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Abstract—In this paper, we present a compact microfluidic
platform for selective detection of ascorbic acid. The microflu-
idic chip was fabricated by xurography technique with
microfluidic channel placed between the silver electrodes.
To increase the conductivity of the platform and enhance
electron transfer process, a graphene sheet was deposited
in the gap between the electrodes. The suspension of tablets
with ascorbic acid and a mixture of ascorbic acid and isomalt,
a sugar substitute, were injected in the microfluidic channel.
Measuring electrical parameters at the silver contacts, it was
possible to successfully differentiate ascorbic acid from iso-
malt. The sensing mechanism of the developed microfluidic
platform is based on the increase of the overall conductivity
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with the increase of the concentration of ascorbic acid, resulting in the decrease of the resistive parameters and increase
of the capacitive parameters of the proposed equivalent electrical circuit. The addition of graphene was found to improve
the response linearity by 5.28% and lower the limit of detection and quantification by 12%, compared to the reference

structure without graphene.

Index Terms— Microfluidics, graphene, ascorbic acid, impedance spectroscopy.

I. INTRODUCTION

UTRIONAL supplements have been increasingly popular
in recent decades. The emerging field of “nutraceuti-
cals” [1] emphasizes the importance of nutrition and dietary
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supplements, not only as an essential factor for prevention
of diseases and maintaining good health but also as a way to
treat various pathological conditions — alone or in combination
with drugs. Ascorbic acid (AA) is a natural organic acid that
is widely present in fruits. The AA content is also considered
as an indicator of the freshness of the fruits. Since the human
body does not produce AA, it is essential to have adequate
AA intake through food, drugs or dietary supplements (recom-
mended dietary allowance is ~120 mg/day). AA can be added
in pharmaceutical formulations in order to prevent or cure
some diseases, e.g., common cold and hypohemia [2].

The conventional techniques for the detection of AA are
chromatography [3], spectrophotometry [4], and fluorome-
try [5]. It has been demonstrated that the liquid chromatog-
raphy can also be coupled with electrochemical methods to
determine the amount of AA in real samples such as oranges
and apples, pharmaceutical preparations, and human blood
serum [6]. Some recent approaches for AA detection are based
on optical fiber sensors [7], [8]. A Ge-doped photosensitive
optical fiber demonstrated a wide linear range of detection
from 1 uM to 1 mM [7]. Moreover, a localized surface
plasmon resonance based AA sensor exhibited good chemical
and mechanical behavior [8]. Despite the fact that optical-
based approaches are promising in terms of the sensitivity
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and reliability in AA detection, these methods require costly
equipment such as fusion splicers and spectrophotometers,
trained personnel, and time-consuming procedures for sam-
ple preparation, which make them not optimized for in-situ
applications outside the laboratory.

Electrical impedance spectroscopy (EIS) is a very versa-
tile method for investigating electrode-solution interfaces and
processes at the electrodes immersed in solutions of interest.
EIS is non-invasive and allows to associate changes of solution
properties (e.g., conductivity, permeability, and permittivity)
to the changes of the measured impedance between the elec-
trodes. Therefore, changes in a solution can be observed by a
nondestructive characterization process. Additional advantage
of EIS is an economic aspect as reliable impedance mea-
surement devices can be portable and adopted for specific
applications in terms of the measurement range. Interfacing of
EIS with various sensors has been reported by many authors,
including an immunoassay for detection of carcinoembryonic
antigen [9]-[11], dissolved H;S [12], prostate-specific anti-
gen [13], Hg?t [14], and biosensing of Cu?T in aqueous
solutions [15].

Recently, the application of microfluidic technologies in
detection systems become very attractive choice for the manu-
facturing of sensor platforms [16]. Main features of microflu-
idic platforms are small size, ability to analyze small quantity
of samples, and perform multi-step analysis with non-turbulent
flow of fluids [16]. Moreover, microfluidic technology offers
integration of various components in a single platform [16].
Therefore, flexibility, rapid analysis, low fabrication costs,
ease of implementation and disposability promote microflu-
idic technology to a very popular solution in biochemical
sensing [17]-[36].

AA is soluble in water, allowing the application of
food microfluidics. Polydimethylsiloxane-based microfluidic
chips/sensors have been coupled with ultraviolet—visible
(UV/vis) spectroscopy for the quantification of AA [17], [18].
A microfluidic platform based on screen-printed carbon elec-
trodes for the detection of dopamine and AA using chronoam-
perometric method has been reported [19]. In addition,
microfluidic chips can be based on paper, as an inexpensive
substrate material, for the realization of analytical devices
with good performances. Testing of a microfluidic paper-based
prototype for detection and separation of AA and uric acids
has been demonstrated [20]. The concentration of AA has been
determined in the commercial tablets of C vitamin by means of
a device based on paper and graphite pencil [21]. An electro-
chemical sensor based on flexible graphite paper for determi-
nation of AA, dopamine and uric acid has been fabricated [22].

With the fast development of nanotechnology and discovery
of new nanomaterials, such as carbon nanotubes (CNTs) and
graphene, new sensing devices were realized for prostate-
specific antigen [23], visual screening of H,S [24], gas
biosensors [25] and AA detection [26]. CNTs, with their
excellent electrical and mechanical properties, have been used
as a sensor for AA [27] or for improving AA detection by
the electrochemical methods [28]. Thanks to its exceptional
electronic properties and two-dimensional structure, graphene
has also been used as a building block in many biosensing

applications. The graphene/CuPc/PANI nanocomposite struc-
ture has been manufactured by electrolytic exfoliation tech-
nique for the determination of AA and investigation of its
electrochemical characteristics [29], [30]. The complete mea-
surement system based on the complex structure of the mag-
netic beads-ascorbate oxidase/graphene oxide/indium gallium
zinc oxide/aluminium and the microfluidic device has been
developed and tested as a biosensor of AA [31]. An AA sensor
validated by means of a commercial vitamin C supplement,
applying a structure based on pyrolysed photoresist films
and graphene nano-sheets, has been demonstrated [32]. The
graphene doped carbon paste electrode has been employed for
ensuring good electrochemical current responses for the elec-
trocatalytic oxidation of AA [33]. The simultaneous determi-
nation of AA, dopamine, and uric acid has been demonstrated,
applying a sensor realized from pristine graphene [34]. The
same application has been reported using a nanocomposite
of graphene and size-selected Pt nanoparticles [35]. A sensor
based on NiO nanoparticles and graphene composite film for
the determination of AA in the presence of folic acid has been
demonstrated [36].

Therefore, there is a need for microfluidic sensing devices
for rapid separation and determination of dietary supplements.
Particularly, it is of great importance to have an accurate
method and device for AA detection. Considering that com-
mercially available vitamin C supplements also contain a
significant amount of sweeteners, it is crucial to differentiate
AA from isomalt, a widely applied sugar substitute. Therefore,
a combination of EIS, microfluidic technologies and graphene
presents a viable route for AA detection and observation in
the presence of isomalt.

Here, we demonstrate a microfluidic platform for the effi-
cient detection of AA by measuring electrical parameters
between Ag electrodes. The electrodes were inkjet printed
with Ag ink to minimize the electrical resistance. Realization
of the platform with polyvinylchloride (PVC) thermosensi-
tive foils provided robustness of the platform. The proposed
platform uses a chemically unmodified graphene layer in
the gap between the Ag electrodes ensuring a cost-effective
and straightforward fabrication process. We used graphene
to enhance the sensitivity of the impedance-based sensing
platform which has a small active surface area [23]-[25].
Graphene is an excellent candidate for biochemical sensing
because it has very good physical properties, such as high
thermal conductivity (3000 Wm~!K), high surface-to-volume
ratio (2600 m?g~1), high carrier mobility (15000 cm*V~'s~1)
and exceptional thermal stability [25]. Based on the simple
impedance measurements and fitting the electrical response
of the sensor to the proposed equivalent electrical circuit,
the microfluidic platform enabled a quick and cost-effective
determination of the AA concentration in the food supplement
tablets.

[l. MATERIALS AND METHODS
A. Design of Microfluidic Platform and Materials
The proposed microfluidic platform was fabricated as a

multi-layered structure composed of PVC transparent foils,
as shown in Fig. 1(a). On the bottom PVC foil, which has
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Fig. 1. (a) Design of the microfluidic platform, (b) A photo of the
fabricated microfluidic platform and a zoomed-in part of the gap between
the electrodes.

the role of a substrate, the three pairs of Ag electrodes
were inkjet printed, ensuring the reliability of the entire
device. The Ag-electrodes were used for several reasons:
(a) Ag has the highest electrical conductivity among the
conventional conductive materials, (b) Ag-ink is the most
often used with inkjet printers, such as Dimatix inkjet printer
DMP-3000, applied in this study, (c) Ag-electrodes provide
reliable terminals for connections to the external electronics,
and (d) graphene has an affinity to create a good electrical
contact with Ag [37]. The lateral dimensions of the electrodes
were 10 mm x 4 mm, and their thickness was ~250 nm.
There is a short gap (length ~0.3 mm) between the electrodes
(Fig. 1(b)). Graphene was grown by chemical vapor deposition
on a Cu foil and transferred by a wet process on top of the
Ag electrodes, providing an electrical connection between the
electrodes. TEM image of the used graphene is shown in
Fig. 2. In the middle layer, a microfluidic channel was curved
using a cutting plotter. At the top layer, PVC foil was used, as a
cost-effective material, with an inlet and outlet for the tested
fluid. The three PVC layers were laminated together at 130 °C

Fig. 2. TEM image of the used graphene.

to obtain a compact portable microfluidic platform, which is
easy to handle and manipulate. The fabricated microfluidic
chip is depicted in Fig. 1(b). The overall chip dimensions were
2.5 cm x 5.5 cm.

B. Fabrication and Characterization Methods

The deposition material printer DMP-3000 (Dimatix) was
used to print electrodes on PVC foil (80 xm thick, MBL
80OMIC A4 hot lamination foil, Minoan Binding Laminating
d.o.o. Serbia). Inkjet printing parameters were: the minimum
droplet diameter was 36 um and the spacing between drops
was 18 um. The inkjet printing process, using Dimatix printer,
was optimized to achieve a stable stream of droplets without
the “satellite” drops. The latter are a byproduct of the droplet
formation and could short circuit the printed electrodes. The
quality of the printed continuous conductive lines depends on
the droplet diameter and spacing between the drops. These
two parameters determine the degree of the overlap between
the droplets. They were optimized based on our previous
results [38], [39] in order to obtain conductive lines with good
conductivity and straight edges. We found that the droplet
diameter should be <36 um to avoid irregular line edges and
spacing <18 um to avoid gaps in the conductive lines.

Graphene was wet-transferred in the gap between the Ag
electrodes (printed using Ag nanoparticle ink). Microfluidic
channel was created by a xurography technique. Namely,
the cutting plotter (CE6000-60 PLUS, Graphtec America, Inc.,
USA) was used for engraving straight line (with a width of
1 mm and length of 4 cm) and holes (diameter of 2 mm)
in the PVC foil, for the inlet and outlet. For engraving,
a cutting blade with a 45° angled tip was used. A hot
laminator was used to laminate the individual layers into a
single compact structure. Electrochemical measurements were
performed using PalmSens4 instrument at room temperature.
The PalmSens4 was a computer-controlled via a Bluetooth
link, and software tool PS Trace 5.8 was used for performing
measurements and exporting the measured data.

C. Preparation of the Testing Samples

Tablets were prepared by PhytoNet AG [40], in accordance
with good manufacturing practice. The first group of tablets
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TABLE |
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Fig. 3. Impedance as a function of frequency for a sample (a) without
graphene and (b) with graphene.

comprised pure isomalt which is water-soluble and cannot be
bound on the active substance (AA in this case). The second
group of tablets comprised pure AA. The third group of tablets
comprised a mixture of 50% of isomalt and 50% of AA. For
the electrochemical measurements, the tablets were dissolved
in 5 ml of double-distilled water (ddH;0), and filtered through
a 0.22 um syringe filter ensuring bacteria-free samples. This
procedure is known as sterilization by filtration. Due to the
pore size of the used filters, all particles larger than 0.22 um
in size, including bacteria [41], [42], were trapped by the filter.
Each step was performed in sterile tubes and syringes and
handled using sterile gloves. The microfluidic channel was
cleaned with deionized water after each measurement.

I1l. RESULTS AND DISCUSSION

A. Electrochemical Impedance Spectroscopic Analysis

We implemented the impedance spectroscopy analysis to
characterize the samples without and with graphene between
the Ag electrodes. The PalmSens4 instrument was setup in
two-electrode configuration, and frequency range from 1 Hz
to 100 kHz was covered with 50 logarithmically spaced points.
Measured impedance magnitude (or “impedance” for short) as
a function of frequency is shown in Fig. 3.

between the electrodes. In general, pure ddH>O is very similar
to an insulator, but it has some low finite conductivity. Such
low conductivity medium can be modelled by a series RC
network [43]. Values of the network elements mostly depend
on ion concentration, mobility, and size of the particles of
active substance. A typical plot of the electrical impedance
of the series RC network versus frequency (with logarithmic
scale on the both axes) is linear at low frequencies and has
a plateau at high frequencies [43]. It exhibits a very similar
trend as obtained in Fig. 3(a).

An addition of a graphene layer, in the gap between the
Ag electrodes of the microfluidic platform, did not change the
relative order of the impedances: the structure with AA inside
the channel had the lowest impedance, while the structure
with isomalt had the highest impedance (Fig. 3(b)). However,
the addition of graphene resulted in a significant decrease
of the impedance compared to the microfluidic platform
without graphene. For example, at a frequency of 10 kHz,
the impedance without graphene for isomalt, AA + isomalt,
and AA was 56.6 kQ, 5.22 kQ, and 3.31 kQ, respectively.
At the same frequency, the measured impedance with graphene
was 368.6 Q, 332.8 Q and 329.2 Q, for isomalt, AA +
isomalt and AA, respectively. The advantages of the lower
impedance of the microfluidic platform with graphene are
easier electron transfer and interfacing with the measurement
unit.

Fig. 4 shows calibration curves for chips without and with
graphene at the frequency of 10 kHz. The graphs also depict
the corresponding linear fits.

In order to quantitatively compare performances of the
investigated microfluidic structures with and without graphene,
the coefficient of linearity (R?), limit of detection (LOD),
and limit of quantification (LOQ) were calculated. The LOD
(Table I) was calculated as 3.3- Ste/b and LOQ as 10- Ste/b,
where Ste is the standard error from regression statistics and
b is the slope coefficient of the calibration curve of the
linear regression lines. The confidence interval of 95% was
implemented.

It can be seen in Table I that the chip with graphene
has a better coefficient of linearity (by 5.2 %), and lower
LOD and LOQ (by 12%) compared to the chip without
graphene. Therefore, in addition to reducing the impedance
of the sensor, the introduction of graphene improved the
linearity of the response and enabled lower levels of detection
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Fig. 4. Calibration curves for chips: (a) without graphene, (b) with
graphene. The impedances were measured at a frequency of 10 kHz.

and quantification. Obtained characteristics justify the incor-
poration of graphene in our microfluidic platform.

The reproducibility of the proposed sensing platform was
evaluated by fabricating samples with three pairs of Ag
electrodes on the same substrate. The same experiments were
performed on all three pairs of contacts obtaining similar
results with a satisfactory relative standard deviation of 4.17%.
The platform was also reusable because two consecutive sets
of experiments yielded the same results if the microfluidic
channel was rinsed with distilled water between the experi-
ments. Using one pair of electrodes, it was possible to perform
many measurements due to the excellent mechanical properties
of the graphene layer and unnecessity to apply high pressure
on the injected solution in the microfluidic channel.

A significantly smaller impedance of the platform with
graphene was attributed to the high conductivity of graphene
(1738 S/m, equivalent to a resistivity of 0.0575 Q-cm) [44].
The transferred graphene layer established an additional low-
resistance current path between the electrodes. Thus, the
resulting structure had two phases: low conductivity (ddH,O
with AA/isomalt) and high conductivity (graphene) phase,
as illustrated in Fig. 5(a). Fig. 5(b) depicts the electrical model
of the fabricated sensor.

The low conductivity phase can be modelled as a series
connection of a resistor (Ry) and capacitor (C1), as shown
in Fig. 6(a). This can be understood from Fig. 3(a), where

(a)
Low conductivity component:

PVC Silver ddH,0 with AA/isomalt Silver

foil electrode | High conductivity component: | electrode
ot graphene
5N
(b) Microfluidic channel

Low conductivigz component: ddH,O with AA/isomalt

]
C1 R
- ﬁc;l ,‘:A,,A,/lt,, Iic}‘]

Electrical e N G M PV

vvy I l \A A4

current R. | Il o Re
\A4 AN Rctz /
\ Reo _ R, |

. . Microfluidic channel
High conductivity
component:graphene Silver electrodes
Fig. 5. (a) Resulting structure with low conductivity phase on the top

of the graphene layer (not in scale), (b) lumped electrical model of the
fabricated sensors.
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(C) 400
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Fig. 6. (a) Proposed equivalent circuit. (b) Typical Nyquist plot of a

proposed equivalent electrical circuit. Z’ and Z” are the real and imaginary

part of the complex impedance. (c) Corresponding impedance plot versus
frequency (logarithmic scale on both axes).

impedance change with frequency is presented for the system
without graphene. Resistance Rj is the solution resistance,
while C1 models dielectric properties of the solution. The high
conductivity phase is composed of graphene layer, and it is
modelled as a resistor (Rz) and capacitor (C3) connected in
parallel [45], [46]. R, is the resistance of graphene, while
C; is the interface capacitance due to the existence of the
interlayer between the metal electrodes and graphene. Parallel
connection of the impedances of the low and high conductivity
phases is connected in series with the resistance of the
metal electrodes and connecting wires to the measurement
device (Re), as well as charge transfer resistances between
the electrodes and low/high conductivity mediums (R and
R.p, respectively). The electrical circuit shown in Fig. 5(b) is
equivalent to the simplified circuit shown in Fig. 6(a), where
the series resistance Ry = 2(Re + Ret] Re2/(Ret1 + Re2)). The
Nyquist plot of the circuit impedance is shown in Fig. 6(b) and
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Fig. 7. Nyquist plots for the platform (a) without graphene and (b) with
graphene.

it exhibits two semicircles, as theoretically expected. The plot
of the same impedance versus frequency is shown in Fig. 6(c).
The measured Fig. 3(b) is very similar to Fig. 6(c).

Fig. 7(a) shows Nyquist plots of the measured impedances
of the platform without graphene. However, the Nyquist plots
for AA (blue line) and 50 % AA + 50 % isomalt (dark
magenta) intersect and overlap at low to moderate frequencies
making distinction between these two cases difficult. This
suggests that higher operating frequencies are required, which
can be expensive for in-situ applications.

Fig. 7(b) shows the Nyquist plots of the measured
impedances of the platform with graphene. The presence of
two semicircles suggests the existence of two materials with
different electrical properties which confirms the discussed
model.

We used MEISP software tool to fit measured values.
The estimated values of the model parameters are shown
in Table II.

The quality of the proposed model was estimated by cal-
culating root-mean-square errors (RMSEs) for the real and
imaginary part of the complex impedance of the microfluidic
platform. Table III shows that RMSEs of the real and imagi-
nary parts of the impedance are <10 Q, which is satisfactory
considering that the overall order of impedance magnitudes
were hundreds of ohms (Fig. 7).

TABLE Il
ESTIMATED VALUES OF PARAMETERS OF THE EQUIVALENT
ELECTRICAL CIRCUIT SHOWN IN FIG. 6(a)

Fluid R RE@ CGEF) RO G

Tsomalt 36292 5515 26.49 33.37 1.47

AA+lsomalt 33021  27.89 41.17 31.70 4.10

AA 32691 2761 41.59 31.38 4.14
TABLE Il

RMSE OF THE REAL AND IMAGINARY PART OF THE IMPEDANCE OF
THE MICROFLUIDIC PLATFORM WITH GRAPHENE WHEN
ISOMALT, ISOMALT + AA, AND AA ARE APPLIED

Fluid RMSER(Q2) RMSEx(Q)
Isomalt 2.74 3.70
AA+Isomalt 2.39 2.23
AA 8.63 3.74

B. Discussion and Description of the Sensing
Mechanism

Isomalt (C2H24011) is a mixture of two sugar alcohols:
gluco-mannitol and gluco-sorbitol. It has relatively low solu-
bility in water at low temperatures (25 g/100 g at 25 °C) with a
high tendency to crystallize [47]. However, AA (CgHgOg) is a
polar organic molecule that has high water solubility (290 g/L
at 20 °C) [48], forming more homogenous structure. AA has
4 hydroxyl groups in its structure providing hydrogen bonds
with water molecules and leading to very fast equilibrium and
acid nature of the resulting solution after dissolution [49]. The
acid nature of AA is recognized from its pH value, which is
between 2.4 and 2.8 [50].

Acids ionize (dissociate) in solution, increasing the num-
ber of the ions that carry the electric charge, and therefore
their presence increases the solution conductivity [51]. From
Table II, it can be seen that R; is lower for AA in comparison
to Isomalt. Moreover, the addition of AA to isomalt reduced
R compared to that of pure isomalt. However, C; increased,
due to the increase of the dielectric constant caused by the
reduction of the electric field in the conducting medium,
as the concentration of AA is increased. Table II supports this
conclusion.

As it was expected, resistance of the graphene layer (R»)
slightly decreased from 33.37 Q (isomalt) to 31.38 Q (AA),
due to the interaction with AA. Moreover, as the conductiv-
ity of graphene is increased, the decrease of the insulating
properties of the device leads to the increase of C;. Table II
supports these conclusions, providing additional verification
of the presented sensing mechanism and proposed equivalent
electrical circuit.

Moreover, it can be noted that series resistance Ry decreases
with increased AA concentration. Decrease of R provides a
main justification for adding graphene. As noted above, Ry is
composed of a series connection of the electrode resistances
and connecting wires (Re, which should not change with the
concentration of AA) and equivalent resistance of the parallel
connection of the charge transfer resistances (R¢ and Rep
in Fig. 5(b)). As graphene layer provides current path of very
high conductivity, it has small charge transfer resistance, which
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TABLE IV
COMPARISON OF RELATED WORKS AA SENSING
Ref. Sensing material Measurement range Sensed parameters Readout apparatus
[17] Serpentine polydimethylsiloxane LOD: 10 uM of AA in the AA in the presence of caffeine UV/vis spectroscopy
(PDMS) microchannel is modified presence of 100 uM caffeine
by enzyme via physisorption
[18] Alumina sol-gel encapsulation, LOD: 2.4+0.1 uM AA quantification in human UV/vis spectroscopy
physisorption to PDMS channels blood
with, and without alumina
xerogel modification
[19] Carbon paste electrodes 0.02 mM — 3.0 mM for DA AA, dopamine (DA) Potentiostat
0.04 mM —3.0 mM for AA
[20] Paper-based separation devices 0 — 0.4 mmol/L AA, uric acid (UA) Amperometric
[21] Pencil drawn electrochemical 0.5 — 3.0 mmol/L AA Cyclic voltammetry (CV) and
paper-based analytical devices square wave voltammetry
[22] Graphite paper electrode 20 —400 pM for AA AA, DA, UA CV, different pulse voltammetry
0.5—35 uM for DA (DPV) and EIS
0.5 —35 uM for UA
[26] Spherical MOF-5 arrayed on a 0.7 uyM - 11.5 mM AA CV and amperometric
three-dimensional porous carbon
electrode
[28] Glassy carbon electrode modified 10 - 10° mol/L AA Electrochemical potentiostat
by carboxyl multi-walled carbon
nanotubes
[29] Graphene/CuPc/P ANI 100 uM - 3.6 mM AA (6\%
nanocomposites
[30] Hybrid graphene-copper 5x107 M—12x10" M AA UV-vis spectroscopy, CV and
phthalocyanine- amperometry
polyanilinenanocomposites
[31] MBs-AOX/GO/IGZO/Al 0.007 mM - 0.125 mM L-ascorbic Acid Potentiometric
[32] DMF-exfoliated graphene 0.4 mM — 6.0 mM AA CV and EIS
[33] graphene doped carbon paste 1.0x10 "M - 1.06x10* M AA Amperometric, CV, DPV and
electrode EIS
[34] Pristine graphene 9.00 uM —2314pM for AA AA, DA, UA Electrochemical potentiostat and
5.00 uM =710 uM for DA resistivity meter
6.00 pM —1330 pM for UA
[35] Graphene/size-selected Pt LOD: 0.15uM for AA, AA, DA, UA Amperometric, CV, DPV
nanocomposites 0.03uM for DA,
0.05uM for UA
[36] Electro-deposited NiO/graphene 0.05 uM to 1100 uM AA in the presence of folic acid DPV
composite film modified
electrode
This work Microfluidic channel placed Pure isomalt AA in the presence of isomalt EIS

between the silver electrodes with
graphene sheet deposited in the
gap between the electrodes

Pure AA

50% of isomalt + 50% of AA

reduces the resistance of the parallel connection of Ry and
Rcip. Therefore, the addition of graphene layer enhances the
electron transfer [52].

The sensing mechanism of the developed microfluidic plat-
form is based on the increase of the overall conductivity
with the increase of the concentration of AA, resulting in
the decrease of the resistive parameters and increase of the
capacitive parameters of the equivalent electrical circuit. The
proposed model better fits (lower RMSE values in Table III)
the impedance of the microfluidic platform in the presence of
isomalt.

C. Performance Comparison of the Proposed Device
With the State of the Art

Table IV compares our work to other studies focused on
the development of platforms for the precise detection of
AA concentration. Considering that commercially available
vitamin C supplements also contain a significant amount of

sweeteners, it is also crucial to differentiate AA from isomalt,
a widely used sugar substitute. Table IV demonstrates a lack
of such studies and our study intends to cover this gap.

IV. CONCLUSION

In this study, we presented a compact and robust microflu-
idic platform for the efficient detection of AA. The proposed
platform can be used in the food and dietary supplement
industry as well as for authenticity checking of-the-shelf
products. Such microfluidic platform, which is based on the
measurement of electrical impedance, enables determination of
the concentration of supplements, and could be of a significant
benefit both from the health and economic standpoint. The
availability of the proposed microfluidic device would help
the interested parties: consumers - to choose the desired
product, pharmacists - to sell only high-quality supplements,
and producers - to find the right formulations that enable
prolonged shelf-life and by not having to add more than
necessary of the active substance into the product.
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We provided details regarding design, fabrication and char-
acterization of the microfluidic platform suitable for the
detection of AA. The equivalent electrical circuit, based on
the theoretical analysis and experimental measurements, was
verified. The sensing mechanism and the electrical parameters
in the presence of AA in the microfluidic channel were
described. We found that our microfluidic platform is capable
of differentiating between the solutions comprising pure AA,
mixture of AA and isomalt, and pure isomalt.

The future work should be directed to the development
and implementation of the device for in-situ impedance mea-
surement with the presented microfluidic platform. Such an
approach should reduce the overall cost of the system and
processing time from taking a sample to providing information
on ascorbic acid presence. Moreover, the determination of
serum AA concentrations is frequently performed in medical
biochemistry laboratories, usually as a part of automated
biochemical analyses. A separate set of experiments should
be designed in order to validate the use of our sensor
in the clinical setting, investigate possible interference sub-
stances otherwise present in the biological materials, and
ultimately determine reproducibility and other performance
characteristics (i.e., cut-off values) [53]. Our sensor could
also be used to validate acetylsalicylic acid in serum, plasma,
erhytrocyte hemolisate, and urine. Other biological materials,
such as saliva or sweat samples should also be taken into
consideration.
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