#® ROYAL SOCIETY
PP OF CHEMISTRY

RSC Advances

View Article Online

View Journal | View Issue,

Effective screen-printed potentiometric devices
modified with carbon nanotubes for the detection
of chlorogenic acid: application to food quality
monitoring
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All-solid state screen-printed electrodes were fabricated for chlorogenic acid (CGA) detection. The screen-
printed platforms were modified with multi-walled carbon nanotubes (MWCNTSs) to work as a lipophilic
solid-contact transducer. The sensing-membrane was plasticized with a suitable solvent mediator and
incorporating [Ni'(bathophenanthroline)sl[CGAl, complex as a sensory material. In a 30 mM phosphate
solution (buffer, pH 6), the sensor revealed a Nernstian-response towards CGA ions with a slope of —55.1
+ 1.1 (r* = 0.9997) over the linear range 1.0 x 1077 to 1.0 x 1073 (0.035-354.31 ug mL™Y) with
a detection limit 7.0 x 1078 M (24.8 ng mL™?). It revealed a stable potentiometric response with excellent
reproducibility and enhanced selectivity over several common ions. Short-term potential stability and the
interfacial sensor capacitance was estimated using both electrochemical-impedance spectroscopy (EIS)

Received 7th November 2021 and chronopotentiometry techniques. The presented electrochemical platform revealed the merits of
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design simplicity, ease of miniaturization, good potential-stability, and cost-effectiveness. It is
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1. Introduction

Chlorogenic acid (CGA), [5-O-caffeoylquinic acid], is naturally
found in different plants such as Calendula officinalis, honey-
suckle, Eucommia and Echinacea purpurea. It is produced by
plants during aerobic respiration. It is classified as a phenyl-
propanoid compound. This compound has a very wide range of
biological activities." It serves as anti-hypertension,” anti-
inflammatory,® anti-carcinogenic,* anti-bacterium® and anti-
tumor agent.® Furthermore, there are also reports that CGA has
a potential role in regulating blood glucose in type 2 diabetes,
increasing white blood cells. In addition, it lowers blood-lipids,
scavenges free-radicals, and excites central-nervous system.”®
Therefore, quantitative assessment of CGA in plants has meri-
ted great interest. There are various analytical methods have
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successfully applied to CGA determination in different coffee beans extracts and juice samples. The data
obtained were compared with those obtained by liquid chromatography reference method (HPLC).

been reported for CGA quantification. These methods include
liquid chromatography,’®** thin-layer scanning,” capillary
electrophoresis,'**® fluorescence spectrometry,' infrared spec-
troscopy,” and electrochemical methods.**> One of the most
promising electrochemical techniques is potentiometric based
sensors. In the local markets, there are various conventional-
potentiometric sensors were commercially available. In addi-
tion, there are many potentiometric sensors were reported in
the literature for sensitive and selective monitoring of various
ions in different application-fields.**** A biomimetic potentio-
metric sensor was developed for CGA based on molecularly
imprinted polypyrrole (MIPpy) on pencil-graphite substrate.*

Screen-printed electrodes (SPEs) are now widely used to
improve the development and characterization of new electroan-
alytical methods.* They are characterized by their large-scale
production, ease-of-use, portability, and reduced costs for anal-
ysis.” In addition, they have high reproducibility that make them
suitable for a wide range of applications, such as clinical, envi-
ronmental and food industry analysis.>**”*® Surface modification
of these types of platforms have received great attention allowing
their employment in a variety of sensors and biosensors.*>*
Recently, screen-printed sensors have received great attention. To
increase the potential stability and reliability of these types of
electrodes, different nanomaterials with excellent electrochemical
features have been utilized as solid-contact transducers.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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In this work, a novel potentiometric screen-printed sensor
modified with multi-walled carbon nanotubes (MWCNTSs) was
fabricated for chlorogenic acid determination. Experimental
parameters of the analytical procedure such as sensitivity,
selectivity, pH effect, short-term potential stability and lifespan
were optimized. The presented sensor was introduced
successfully for the assessment of CGA in green-coffee beans
extracts and fruit-juice samples.

2. Experimental
2.1 Chemicals and reagents

Chlorogenic acid (CGA), quinic acid, caffeic acid, acetic acid,
potassium chloride, 4,7-diphenyl-1,10-phenanthroline (bphen)
(=97% purity), high molecular weight poly(vinyl chloride)
(PVC), 2-nitrophenyl octyl ether (o-NPOE) and nickel ammo-
nium sulfate and tetrahydrofuran were purchased from Sigma-
Aldrich (St. Louis, MO, USA). Tetradodecyl-ammonium
tetrakis(4-chlorophenyl)borate (ETH500) was purchased from
Fluka AG (Buchs, Switzerland). MWCNTs were purchased from
(EPRI, Cairo, Egypt). Ag/AgCl ink (E2414) was purchased from
Ercon (Wareham, MA). Milli-Q PLUS reagent-grade water system
(Millipore) was used for obtaining de-ionized water with
a specific resistance 18.2 MQ cm.

Phosphate buffer solution was prepared from a mixture of
Na,HPO,-2H,0 and NaH,PO,-2H,0 with all components at
concentration of 30 mM and pH value of 6.0. CGA solutions were
freshly prepared in hot water daily and stored in brown bottles at
4 °C when not in use. All potentiometric measurements were
carried out in 30 mM phosphate buffer solution, pH 6.

2.2 Apparatus

All measurements were carried out using mV/pH meter (PXSJ-
216, INESA, Scientific Instrument Co., Ltd, Shanghai, China).
Modified screen-printed platforms with carbon screen (SPEs)
were purchased from DropSens (LLanera, Asturias, Spain). The
platforms were modified with multi-walled carbon nanotubes
(MWCNTS) (ref. 110CNT) which were made from ceramic (L 34
x W 10 x H 0.5 mm) and silver as an electrical contact. For
chronopotentiometry measurements, they were carried out
using potentiostat/galvanostat (Autolab 204, Metrohm, Herisau,
Switzerland). A classical three-electrode cell of volume 10 mL
was used with a CGA working electrode, a platinum wire (@: 3
mm, diameter) auxiliary electrode and an Ag/AgCl (3 M KCI)
reference electrode (Orion 90-02, USA).

2.3 Preparation of the ion association nickel"™
bathophenanthroline/CGA complex

A 0.1 g of 4,7-diphenyl-1,10-phenanthroline (bphen) was dis-
solved in 20 mL of ethyl alcohol and then a 3 mL of 0.1 M NiSO,
solution was added. The solution was then mixed with 10 mL of
0.1 M CGA solution (pH, 6), and stirred for 5 min. A pale green
precipitate of Ni-bathophenanthroline/CGA [Ni"(bphen);]
[CGA], was produced. The precipitate was isolated from the
mother liquor and washed several times with de-ionized water.
The precipitate was dried at room temperature, and grinded to

© 2021 The Author(s). Published by the Royal Society of Chemistry
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a fine powder. The obtained precipitate was analyzed using
C,H,N elemental analyzer. Nickel content in the precipitate was
analyzed using atomic absorption spectrometry (AAS).

2.4 Sensors' construction

The sensing-membrane cocktail was prepared by dissolving
100 mg of the membrane components in 2 mL THF solvent:
[Ni"(bphen);][CGA], (2 wt%), 0-NPOE (49 wt%), ETH500 (1 wt%)
and PVC (48 wt%). The SPE platforms were sonicated in water
for 10 min, washed with de-ionized water and then washed with
ethanol and left to dry. To the modified carbon screen in the
SPE platform, a 15 uL of the sensing-membrane solution was
drop-casted to prepare the working electrode. The membrane
was left to dry for 6 hours. To the same SPE platform, the Ag/
AgCl screen is coated with a layer of Ag/AgCl ink, and then it
was left to dry. The reference electrode (Ag/AgCl) was prepared
by adding 10 pL of the reference-membrane solution on the Ag/
AgCl ink electrode surface. This reference membrane was
prepared after dissolving 70 mg of NaCl and 78.1 mg of poly-
vinyl butyral (PVB) in 1 mL of methanol.*

2.5 Electrochemical characterization of the SPE sensors

The interfacial capacitance of the presented SPEs and
membrane bulk resistance were evaluated using both chro-
nopotentiometric and impedance measurements, respectively.
A classical three-electrode cell of volume 10 mL was used for
performing these measurements. The working SPE sensor in
conjunction with the reference electrode the auxiliary Pt elec-
trode were immersed in 10°® M CGA solution. In the chro-
nopotentiometry, a constant current of £1 nA was applied onto
the working electrode for fixed time-interval (60 s) and then
followed by a reversed-current for another 60 s. In impedance
spectroscopy measurements, the applied-frequency range was
100 kHz to 0.1 Hz. A sinusoidal-excitation signal with an exci-
tation amplitude of 10 mV was used.

2.6 Analysis of real samples

The sensors were applied for the analysis of CGA in different
green coffee extracts and fruit juice samples. For the green
coffee samples, 0.2 g of sample was inserted in a 50 mL beaker
containing 10 mL acetic acid (1%, v/v). The mixture was stirred
under ultrasonic extractor for 2 h. The extract was then centri-
fuged, decanted, and the residue was re-extracted with the same
solvent. After centrifugation, the filtrates were kept in the
refrigerator at 4 °C. Prior to the analysis, the extracts were
diluted to 25 mL of 30 mM phosphate buffer (pH 6.0). For fruit
juice samples, they were directly diluted with the buffer solu-
tion, then subjected to the analysis.

3. Results and discussion
3.1 Sensor's performances and characteristics

All-solid state modified screen-printed (SPEs) potentiometric
sensors were fabricated, characterized, and introduced as
sensors for chlorogenic acid detection (Fig. 1).
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The membrane sensors were plasticized with a suitable
solvent mediator and incorporating [Ni(bphen)s;][CGA],
complex as a sensory material. CGA anion reacts with
[Ni(bphen); > cation to form 1 : 2 [Ni(bphen);][CGA], ion-pair
complex. The stoichiometric ratio between [Ni(bphen)s;]*
cation and CGA anion chemical was confirmed by the elemental
analysis. The calculated values were, (C: 59.626%, H: 4.04%, N:
4.01%, and Ni: 2.801%; found, C: 58.954%, H: 4.01%, N: 4.103
and Ni: 2.782%). The composition of the membrane for the
proposed SPE was 2:1:49:48% (w/w) ion-pair complex;
ETH500; o-NPOE plasticizer and PVC, respectively. The poten-
tiometric response for all-solid-state SPEs were evaluated and
tested in the concentrations range of 1.0 x 102 t0 1.0 x 10" %M
CGA solutions in 30 mM phosphate buffer solution, pH 6. The
dynamic time-trace for the potential response with its corre-
sponding calibration plot were shown in Fig. 2. The sensors
exhibited a Nernstian-response with a slope of —55.1 4+ 1.1 mV
per decade (> = 0.9997) over the linear range (1.0 x 10~” to 1.0
x 107° M) and low detection limit of 7 x 10"* M (24.8 ng mL ™).

The time-trace of the presented sensor was evaluated by
measuring the potential after varying the concentration of CGA

Alumina conductor

Carbon ink modified by MWCNTSs

Ag/AgCl ink
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over an interval time 2 min. The time taken to reach equilibrium
was found to be <5 seconds. The response was reversible,
decreasing immediately and recovering its baseline when the
electrode was placed again in the buffer solution. This confirms
the reversibility of binding CGA molecule with the [Ni(bphen);]
[CGA], ion-pair complex.

The effect of pH of the test solutions on the sensor's
response was also examined over different pH solutions. The
sensor revealed a stable potential for two CGA concentrations
(e.g. 10~* and 10> M) over the pH range 4 to 8. At pH < 4, the
response was declined due to the formation of the non-ionized
CGA molecule. The pK, values of CGA were 3.33, 8.5 and 12.75
for carboxylic and di-phenolic groups, respectively.”® At pH >
8.5, the slope of the sensor declined due to the formation of the
di-valent CGA.

3.2 Transduction mechanism

For all potentiometric ion-selective electrodes based on solid-
contact transducers without redox properties, the ion-to-
electron transduction is based on the formation of electrical

75 mg PVB+
S0mg NaCl

dissolved in 1
ml methanol

2 mg
[Ni(bphen)3]
[CGA]2 ion
pair 49mg,

PVC, and
49 mg o,
_ 2+
OH
OH
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(e (@)
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[Ni(bphen)3][CGA]2 ion association complex

Fig. 1 Schematic representation of the presented sensors.
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Fig.2 Time-trace of the presented CGA-ion-selective electrode. The
inset shows the calibration plot of the sensor.

double layer between the sensor's membrane and the solid-
contact interface as shown in Fig. 3. This interface can work
as an asymmetrical electrical capacitor. One side carries charge
in the form of CGA ions coming from the ion-selective
membrane, and the other side is formed by holes in the solid-
contact MWCNTs layer. The interfacial potential at the ISE
membrane/solid contact interface defined by the quantity of
these charges in the electrical double-layer. It is neither defined
by ion-partitioning between two phases nor by a redox reaction.
The presence of MWCNTSs layer prevents the formation of the
un-desired aqueous layer between the sensor's membrane and
the underlying conducting substrate. This provides a potential
stability for the sensor and prevents its potential-drift.
MWCNTs as one of the carbons nanomaterials are

Sample

Sensor’s Membrane
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characterized by their chemical stability under potentiometric
conditions and exhibited high specific surface areas due to their
unique nanostructures.

3.3 Analytical method validation

3.3.1 Linearity range and detection limit. Sensor's perfor-
mance characteristics revealed a linear-dynamic range between
1.0 x 1077 to 1.0 x 10~ M with near-Nernstian slopes of —55.1
+ 1.1 mV per decade. The regression equation of the calibration
plot was Y (mV) = —55.1 log x — 351.2 with a correlation coef-
ficient of 7* = 0.9997 between the standard CGA concentration
(x) and the potential measured in triplicates.

The detection limit (DL) was evaluated as the concentration
corresponding to the intersection of the extrapolated linear
segment of the calibration graph. The DL was found to be 24.8
ng mL™ %,

3.3.2 Repeatability, reproducibility, and stability. The
design of screen-printed sensors involves simple operational
steps which facilitate the mass-production of devices with
similar analytical-performance. The repeatability of the pre-
sented platforms was excellent for the electrode process of CGA
as an RSD of 1.2% for different calibration plots (n = 10).
Reproducibility of the designed sensor was examined by con-
structing the calibration curves of different prepared sensors (n
= 5) under the same experimental conditions of measurements.
The relative standard deviation (RSD) showed a reproducibility
of 2.2%. These values showed an accepted repeatability and
reproducibility of the presented sensor platform. The presented
sensor revealed high potential-stability and retained its analyt-
ical performances over a period and repeated usage. The
potential-stability was tested after measuring 10 mM and
0.1 mM CGA solutions for 2 weeks continuously. The slopes of
the constructed calibration plots were calculated every day over

MWCNTs with

Electronic
double-layer conducting
capacitance substrate

M+

EB Holes ; e Electrons

[Ni(bphen);]?* ; X~ CGA" Chlorogenate anion

Fig. 3 Schematic representation of all relevant interfaces within CGA sensor contains an ion-exchanger sensing material ([Ni(ophen)s][(CGA),]).
The sensor is based on a high-surface-area SC (i.e. MWCNTSs) exhibiting a high double layer capacitance.
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these two weeks (n = 3). The slope variation was found to be
<1.3 mV per decade after 10 working days.

3.3.3 Method accuracy. The method accuracy was evalu-
ated by measuring a spiked known amount of the standard CGA
solution. Each sample was analyzed in triplicate (n = 3). The
obtained accuracy was found to be 99.1-103.1%.

3.4 Sensors' selectivity

Selectivity of the presented sensor is an essential parameter for
evaluating its selectivity-behavior towards CGA ion over other
tested interfering ions. In addition, it determines the successful
applicability in real samples with different matrices. Selectivity
and its coefficient values ( C‘SAJ) were examined and calculated
using the modified separate solutions method (MSSM).** The
selectivity coefficient values for all these tested interfering ions
were presented in Table 1. The selectivity order was in the order:
CGA > quinic acid > ferulic acid > vanillic acid > caffeic acid >
ascorbic acid > chloride > SO,>~ > CH5COO™. The obtained
results showed high selectivity towards CGA over other
compounds such as quinic and ferulic which had molecular
structures like CGA.

3.5 Chronopotentiometry and impedance measurements

Short-term potential stability for the presented electrode was
evaluated using chronopotentiometric measurements.* This
approach has become the best method for the evaluation of the
short-term potential stabilities of all-solid-state ion-selective
sensors. It implies the application of £1 nA of direct current
on the electrode and the potential is then recorded. The test
solution was 10 mM of CGA solution. The potential drift of
either modified or non-modified screen-printed electrode was
calculated from the slope (AE/A¢) of the potential/time plot. It
was found the potential drift of both the modified and non-
modified screen-printed platforms was 34.5 and 134 pv s *,
respectively. The chronopotentiograms for modified and non-
modified CGA sensors were shown in Fig. 4. These obtained
data showed the potential-stability enhancement of the pre-
sented sensor after the insertion of MWCNTSs layer between the
electronic conductor substrate and the ion-sensing membrane
and its successful application of this nanomaterial as a solid-
contact transducer. The double-layer capacitances (Cp) for
both modified and non-modified screen-printed CGA sensors
were found to be 29.2 £+ 1.2 and 7.4 £ 1.2 pF, respectively.
Impedance spectroscopy measurements were applied on
both the modified and non-modified CGA sensors. The typical
impedance spectra of the presented electrodes were shown in

View Article Online

Paper

0.232
(8)
0.228

0.224

EIV

0.220
0216 (A
0.212

0.208

o 20 4 e 8 100 120
Timels
Fig. 4 Chronopotentiograms for (A) non-modified and (B) modified
CGA sensor under the constant currents of +1 nA in 1.0 x 107> M
solution.

Fig. 5. The resistance of the membrane (R;,) was calculated from
the high-frequency semi-circle. It was found that the resistances
(Rp) of the non-modified and modified screen-printed sensors
were 7.68 = 0.6 and 9.1 £ 0.3 kQ, respectively. From the low-
frequency semicircle, the double-layer capacitances (Cy) of the
non-modified and modified screen-printed sensors were found
to be 10.3 £ 0.5 and 31.8 £+ 0.4 uF, respectively. These results
confirmed that the existence of the MWCNTs layer as solid-
contact transducer is significantly affect on the rate of charge
transportation between the interfaces. In addition, it offers
a high-potential stability for the presented CGA solid-contact
ion-selective electrode.

3.6 Water-layer test

Water-layer formation between the ion-sensing membrane and
the electronic conductor substrate is responsible for the
potential-drift of the sensors. To test the water-layer formation,
the screen-printed platforms electrodes in presence/absence of
MWCNTs layer were initially inserted in 0.1 M NacCl solution as
a discriminating ion for 6 h. After, the solution was changed to
the CGA ion solution (10~* M). After 6 h, the CGA ion solution
was replaced by 0.1 M NaCl solution, and the potential was
recorded for 12 h. The potential-time plot was constructed and
shown in Fig. 6. The modified CGA electrode showed very stable
potential upon replacing the primary ions by the discriminated
ions while the non-modified electrode revealed a significant

Table 1 Potentiometric selectivity coefficient log KE‘E—}A,J for the presented CGA sensor

“log I(g(()}tAJ
Sensor type Caffeic acid Ascorbic acid Ferulic acid Vanillic acid Quinic acid Cl™ S0,>~ CH3;CO0™
This work -3.5£04 —4.5£0.3 -3.1+£0.7 —-3.4+£02 —2.4 £ 0.5 —5.6 £0.3 —5.7 £0.1 —-5.9 £0.2

“ Average of three measurements.
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Fig. 5 Electrochemical impedance spectroscopy (EIS) measurements
of: (A) modified and (B) non-modified CGA membrane-based sensors.
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Fig. 6 Water-layer test for CGA membrane sensors (A) with and (B)
without MWCNTSs.
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potential drift. This confirmed that the presence of the hydro-
phobic solid-contact material between the ion-sensing
membrane and electronic conducting substrate prevents the
formation of the water-layer, and a stable potential reading for
the electrode platform is obtained.

3.7 Analytical applications

The presented sensor was successfully applied for the assess-
ment of CGA in real samples with different matrices such as
green coffee extracts and fruit juice samples. All CGA contents
found in these real samples were presented in Table 2. The data
were compared with those obtained by the reference liquid
chromatography method (HPLC). The measurements were ob-
tained with reasonable values of relative standard deviations
(RSDs). Mean recoveries of 91.0% (RSD of 1.2%), 100.5 (RSD
1.1%) and 98.6% (RSD of 2.1%) were obtained on the spiked
standard of three individual concentrations of CGA on the
coffee bean extracts. For juice samples, the mean recoveries
after spiking three standard CGA concentrations were 105.5%
(RSD of 2.3%), 102.0 (RSD 0.9%) and 97.9% (RSD of 2.3%). The
reasonable values of recoveries and RSDs calculated for the
presented sensor revealed that method of analysis was accurate
and precise for the assessment of CGA.

4. Conclusions

All-solid state screen-printed platforms modified with multi-
walled carbon nanotubes (MWCNTs) was used for the sensitive
and selective determination of chlorogenic acid (CGA). The
membrane sensors were plasticized with a suitable solvent
mediator and incorporating [Ni(bphen);][CGA], complex as
a sensory material. In a 30 mM phosphate buffer solution of pH
6, CGA is completely ionized and exists in the monovalent anion
form, in which the presented sensor can detect it. The sensor
revealed good analytical performance: near-Nernstian response
for CGA ions with a slope of —55.1 + 1.1 (** = 0.9997) mV per
decade, detection limit of 7.0 x 10~® (24.8 ng mL '), and linear
concentration range of 1.0 x 1077 to 1.0 x 10> M (0.035-
354.31 pg mL ). The presented sensor offered different merits,
such as design simplicity, cost effectiveness, and short

Table 2 Assessment of CGA in different samples using the all-solid-state CGA sensor

CGA content

Potentiometric method

Recovery
Sample CGA RSD% Added (uM) Found (uM) (%) HPLC method
Coffee bean extract 1 19.2 +1.3% 1.1 0.2 0.183 91.0 18.8 + 0.3“
Coffee bean extract 2 18.6 + 2.2 1.3 0.4 0.402 100.5 19.3 + 1.2¢
Coffee bean extract 3 21.3 +£1.7¢ 0.8 0.6 0.592 98.6 20.8 £ 0.2¢
Tomato juice 13.5 + 2.1° 1.2 0.2 0.211 105.5 13.1 + 0.1°
Pomegranate juice 12.1 + 1.4° 0.9 0.4 0.408 102.0 12.5 + 0.27
Black strawberry juice 4.9 +2.2° 1.3 0.6 0.587 97.8 5.2 4+ 0.3

“ CGA in mg g *. ” CGA in mg per 100 mL.
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measuring time. The sensor was successfully introduced to CGA
analysis in coffee bean extract samples and juices. Therefore,
the obtained high sensitivity and selectivity towards CGA made
the presented potentiometric method of high interest and
a promising analytical tool for detecting CGA in food products.
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