently, the graphene grown with lower  35 

CH4 flow rate demonstrated fewer layers than those grown under 
higher CH4 flow rates. The sample prepared with 20 and 40 sccm 
CH4 showed 2–5 layer, and 8-10 layer graphene, respectively 
(Fig. 1a,b). The TEM image in Fig. 1b may suggest 10-15 layer 
numbers. But actually there are image delocalization effects from 40 

the field emission gun as marked by the bracket. Obtaining large 
area uniform domains with consistent electro-optical properties is 
difficult and requires higher degree of growth control.33  
One way of checking the graphene quality is measuring the 
intensity (I) ratio of the 2D and graphitic (G) signal of graphene, 45 

I2D/IG, using Raman spectroscopy. Generally, the I2D band 
intensity increases with lowering of layer numbers.34,35 The TEM 
result is corroborated from the Raman measurements shown in 
Fig. 1 (c-e). The Raman spectra shows clear graphitic (G) bands 
and the graphene signature 2D bands in all the three samples 50 

produced with 20 (Fig. 1c), 30 (Fig. 1d) and 40 sccm (Fig. 1e) of 
CH4. The lower CH4 flow rates, say 20 sccm, yielded few layer 
graphene structures (Fig. 1c) with stronger I2D/IG. Graphene 
grown with higher CH4 flow rates, say 40 sccm, generally yielded 
a multi-layered structure with lower I2D/IG (Fig. 1e). Exact 55 

prediction of graphene layer numbers from the I2D/IG ratio is 
difficult without the knowledge of the graphene stacking 
(turbostratic or AB Bernal).35 In addition to this, the 2D band 

showed phonon stiffening with increasing layer numbers which 
has been reported before.36 Although this is a general ensemble 60 

feature, reproducibility errors may arise due to the quality of 
domains actually being excited during the Raman measurements.  
The other question to answer here is the effect of the domain 
quality, in other words the I2D, on the sensing behavior of 
graphene. To answer this question we performed Raman 65 

measurements of glucose by dispersing a known concentration of 
aqueous glucose solution on these as-grown graphene (Fig.2). 
First, only a standard physiological concentration of glucose, 80  
mg/dl in water, was dispersed on the three graphene samples as 
discussed in Fig. 1. Graphene prepared with 20 sccm CH4, having 70 
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Fig. 2  Graphene enhanced Raman spectra (GERS) of 80 mg/dl glucose 

solution (in water) dispersed on as-grown graphene produced with (a) 20, 

(b) 30, and (c) 40 sccm of methane. (d) Raman spectrum of bulk glucose 

powder dispersed on copper for reference. 

 95 

a stronger I2D, showed stronger Raman bands of glucose with 
significant fluorescenece quenching (Fig. 2a) compared to those 
on graphene produced with 30 and 40 sccm of CH4 (Fig. 2b,c) 
having weaker I2D. Unlike SERS enhancement obtained with 
noble metal nanoparticles with a resonance in the visible 100 

spectrum, these glucose signal intensities (Fig. 2), measured with 
a visible laser, did not gain from the graphene plasmon resonance 
which is in the THz.16 The Raman signal from the bulk glucose 
powder was however strong and well resolved even on pure 
copper (Fig. 2d). The other distinctive feature is that, the Raman 105 

spectra of glucose measured on graphene showed clear softening 
of the major bands compared to that of the bulk glucose powder. 
The phonon softening ranged from 2-10 cm-1 for the stronger 
glucose bands observed on the graphene samples. These features 
are representative only, and depending on the non-uniformity of 110 

the quality of the graphene domains there will be certain 
deviations. 
In comparison to the bulk glucose spectrum (Fig. 2d), the signal 
from even the best graphene (Fig. 2a) does not compare 
favourably in terms of line width or background subtracted 115 

intensity. This is because the number of glucose molecules 

Page 2 of 6Analyst

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

A
na

ly
st

A
cc

ep
te

d
M

an
us

cr
ip

t



 

This journal is © The Royal Society of Chemistry [year] Journal Name, [year], [vol], 00–00  |  3 

optically excited in the bulk sample is far more than that in the 80 
mg/dl solution dispersed on graphene. Another reason for the 
comparatively weaker Raman signals from graphene is the fact 
that the enhancement expressed therein is not electromagnetic in 
nature as observed in presence of metal nanoparticles in SERS.37 5 

A stronger local electromagnetic field accounts for about 106 and 
the charge transfer effect accounts for about 102 enhancement of 
the Raman scattering cross-section in SERS.37 The GERS signals 
obtained from these experiments of glucose on graphene indicates 
that the charge transfer effect may be predominant in graphene 10 

that instead of stepping up the signal intensity quenches the 
fluorescence from the analyte molecule.  
The experimental procedures for Raman measurement are shown  
schematically in Fig. 3a and b. The procedure is fast and simple 
and can be performed in less than 10 minutes of sample 15 

unloading from the TCVD chamber. The same copper, used as 
the substrate for graphene growth, has been used as a control 
(Fig. 3b). Researchers have generally transferred as-grown 
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Fig. 3 (a) Photograph of a piece of as-grown graphene on high purity 

copper foil. (b) A schematic representation of the easy experimental 

procedure starting with glucose solution dispersion, drying, followed by 
Raman spectroscopy on copper and graphene using a 632 nm laser. (c) 

Possible mechanism for high fluorescenece (Fl) in copper, and 50 

fluorescence quenching and Raman enhancement in graphene is described 

schematically using charge () transfer between glucose lowest 

unoccupied molecular orbital (LUMO at -2.14 eV) and Fermi energy of 

graphene at -4.6 eV. The horizontal dashed line in (c) show virtual excited 

states for Raman scattering in glucose. 55 

 
 graphene (on copper) to silica substrates for better adhesion or 
electrical insulation. However, as our technique is optical, 

electrical insulation is not an issue. The extra step of graphene 
transfer, using quality degrading corrosive chemicals, is time 60 

consuming and hence avoided here. Optically, the as-grown 
graphene is as pristine as experimentally possible (Fig. 3a,b). A 
schematic mechanism for the fluorescence quenching from 
glucose on graphene is schematically depicted in Fig. 3c. 
Having optimized the graphene prepared with 20 sccm CH4, we 65 

have carried out concentration dependent Raman spectroscopy of 
glucose in this sample compared to that on a pure copper foil as 
reference. Fig. 4 compares the Raman spectra of glucose on plain 
copper (Fig. 4 a-e), and on copper supported graphene (Fig. 4 g-
k). 510, and 1122 cm-1 bands are signatures for glucose.9-12 A 70 

closer evaluation of the concentration dependent spectra reveals 
finer line width, and better band clarity, indicating stronger 
fluorescence suppression in the GERS data compared to those on 
copper. This result in better spectral resolution but limited signal  
intensity which is consistent with the lower enhancement values 75 

associated with the charge transfer theory of SERS.18,33 However, 
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Fig. 4 Baseline corrected Raman spectra of glucose solution (in water) 

with concentrations of (a) 10, (b) 50, (c) 80, (d) 150, (e) 200 mg/dl, and 

(f) bulk glucose powder dispersed on copper substrate. Graphene 95 

enhanced Raman spectra of glucose solution (in water) with 

concentrations of (g) 10, (h) 50, (i) 80, (j) 150, (k) 200 mg/dl, and (l) bulk  

glucose powder dispersed on as-grown graphene (on copper) substrate. 

 
bulk glucose still showed stronger and significantly well resolved 100 

Raman bands of glucose (Fig. 4f, l).  
Sugars such as glucose, fructose, and sucrose all have Raman 
bands with specific fingerprint spectra. The loss of specificity in 
the disaccharide spectrum, say sucrose – a combination of 
glucose and fructose, resembling those of the monosaccharides, 105 

can be solved using statistical models (such as PLS) and 
procedures.38 However, the 1122 cm-1 peak that we have used to 
identify glucose is specific. Fig. S1† shows the variation of the 
intensity of the two major bands of glucose, namely, the 1122 and 
the 510 cm-1 bands, as a function of the glucose concentration, 110 

measured on graphene. Although the variation is linear within 
150 mg/dl of glucose concentration, the 200 mg/dl concentration 
signal was clearly much stronger than the other concentrations. 
This is consistent for both the 1122 (Fig. S1a†), and 510 cm-1 
(Fig. S1b†) glucose bands as measured on graphene. The 115 

attempted linear fit of the data yielded low correlation 
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coefficients below 0.9.   
To understand the GERS signal reproducibility on graphene, 
Raman measurements were performed at different spots on the 
same sample. Different concentrations of glucose solution (10- 
500 mg/dl), made in PBS to better mimic the physiological 5 

conditions, were dispersed on optimized graphene. The Raman 
intensities as a function of concentration were as expected, but 
showed reproducibility problems. To quantify the reproducibility 
we calculated the statistical relative standard deviation (RSD= 
standard deviation/mean). The RSD ranged between 5-25% for 10 

the samples studied (bottom plot in each panel of Fig. 5). The 
RSD decreased at higher glucose concentrations. This may be 
attributed to the better glucose molecule coverage on the excited  
graphene substrate. At lower glucose concentrations (10-80 
mg/dl), with lower and non uniform sample surface coverage, the 15 

RSD increased. This is corroborated by the fact that the samples 
with lower glucose concentrations showed stronger I2D graphene 
band compared to analyte signals. For better control on the 
measurement and analysis, the wetting property (hydrophobicity 
or hydrophilicity) of graphene may have to be considered in 20 

future studies. For measurements with real blood samples, 
ultracentrifugation and further preparation is required to separate 
and discard the cellular part whose large size would suppress any 
optical enhancement from the underlying graphene. 
The adsorption of glucose on the graphene network and the 25 

charge transfer mechanism may be facilitated by the similar  
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Fig. 5 Concentration dependent GERS spectra of glucose (in PBS) 

collected from 4 different spots of the same graphene sample (a) 10, (b) 

50, (c) 200, (d) 300, (e) 400, and (f) 500 mg/dl. The relative standard 55 

deviation (RSD) of the four spectra are presented by the black line at the 

bottom of each panel. 

 

hexagonal carbon ring structure expressed in graphene and 
glucose. The stacking of glucose on graphene may be as a result 60 

of the - interaction.39 For glucose, the carbonyl, dominating the 
lowest unoccupied molecular orbital (LUMO) is the site where 
optically excited electron will be accommodated. However, the 
presence of larger p-orbitals in graphene, will also attract the 
electron for reaction. The highest occupied molecular orbital 65 

(HOMO) and LUMO in glucose dictates the ionization potential 
(Ip), and the electron affinity (A), respectively. The difference in 
the electronegativities (X) of glucose and graphene will drive the 
electron transfer (n) from glucose to graphene. This reaction 
may also result in the ring formation. These quantities have been 70 

calculated40,41 and shown in Table-I assuming these definitions 
still hold in a zero bandgap graphene.  
 
Table 1 Calculation of ionization potential, electron affinity, 

electronegativity, electrochemical hardness and softness, electrophilicity 75 

index, and fractional charge transfer in the glucose-graphene system. 
 
 
 
 80 

 
 
 
 
 85 

 
Such interactions have been reported on molecules having the 
hexagonal carbon ring structures.23, 24, 28 This interaction provides 
a pathway for electron transfer between the LUMO of glucose at 
-2.14 eV and the Fermi energy of graphene at -4.6 eV (Fig. 3c). 90 

The calculated electron transfer fraction41 of 0.006 (Table I) will 
reduce the spontaneous fluorescenece from the analyte molecule, 
glucose, as observed in the GERS results (Fig. 3c, Fig. 4 g-k). 
There is a report stating that the charge transfer occurs 
predominantly at the first layer in graphene, and that molecular 95 

adsorption at the first layer is critical for the signals generated.42 
Another supporting report by Xie et al.43 claims three orders of 
magnitude reduction in the fluorescence scattering cross-section 
by graphene. Some quantities in Table I, such as , and  for 
graphene that theoretically tends to infinity because =0, are kept 100 

blank to underline the fact that these values have not been 
reported experimentally for graphene. The negative sign for n of 
graphene (Table I) implies electron accepting property of 
graphene when interacting with glucose. In addition to the - 
interaction, other adsorption mechanisms cannot be ruled out. 105 

Kong et al.39 revealed the influence of defects in graphene to 
enhance the Raman signals from pyridine by density functional 
theory.  
Such a charge transfer should reveal itself in the shift of the G-
band of graphene.44 We did observe such a shift of the G band 110 

from 1575 cm-1 in pristine graphene to 1595 cm-1 in graphene 
dispersed with 200 mg/ml glucose (Fig. S2†). However, beyond 
200 mg/dl, we did not see further shift of the G-band. This may 
be due to significant screening of the graphene domains from the 
incident laser by the deposited glucose molecules which we 115 

believe to be multilayered at such high concentrations. We have 
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shown previously, that charge transfer is limited and it’s rate is 
slower as analyte adsorption exceeds a monolayer configuration 
on graphene electrodes used for electrochemical sensing.45  
Lastly, a calibration curve needs to be generated to measure 
unknown glucose concentrations from Raman measurements. As 5 

Fig. S1† did not yield a linear variation over the 10-200 mg/dl 
glucose concentration because of the artefacts responsible for the 
RSD as mentioned above, an alternative strategy has to be 
proposed. Here, we have normalized the GERS signals of 
glucose, say the 1122 cm-1 line intensity, with the I2D of 10 

graphene, and found that the reproducibility problem due to 
optically different graphene domains could be partly resolved. 
Fig. 6 shows the variation of the Raman signal intensity ratio 
I1122/I2D as a function of the glucose concentration in the range 
10-500 mg/dl. In this case we obtained a better fit to the data with 15 

an acceptable correlation coefficient of 0.95. This data set can be 
used as a calibration curve for glucose sensing using as-grown 
graphene. A sensitivity of 0.02 counts/mg/dl could be obtained 
using the presented formalism. The rationale behind such 
normalization is as follows: the Raman signal (say I1122) from 20 

glucose is proportional to the glucose concentration and is also 
dependent on the I2D of graphene in an unknown manner. 
Therefore, I1122/I2D should be concentration dependent only, 
assuming uniform surface coverage of the analyte at all 
concentrations. However, confirmation from other works using 25 

other analytes is necessary. Critically speaking, optimization and 
uniformity in graphene quality is an issue for the sensing purpose. 
Graphene uniformity will ensure similar 2D peak intensity for the 
measurements and hence a better linearity of the signal in the 
span of the concentration used. In this case, the non-uniformity in 30 

the sample domains gave rise to different I2D and resulted in a 
higher RSD. The increase in the analyte signal with the graphene 
I2D is unknown. Hence, when normalizing with graphene I2D the 
slope of the calibration curve may not be high, but if ensured 
sample uniformity (same I2D) the sensitivity would be high and 35 

consistent. This is why sample uniformity and repeatability is 
critical for a real device fabrication. 
 
 
 40 

 
 
 
 
 45 

 
 
 
 
 50 

 

 

 

Fig. 6 Variation of the ratio of the intensities of the 1122 cm-1 Raman line 

of glucose and the 2D Raman line of graphene as a function of glucose (in 55 

PBS) concentration. The line joining the data points is a linear fit to the 

data with an acceptable correlation coefficient of 0.95. 
 

3. Experimental 

In this work, graphene films, of about 5 cm2, were grown on 60 

0.25mm thick high purity copper foil substrates from Alfa Aesar 
by thermal chemical vapour deposition (TCVD) using hydrogen 
(H2), methane (CH4), and argon mixture as gaseous precursors.  
The as-purchased copper foil was sandwiched between two glass 
slides and pressed tightly with alligator clamps and left to flatten. 65 

A small cut was made in the lower right corner of the foil for 
positional reference later on. Before insertion into the quartz 
furnace, the copper foil was cleaned by dipping it in the Acetone 
for 10 minutes. The loading of the copper foil is done with the 
help of a ceramic boat. The Cu-foil was heated in Ar (50 sccm) at 70 

200 mTorr pressure to 950 °C for 35 minutes. The temperature 
was held constant over the next 30 minutes. H2 and CH4 were 
introduced at 1050 °C at times of 65 and 105 min, respectively. 
The growth processes were performed at 1000°C, at low 
pressures (200 mTorr). The graphene growth continued for 15 75 

min at 500 mTorr pressure and stopped by turning off the CH4, 
with conventional radiation cooling to room temperature. Strong 
air blowing was employed to ensure fast cooling of the sample.  
Graphene samples thus prepared were analyzed by Raman 
spectroscopy with the aim to assess their quality and fine tune the 80 

growth process. At and around the optimized conditions 
continuous films consisting of very few graphene layers could be 
produced reproducibly. The Raman and Graphene enhanced 
Raman Spectroscopy measurements were done using a 
commercial Jobin Yvon LabRAM HR800 (HORIBA Ltd.) 85 

Raman spectrometer equipped with an Olympus BX-41 
microscope, using 632 nm laser excitation (beam diameter ~2µm, 
power 10 mW, exposure time 5 sec, 3 accumulations). The 
spectral resolution of the machine was 1 cm-1. For GERS 
measurements, 10.0 μL of either aqueous or PBS solution of 90 

glucose, standard alpha-D (+)-Glucose (99+%, Acros, Belgium), 
was used for the study. 
Glucose solution in deionized (DI) water or phosphate buffer 
solution (PBS) was then dispersed on the graphene surface using 
a pipette in a measured way (10 L). The sample was then dried 95 

in a rotary vacuumed dry box in room temperature and taken for 
Raman measurements. 
Transmission electron microscopy (TEM) of the graphene 
samples were done using a FEI Tecnai F20 operated at 200 kV. 
 100 

4. Conclusion 

As-grown graphene on copper substrates, without any 
functionalization or modification, have been used for glucose 
sensing using Raman spectroscopy. Few layer graphene with 
stronger 2D band showed better analyte signals compared to the 105 

multi-layered graphene. 10-200 mg/dl glucose in water and 10-
500 mg/dl glucose in PBS have been used for the study. 
Graphene resulted in a suppression of the fluorescence and better 
resolution of the glucose peaks in Raman spectroscopy with weak 
intensity enhancement. The origin of the enhanced Raman signals 110 

of glucose on graphene is attributed a fractional charge transfer, 
calculated at 0.006 using published electrochemical data, from 
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glucose to graphene aided by a possible - interaction. The 
phenomenon is therefore called graphene enhanced Raman 
spectroscopy (GERS). The intensity ratio of the 1122 cm-1 peak 
of glucose and the 2D peak of graphene varied linearly with the 
glucose concentration and can be used as a calibration curve for 5 

unknown sample measurement. The sensing measurement 
reproducibility is within 5-25% which could be improved with 
stringent and uniform sample selection.  
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