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Introduction

Iron-based metal-organic framework/graphene
oxide composite electrodes for efficient flow-
injection amperometric detection of
dexamethasonet

Chanida Jakkrawhad,?® Fonthip Makkliang,® Piyaluk Nurerk,®® Mohamed Siaj @ ¢
and Sujittra Poorahong & *2°

A highly stable flow-injection amperometric sensor for dexamethasone (DEX) was developed using a pencil
graphite electrode (PGE) modified with Fe-based metal organic frameworks, MIL-100(Fe) and graphene
oxide composite materials (MIL-100(Fe)/GO). Scanning electron microscopy and energy-dispersive X-ray
spectroscopy, transmission electron microscopy, powder X-ray diffraction, and Fourier-transform
infrared spectroscopy were used to characterize the MIL-100(Fe) composites. The MIL-100(Fe)/GO-
modified PGE (denoted MIL-100(Fe)/GO/PGE) was further electrochemically characterized using cyclic
voltammetry. As an electrode material, MIL-100(Fe) is a sensing element that undergoes oxidation from
Fe()-MOF to Fe(n)-MOF, and GO possesses high conductivity and a large surface area, which exhibits
high absorbability. In the presence of DEX, Fe(m) is reduced, which accelerates electron transfer at the
electrode interface. Therefore, DEX can be quantitatively detected by analyzing the anodic current of
MIL-100(Fe). When coupled with amperometric flow injection analysis, excellent performance can be
obtained even when a low detection potential is applied (+0.10 V vs. Ag/AgCl). The concentration was
linear in the range 0.10-5.0 pM and 0.010-5.0 mM with LOD of 0.030 uM based on 3(sd/slope). The
modified electrode also exhibited a remarkably stable response under optimized conditions, and up to
55 injections can be used per electrode. The sensor exhibits high repeatability, reproducibility, and anti-
interference properties when used for DEX detection. The effective determination of dexamethasone in
real pharmaceutical and cosmetic samples demonstrated the feasibility of the electrochemical sensor,
and the results were in good agreement with those obtained from the HPLC-DAD analysis. Acceptable
percentage recoveries from the spiked pharmaceutical and cosmetic samples were obtained, ranging
from 93-111% for this new method compared with 84-107% for the HPLC-DAD standard method.

conditions, such as eczema, psoriasis, or dermatitis.* However, it
is important to note that the use of dexamethasone in whitening

Dexamethasone (DEX) is a corticosteroid primarily used for anti-
inflammatory and immunosuppressive properties in medical
treatment. In the field of dermatology, dexamethasone may be
prescribed by medical professionals to treat specific skin
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cosmetics or skincare products is uncommon, and generally not
recommended. Owing to a variety of unwanted side effects,
including hypertension, diabetes, osteoporosis, skin atrophy,
and suppression of the hypothalamic-pituitary-adrenal axis, the
long-term administration of corticosteroids must be closely
monitored, particularly in pediatric patients.> Several analytical
techniques have been reported for the qualitative and quantita-
tive determination of DEX, including radioimmunoassay,® liquid
chromatography-tandem mass spectrometry,* high-performance
liquid chromatography,” chemiluminescence,® and thin-layer
chromatography.” Although these methods have a high accu-
racy with a low limit of detection, major drawbacks such as cost-
effectiveness, time consumption, and complex preconcentration
of samples have also been reported.® Therefore, it is necessary to
develop an alternative technique that is simple and inexpensive
for detecting DEX in cosmetics.
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Electrochemical detection has lately gained interest in the
monitoring field because of its high sensitivity, simple
instrumentation, short time consumption, and low cost.*'®
Various electrochemical methods and modified electrodes
have been used to detect DEX. Square wave voltammetry (SWV)
with a multiwalled carbon nanotubes (MWCNTs) modified
electrode was effective in detecting the oxidation of DEX
(detection potential of +0.8 V) with a low detection limit."
Other studies also used SWV with MWCNTs-modified graphite
electrode, which can be observed in both reduction and
oxidation peaks at —1.3 V and +0.8 V, respectively.? Addition-
ally, by using graphene nanoplate-modified glassy carbon
electrode was able to shift the reduction peak from —1.33 to
—1.29 V due to electron mediator property of a graphene
nanoplate when compared with the bare electrode.'” Although
a high sensitivity can be obtained, the detection of DEX in
both the reduction and oxidation pathways requires a high
detection potential. This can be a complication when applied
to real cosmetic sample analysis due to the presence of
interferences can influence the detection. To address these
limitations, novel sensing materials with high sensitivity and
selectivity, rapid response time and low detection potential
need to be explored.

Among the various sensing materials reported to date,
nanomaterials have recently found a wide range of applications
in electrochemical sensor construction. Metal-organic frame-
works (MOFs) have many advantages such as a large specific
surface area, high porosity and loading efficiency, easy func-
tionalization, tunable pore sizes, biocompatibility and biode-
gradability, flexible networks, and topological diversity."
Therefore, MOFs have attracted attention for various applica-
tions. Among these applications, MOF-based nanomaterials
have shown outstanding performance in the development of
electrochemical sensors.'* However, single-phase MOFs exhibit
limited performance due to their intrinsically weak properties
such as electrical conductivity, electroactivity, and stability.
Therefore, composite MOFs with other materials have been
developed via combining with metallic nanoparticles to
improve the performance of sensors through synergistic
effects.>*

In addition, carbon-based materials such as graphene, gra-
phene oxide and carbon nanotubes are characterized by good
conductivity, large specific surface area, and diverse functional
groups. Graphene oxide (GO) have often been used for the
electrochemical detection of organic compounds, because of
their effective surface area, satisfactory electrical conductivity,
improved charge transportation, outstanding electrochemical
stability, and strong adsorption abilities through -7 interac-
tions with analytes.'®'” Considering the characteristics of GO,
which is a good for increasing the base electrode surface area.

Therefore, this work aims to present a novel method for
detecting dexamethasone (DEX) using a pencil graphite elec-
trode modified with a MIL-100(Fe)-graphene oxide composite
(MIL-100(Fe)/GO/PGE). This approach significantly enhances
the anodic current response at a low applied potential (+0.1 Vvs.
Ag/AgCl), resulting in improved sensitivity compared to bare
electrodes. When combined with flow injection analysis, the
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method offers advantages such as simplicity, rapid response,
high stability, and selectivity. These improvements suggest
potential applications in healthcare, the pharmaceutical
industry, and personal wellness.

Experimental
Preparation of nanomaterials for modified electrode

Graphene oxide (GO) and MIL-100(Fe) synthesis procedures are
described in the ESI.{ Then, 10 mg mL ™" of MIL-100(Fe) and
GO; denoted 1:1 ratio of MIL-100(Fe) : GO were dispersed in
200 puL of DI water and 15 pL of Nafion as the binder. Then 2.0
uL of the dispersed suspension was drop-cast onto the circular
surface (diameter 2.0 mm) of a cleaned PGE and dried at room
temperature overnight before use. The PGE modified with only
GO or MIL-100(Fe) were also prepared using the same
procedure.

Flow-based amperometric set-up

Electrochemical measurements were performed using an
Autolab potentio-galvanostat (Metrohm Autolab, PGSTAT302N)
in a flow injection system coupled with a three-electrode setup.
The system shown in Fig. 1 consists of a peristaltic pump to
drive the carrier buffer solution (0.04 M Britton-Robinson (BR)
buffer, pH 2), and a six-port injection valve to inject the working
solution while controlling the sample volume. A laboratory-
built flow cell was constructed from acrylic plastic containing
the MIL-100(Fe)/GO/PGE working electrode, Ag/AgCl in a 3 M
KCl reference electrode, and a stainless-steel tube counter
electrode. The sample flow rate and volume, detection potential
and ratio between the MIL-100(Fe) and GO were optimized to
obtain the highest response, good repeatability, and reproduc-
ibility. All the electrochemical procedures were performed at
room temperature. The output data were recorded and analyzed
using the NOVA 1.11 software.

Real sample analysis

Three dexamethasone pharmaceutical products and five whit-
ening cream samples were obtained from local drugstores and
cosmetics shops. All samples were prepared by the standard
addition method using 2.00 g of samples dissolved in 0.04 M BR
buffer pH 2, and the volume was adjusted to 25.0 mL.
Standard DEX concentrations of 10, 20, 50, 100, and 200 uM
were spiked into 1.0 mL of prepared solutions. The flow injec-
tion amperometric analysis was performed under optimal
conditions, and the standard addition calibration curve was
plotted. The calculated % relative error and % recovery were
used to estimate the accuracy of the method. The real samples
were confirmed by high-performance liquid chromatography
coupled with diode array detection (HPLC-DAD) at a detection
wavelength of 236 nm. The analytical column is a Vertical C18
column (5 pm particle size, 250 mm x 4.6 mm L.D.). Water and
acetonitrile solution at a ratio of 50 : 50 was used as the mobile
phase at a flow rate of 0.8 mL min~" using isocratic elution.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Flow injection amperometric detection system.

Results and discussion
Materials characterization

The morphologies of prepared materials were characterized
using SEM and TEM. Fig. 2A shows the SEM image of GO,
revealing thin and wrinkled sheets of GO. The SEM image of
MIL-100(Fe) nanocrystals (Fig. 2B) shows an octahedral
morphology belonging to cubic (isometric) crystals with
a particle size range of 70-200 nm."® In addition, from the SEM
images, some small irregularly shaped particles can be
observed, which are probably due to the structural collapse and
agglomeration of MIL-100(Fe). Owing to the agglomeration of
MIL-100(Fe) particles, an aggregated spread of MIL-100(Fe)
occurred on the GO sheet when a composite MIL-100(Fe)/GO
material was generated (Fig. 2C). The anti-aggregation effect
of GO emphasizes the more exposed active edges of MIL-
100(Fe), allowing a high specific surface area to be obtained.
The specific surface area of GO, MIL-100(Fe), and MIL-100(Fe)/
GO samples was studied using the nitrogen adsorption-
desorption isotherm, as depicted in Fig. S1.f The nitrogen
adsorption-desorption experiment revealed a Type IV isotherm
for all samples, suggesting a mesoporous structure." MIL-
100(Fe) exhibited a BET surface area of 303.09 m”> g™, while
GO displayed a surface area of 297.12 m> g~'. When MIL-
100(Fe) was combined with GO, the surface area increased to

Working ¥
electrode : i
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669.18 m> g '. The TEM images of the MIL-100(Fe)/GO
composite (Fig. 2D and E) show the sheet-like graphene oxide
structure and anchoring of MIL-100(Fe) resulted in a rough
surface in a random manner. When zooming into the surface,
an octahedral morphology with a smooth surface is observed.
Additionally, EDS elemental analysis further confirmed the
presence of Fe in the MIL-100(Fe) sample (Fig. S27).

The PXRD crystallinity pattern of the synthesized MIL-
100(Fe) was compared to the simulated MIL-100(Fe)
(Fig. 3A)." The main characteristic diffraction peaks of
synthesized MIL-100(Fe) were 26 equal to 10.3, 11.0, and 20.1
which matched well with the simulated MIL-100(Fe),** con-
firming the high purity and good crystallinity of MIL-100(Fe).
The patterns of the MIL-100(Fe)/GO composites are similar to
those observed for MIL-100(Fe), indicating that the structure of
MIL-100(Fe) is well preserved in the MIL-100(Fe)/GO compos-
ites. The GO peak in the composite materials is barely observed.
This could be due to the overlapping of the signals, as the XRD
peak of GO appeared close to the peak of MIL-100(Fe). The MIL-
100(Fe) and GO phases existing in the MIL-100(Fe)/GO
composite is further confirmed by comparing the FTIR
spectra of the MIL-100(Fe), GO, and MIL-100(Fe)/GO composite
(Fig. 3B). The peaks at approximately 3450 cm " in all three
spectra were assigned to the stretching vibrations of the surface-
adsorbed H,O. The FTIR spectrum of the synthesized MIL-

Fig. 2 SEM images of (A) GO, (B) MIL-100(Fe), and (C) MIL-100(Fe)/GO, (D) and (E) TEM images of MIL-100(Fe)/GO.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3

100(Fe) showed a C=O stretching vibration peak at 1710-
1720 cm™ " from the residual trimesic acid ligand,? indicating
deprotonation of the ligand and coordination with Fe*" ions,
which is also supported by the presence of the absorption band
of Fe-O stretching vibrations at 615 cm™".2*?' Additionally, in
the low wavenumber (v < 1000 em™") region, the characteristic
vibrations appearing at 755 and 709 cm™ ' for MIL-100(Fe) can
be ascribed to the characteristic C-H bond of the benzene ring.
The characteristic peaks appeared in both the MIL-100(Fe) and
MIL-100(Fe)/GO composites, demonstrating the preservation of
the MIL-100(Fe) structure.

Cyclic voltammetry (CV) of ferric/ferrocyanide was per-
formed to evaluate the electroactivity of the modified surfaces
i.e., GO, MIL-100(Fe), and MIL-100(Fe)/GO composites. The CV
parameters were set at a 50 mV s ' scan rate and applied
potentials from —0.5 to +1.0 V in 10 mM ferric/ferro-cyanide
redox couples in 0.1 M KCl. The voltammograms in Fig. S37
show that GO/PGE has the highest faradaic and background
currents among the other electrodes because of its effective
surface area and high electrical conductivity.*” In comparison,
MIL-100(Fe)/PGE exhibited the lowest current because of the
limited performance of MIL-100(Fe), which has low electrical
conductivity. The peak current of MIL-100(Fe)/GO/PGE was
higher than that of MIL-100(Fe)/PGE, emphasizing the
increasing conductivity of the electrode materials in the pres-
ence of GO. However, the current is still lower than pure GO
electrode, this could be due to the agglomeration of MIL-100(Fe)
with GO on the working electrode surface, which can limit the
electrochemical transfer.”

The electrochemical impedance spectroscopy (EIS) analysis
was further conducted to investigate the electron transfer
resistance between the solution and electrode surface (R.). EIS
was studied by setting a frequency range from 100 kHz to 0.1 Hz
using an alternative voltage with an amplitude of 10 mV,
superimposed on a DC potential of 0.20 V (vs. Ag/AgCl). The
Nyquist plots were shown in Fig. S4.7 The resistance of the
electron transfer between the solution and electrode surface
(Ret), resistance of the solution (R;), constant phase element
(CPE), and Warburg element (Zy) of the Randles equivalent
circuit model (inset) were obtained from the fitted data of the

23924 | RSC Adv, 2024, 14, 23921-23929
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(A) PXRD patterns and (B) FTIR spectra of GO, MIL-100(Fe), and MIL-100(Fe)/GO composites.

Nyquist plots. GO/PGE had a R, value of 1.15 kQ. This was lower
than 5.15 kQ and 17.50 kQ for the MIL-100(Fe)/GO/PGE and
MIL-100(Fe)/PGE, respectively. GO possesses an obviously low
resistance. Its high electrical conductivity significantly
decreased the resistance of MIL-100(Fe)/GO, thereby enhancing
the electrical conductivity of the material used to construct the
electrode surface.

Electrocatalytic behavior of DEX at MIL-100(Fe)/GO modified
PGE

The electrocatalytic activity of the modified electrodes toward
DEX was evaluated using CV with 1.0 mM DEX in 0.04 M BR
buffer at pH 2 at a scan rate of 50 mV s~ as shown in Fig. S5}
using bare PGE, GO/PGE, MIL-100(Fe)/PGE, and MIL-100(Fe)/
GO/PGE. Considering the anodic part of the bare PGE
(Fig. S5AT) and GO/PGE (Fig. S5Bt), the oxidation peak of DEX
occurred at +0.62 V. However, the anodic current from the GO/
PGE was higher than the bare PGE. This is because the superior
electrical conductivity and strong adsorption ability of GO are
responsible for the excellent electrocatalytic activity.”® For MIL-
100(Fe) modified PGE, shown in Fig. S5C,f and MIL-100(Fe)/
GO/PGE (Fig. S5D7), two oxidation peaks were observed
around +0.25 V and +0.60 V when measured 1.0 mM DEX in
0.04 M BR buffer pH 2. Similar to bare and GO/PGE, at around
+0.60 V due to the direct oxidation of DEX on the surface of
electrode. A redox couple with formal potential of +0.15 V (vs.
Ag/AgCl) were observed in the CV of blank BR buffer, indicating
the presence of Fe(u)-MOF/Fe(u)-MOF redox couple.”* After the
addition of DEX, the significantly increased anodic and
cathodic currents of Fe(u)-MOF/Fe(m)-MOF implied that DEX
diffused from the solution to the electrode surface and reduced
Fe(m)-MOF to Fe(n)-MOF, whereas DEX was oxidized to 21-
dehydro-dexamethasone.?® To verify the influence of DEX on the
detection system, the concentration of DEX was decreased from
1.0 mM to 0.5 mM. As illustrated in Fig. S6, reducing the
concentration of DEX resulted in a decrease in peak current,
which affected both the direct oxidation potential of DEX at
+0.6 V and the Fe(ur)-MOF/Fe(11)-MOF peak at +0.15 V vs. Ag/
AgCl. Therefore, the amount of DEX can be determined by the
increase in the anodic current of the MIL-100(Fe)-MOF. The

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Deconvoluted XPS spectra of Fe2p of (i) as-prepared MIL-
100(Fe) and (i) MIL-100(Fe) as the electrode material and electro-
chemically cleaned by CV.

presence of the Fe(u)-MOF/Fe(u)-MOF redox couple in the
detection system was validated by analyzing the chemical state
of iron using X-ray photoelectron spectroscopy (XPS). Fig. 4
illustrates the high-resolution scanning XPS spectra of Fe2p of
the as-prepared MIL-100(Fe) and used to modified electrode. In
the freshly prepared MIL-100(Fe), the binding energy positions
of Fe2p,,, and Fe2p;, peaks were centered at 725.8 eV and
711.8 eV, respectively and their separation was 14 eV, which
were attributed to the +3 oxidation chemical state of Fe.***® After
using MIL-100(Fe) as the electrode material and electrochemi-
cally cleaned by CV, the binding energies of Fe2p,,, and Fe2p;,
of Fe(i) species remained unchanged. Nevertheless, new peaks
at723.5 and 709.5 eV were detected, corresponding to the Fe2p,,
, and Fe2ps), of Fe(n), respectively.>* The results suggested the
existence of mixed-valence iron in the MIL-100(Fe) under
detection conditions. Based on this observation, the following
detection mechanism is proposed (Fig. 5). At the applied
potential, Fe(u)-MOF on the PGE surface was reduced to Fe(ur)-
MOF. In the presence of DEX, Fe(u)-MOF is oxidized by DEX,
which causes a shift in the reaction equilibrium and accelerates

21-dehydro-dexamethasone

Fe-MOF/GO/PGE "
MIL-100(Fe)

Dexamethasone

Fig. 5 Proposed mechanism of the electrochemical behavior of DEX
on the MIL-100(Fe)/GO/PGE.
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electron transfer at the electrode interface. This is advantageous
because DEX can be detected at low applied potential.
Furthermore, when PGE was modified with MIL-100(Fe)/GO, the
peak current increased significantly, implying that the
outstanding sensing performance could be attributed to the
large specific surface area of MIL-100(Fe) MOF-based with
highly conductive GO materials due to the synergistic effect.””**
It can be concluded that the MIL-100(Fe)/GO composite mate-
rial is an excellent alternative for amperometric detection of
DEX coupled with a flow injection system for convenient and
fast measurement. In addition, the electrochemical reaction of
DEX based on different pH solutions were studied in the pH
range from 2.0 to 8.0 using MIL-100(Fe)/GO/PGE. As shown in
Fig. S7,1 the anodic peak of MIL-100 (Fe) at +0.25 V and DEX at
+0.6 V decreased and disappeared as the pH of the BR buffer
increased. It is evident from our findings that the BR buffer at
PpH 2 provides the optimal condition for detecting DEX.

Amperometric flow injection analysis optimizations

Flow injection amperometric sensors offer several benefits over
traditional electrochemical techniques, such as high sensitivity
and selectivity. This enables the detection of low concentrations
of analytes in complex matrices. The continuous flow of the
sample enhances mass transport to the working electrode,
resulting in rapid response times and improved signal-to-noise
ratios.””*° To obtain the conditions for the best performance of
the amperometric flow injection analysis for DEX, the ratio of
MIL-100(Fe) to GO, detection potential and sample volume and
flowrate were optimized by injecting 1.0 mM DEX using 0.04 M
BR (pH 2) as a carrier buffer. The optimizations were performed
by varied single parameter while kept other parameters
constant. First, the sample volume was studied with respect to
flow rate. As shown in Fig. 6A, the signal increased when the
sample volume increased to 300 pL and then decreased. These
higher sample loop volumes most likely intensified electrode
deactivation via adsorption of DEX or its electro-oxidation
products to the point where it was insufficient to support
surface electrochemical cleaning.®® The same trend was
observed for the sample flow rate, the response increased up to
1250 uL min~ " then decreased. This is due to at high flow rate,
mass transport increase by time unit on the electrode surface
making the analytical signal (current) increased and the Nernst
diffusion layer decreased. However, beyond a certain flow rate,
the thickness of the layer stabilizes, causing the current to
plateau despite further increases in flow rate.**> However, our
research, the current decreased after a flow rate of 1250
pL min~". This may be this may be attributed to the insufficient
contact time between DEX and MIL-100(Fe)/GO at higher flow
rates or the detachment of some MIL-100(Fe)/GO from the
surface.®** Although we did not directly observe the MIL-
100(Fe)/GO detaching from the PGE surface. Therefore, a flow
rate of 1250 uL min~" and a sample volume of 300 pl were
chosen as the optimum conditions.

The detection potential was the next parameter to be
studied. The amperometric detection of the MIL-100(Fe)/GO-
modified PGE working electrode at a constant potential was

RSC Adv, 2024, 14, 23921-23929 | 23925
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Fig. 6 (A) Histograms represent effect of flow rate and sample volume
on current response of 1.0 mM DEX in a carrier stream of 0.04 M BR
buffer (pH 2), (B) peak height of MIL-100(Fe)/GO/PGE at different
working potentials, (C) peak heights of different material ratios of MIL-
100(Fe) and GO, (D) examples of flow injection amperometric
responses of different concentrations of DEX measured at MIL-
100(Fe)/GO/PGE under optimal conditions, and (E) corresponding
calibration plot of amperometric signal versus DEX concentration.
Inset (I) in the range of 0.1-5.0 uM and (Il) 0.01-5 mM of DEX in BR (pH
2).

tested between —0.3 and +0.5 V of the MIL-100(Fe)/GO modified
PGE (Fig. 6B). The response current increased as the applied
potential increase from —0.3 to +0.1 V. Any further increase in
the applied potential caused the response current to decrease,
indicating that the best performance occurred at +0.1 V. The
system requires a low applied potential to detect DEX, which is
advantageous for real-sample applications. Due to in cosmetic
sample the electroactive interferences such as glucose, methyl
paraben (MP), ethyl paraben (EP), propyl paraben (PP), butyl
paraben (BP), butylated hydroxyanisole (BHA), and butylated
hydroxytoluene (BHT) may presented and normally they have
oxidation potential around 0.2 to 0.8 V.**?¢

The ratio of MIL-100(Fe) to GO was optimized. As shown in
Fig. 6C, the best performance was obtained at MIL-100(Fe) : GO
ratio of 1:1. When the material ratio increased, a noticeable
decrease in the signal was observed, which may be attributed to
the increased presence of MIL-100(Fe), causing a decrease in the
electrical conductivity of the electrode. In addition, an excessive
increase in the amount of GO could result in the overlapping of
the GO sheet layers, obstructing electron flow.”* When
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comparing the response of MIL-100(Fe)/GO/PGE and MIL-
100(Fe)/PGE at applied potential +0.1 V with bare PGE, and
GO/PGE at applied potential +0.25 V, the result shows that the
MIL-100(Fe)/GO/PGE demonstrated the highest response to
dexamethasone detection (Fig. S81). The MIL-100(Fe)/GO/PGE
exhibited a 7.9 times improvement over the bare PGE and
approximately 2.9 and 2.3 times better performance than GO
and MIL-100(Fe), respectively.

To verify the working range of MIL-100(Fe)/GO/PGE with flow
injection analysis, DEX detection was performed under
optimum conditions. Each DEX concentration was analyzed in
3 replicates. Example responses of the MIL-100(Fe)/GO-
modified electrode to various DEX concentrations are shown
in Fig. 6D. A linear relationship between the peak height (nA)
and the DEX concentrations between 0.10-5.0 uM and 0.01-
5.0 mM (Fig. 6E). The limit of detection (LOD) was 0.030 uM
based on 3(sd/slope). This LOD value was lower than the rec-
ommended safe value (<1.27 mM) for low-potency steroids as
the safest agents for long-term use on large surface areas, on the
face or areas of the body with thinner skin, and in children.?
Therefore, this method could certainly be used to determine
whether DEX in cosmetics is above this safety value.

Method validation

Compared to the previous research in Table 1, the developed
DEX sensor has the lowest detection potential and the limit of
detection in this work (0.03 uM) is in the same range as some
other works. This is a result of utilizing MIL-100(Fe) as a sensing
material for amperometric analysis coupled with a flow injec-
tion system, as well as a high sensitivity with a broad detection
range. The outstanding sensing performance can be attributed
to the large specific surface area of MOF-based nanomaterials
resulting from the combination of MIL-100(Fe) with highly
conductive materials, which is GO enhancing sensor perfor-
mance via synergistic effects.””?®

For repeatability of the developed method, five different
electrodes were prepared at the same time under the same
conditions. The electrochemical performance for 2.0 mM DEX
using MIL-100(Fe)/GO/PGE of each electrode were illustrated in
Fig. 7A. The calculated percentage of relative standard deviation
(% RSD) was 0.6-5.1 which is lower than acceptable value of 7.3
by AOAC Official Methods of Analysis.** To ensure reproduc-
ibility of the developed method, five different electrodes were
prepared under the same conditions at different times. The
electrochemical performance of the 2.0 mM DEX is shown in
Fig. 7B. The calculated percentage of relative standard deviation
(% RSD) was 0.7-5.3 which is also lower than AOAC acceptable
value. Therefore, the developed method provided acceptable
repeatability and reproducibility in response to high precision.

The operational stability of the MIL-100(Fe)/GO modified
PGE was studied by repeatedly injecting 2.0 mM DEX in 0.04 M
BR buffer (pH 2) under optimal conditions. The peak height
obtained from each injection was converted into a percentage
response based on the 100% response of the first injection
(Fig. 7C). The plot of the percentage response against the
number of injection cycles showed an average response of 90 £

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Comparison of analytical parameters of the electrochemical sensors for DEX determination®

Electrodes E, (V) LOD Linear range Applications Ref.

MIL-100(Fe)/GO/PGE +0.1 0.03 pM 0.1-5.0 pM and 0.01-5 mM Applied to pharmaceutical and cosmetic This work
samples compared with HPLC, recovery =
93-111%

MWCNTSs/PGE +0.8 0.09 pM 0.15-100 uM Applied to pharmaceutical and human urine 11
samples, recovery = 99-103%

Graphene/GCE —1.3 0.015 uM 0.1-50 uM and 0.05-5 mM Applied to human blood serum 12

Fe30,4/PANI-Cu(u)/CILE +0.72 0.003 M 0.05-30 uM Applied to pharmaceutical samples, recovery 38
97.0-102.0%

Fe;0,/PANI-Cu(u)/o- +0.6 0.015 pM 0.05-100 uM Applied to human serum and urine samples, 39

Fe,03/CILE recovery 97.5-103.5%

ePADs —0.95 3.59 uM 10-500 pM Applied to herbal medicine samples 40
compared with HPLC, recovery = 99-122%.

Hg drop electrode —0.6 0.002 M 49.8 nM to 0.61 pM Applied to pharmaceutical samples, recovery 41
= 94.14-112.41%

Hg(Ag)FE —1.0 0.002 uM 2.50 nM to 0.22 uM Applied to pharmaceutical samples, recovery 42
= 98-101%

HMDE —-1.1 7.6 pM 0.85-1.4 pM Applied to pharmaceutical samples, recovery 43
= 99.8%

“ Pencil graphite electrode (PGE), carbon ionic liquid electrode (CILE), electrochemical paper-based analytical devices (ePADs), amperometry (AM),
glassy carbon electrode (GCE), cyclic voltammetry (CV), multiwalled carbon nanotubes (MWCNTS), square wave voltammetry (SWV), amalgam film

silver-based electrode (Hg(Ag)FE), hanging mercury electrode (HMDE).
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Fig. 7 Histograms represent (A) the measured peak height using 5
different MIL-100(Fe)/GO/PGE electrodes prepared at the same time,
(B) the measured peak height using 5 different MIL-100(Fe)/GO/PGE
electrodes prepared in different batches, and different time, (C) the
scatter graph represents the remaining measured height of anodic
peak current for 85 cycles in the presence of 2.0 mM DEX in 0.04 M BR
buffer (pH 2), (D) amperogram of 2.0 mM DEX and 10 mM of each
interference including KCL, NaNOs, MgSQy,, glucose, urea, MP, EP, PP,
BP, BHA, and BHT.

© 2024 The Author(s). Published by the Royal Society of Chemistry

15% for first 55 injection cycles. For the 55th cycle, the response
decreased to 80% and then continuously decreased. In order to
confirm that each modified electrode afforded good activity, in
the subsequent experiments each modified electrode was only
used for 40 injections. The number of injections is sufficient for
each analysis set.

For the interference study, the developed method was used
to detect ions, compounds and other preservatives used in
cosmetics including KCl, NaNO;, MgSOy,, glucose, urea, MP, EP,
PP, BP, BHA, and BHT. As shown in Fig. 7D, when a the 5-fold
concentration of interfering species (10.0 mM) was injected into
the system, no significant changes were observed in the
amperogram. Thus, it can be concluded that the developed
technique has a high selectivity for DEX. The results of the
experiment reinforce the advantages of the system that require
low detection potential.

Application in real sample

In order to evaluate the efficiency of flow injection using MIL-
100(Fe)/GO/PGE electrochemical sensors for real sample anal-
ysis, the system was applied to detect DEX in three pharma-
ceutical and five whitening cream samples. All samples were
prepared using a standard addition method. A standard addi-
tion calibration curve was plotted. The calculated % relative
error and % recovery was utilized to determine the accuracy of
the method for pharmaceutical and cosmetic samples, respec-
tively as shown in Table S1.f The real samples were also
confirmed by HPLC-DAD (Table S27). The results obtained for
the pharmaceutical samples were compared with the labelled
concentrations. The results showed that, for both methods, the
percentage relative error for the pharmaceutical samples was
<8%. For whitening cream samples, the results from the
developed method and HPLC-DAD showed no detectable DEX

RSC Adv, 2024, 14, 23921-23929 | 23927
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in any of the cosmetic samples. This may be due to the absence
of DEX or because the concentration of DEX is lower than the
limit of detection (0.030 uM). The calculated percentage
recovery was 93-111% (with RSDs ranging from 0.30-0.87%)
which is within the acceptable range of 75-120% by AOAC
Official Methods of Analysis.** These values were similar to the
HPLC-DAD recoveries of 84-107% with RSD = 0.01-0.23%. The
HPLC results are in good agreement with those obtained using
the developed method. Consequently, it is reasonable to
conclude that the developed method is highly accurate and can
be used to detect DEX in real-world samples, without compli-
cated sample preparation steps. Furthermore, using a flow-
based amperometric sensor with a MIL-100(Fe)/GO modified
PGE has a significantly shorter analysis time (100 seconds for 1
injection as opposed to 10 min for the HPLC-DAD method) and
a much lower analytical cost than HPLC-DAD because of the use
of a pencil lead. In addition, the developed sensor can be reused
up to 55 times and is suitable for practical applications.

Conclusions

We demonstrated the first DEX detection using a PGE modified
with a MIL-100(Fe)/GO composite material. The detection
principle relies on an increase in the anodic current of MIL-
100(Fe) when DEX is present in the solution. The peak current
of MIL-100(Fe)/GO/PGE exhibited excellent sensing perfor-
mance, which can be ascribed to large specific surface area of
MIL-100(Fe) sensing element and highly conductive GO mate-
rial, which can be attributed to a synergistic effect. When
coupled with a flow-based amperometric system, it requires
a low applied potential to detect DEX, and high accuracy,
precision, and time-efficient results were obtained, which is
beneficial for real-world applications. Under optimal condi-
tions, the sensitivity of DEX detection and operational stability
were excellent. Finally, the successful determination of DEX in
real samples revealed the efficacy of the electrochemical sensor,
and the results agreed well with those obtained from HPLC
analysis.
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