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Evaluation of two core-shell (Ag,S@- and Bi,S;@-) sensors
based on a metal-organic framework (NH,-MIL-125-Ti)/
polyaniline for the electroanalysis of uric acid in urine samples

This work reports the potential of titanium-based metal organic
framework (MOF, NH,-MIL-125(Ti)) as sensing materials based
on its properties, such as high surface area, high porosity,
good stability, and good electrocatalytic ability. This MOF has
been improved through coating with core-shells of silver (Ag)
and Bismuth (Bi) in the presence of a conducting polymer
(polyaniline, PANI) to form two composites on the glassy
carbon surface Ag,S@NH,-MIL-125(Ti)/PANI/GCE and
Bi,S;@NH,-MIL-125(Ti)/PANI/GCE, which were used for the

electrochemical detection of uric acid.
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1. Introduction

In recent time, research on the development of electrochemical
sensors and biosensors for human pathological samples has
been drawing significant attention owing to their advantages such
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Chemical sensors for the determination of uric acid (UA) in human urine samples have been developed
using a composite material based on two core-shells (Ag,S@- and Bi,Sz@-) coated with a metal-organic
framework (NH,-MIL-125-Ti) and polyaniline (PANI). The composite materials were characterized using
Fourier transform infra-red (FTIR) spectroscopy, X-ray diffraction (XRD), scanning electron microscopy (SEM),
energy dispersive X-ray (EDX/EDX-mapping), N, adsorption—desorption, thermal gravimetric analysis/differ-
ential thermogravimetry (TGA/DTG), cyclic voltammetry (CV), and electrochemical impedance spectroscopy
(EIS) techniques. Differential pulse voltammetry (DPV) studies show that the oxidation peak current of UA
obtained with Ag,S@NH,-MIL-125(Ti)/PANI/GCE and Bi,Sz@NH,-MIL-125(Ti)/PANI/GCE is respectively 2.45
and 2.31 times higher than the one obtained with a bare glassy carbon electrode (GCE). Calibration curves
from O to 16 uM UA were generated after the optimization of critical parameters affecting the detection
limit of UA. The sensitivities and limits of detection (LOD) obtained were 299.0 pA mM~! and 0.579 pM,
263.0 pA mM~* and 0.446 uM for Ag,S@NH,-MIL-125(Ti)/PANI/GCE and Bi,Ss@/NH,-MIL125(Ti)/PANI/GCE,
respectively. The developed sensors show good selectivity, reproducibility, repeatability and storage stability
at room temperature. Finally, the sensor was successfully applied for the determination of UA in human urine
samples. The sensors were able to detect UA in human urine samples even after 200 times dilution, offering
new hope for future point-of-care testing (POCT) devices for uric acid analysis.

as improved sensitivity, operational simplicity, cost efficiency and
the scope of converting to wearable miniaturized devices suitable
for point-of-care testing (POCT) applications." The conventional
analytical methods for these pathological samples include
spectroscopic,™ chromatographic,” enzyme-colorimetric® and
capillary electrophoresis.’ These methods require costly analytical
instruments, trained personnel for analysis and they are time
consuming which make them unsuitable for POCT application. In
this regard, electrochemical methods are used as an alternative
and promising strategy to achieve the objective of elaboration of
point-of-care devices, especially for application in medicine. Med-
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icinal compounds with more interest are found in the pathologi-
cal samples. Uric acid (UA) is one of the compounds most
frequently found in pathological samples. The amount of this
species is the marker of health conditions of a human being as its
low level as well as high level can cause different adverse health
effects. In the human body, UA is produced by the metabolism of
cells and purines.™ It provides an antioxidant defence in humans
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against oxidants and radicals, thereby, helping in the prevention
of aging and cancer."" Elevated levels of UA can cause hyperur-
icemia and gout and are closely related to other pathological
symptoms such as fatty liver,"" heart disease,'” Parkinson’s
disease,"® atherosclerosis,"* kidney disease’® and Lesch-Nyhan
syndrome.'® On the other hand, a low level of uric acid can cause
certain genetic diseases."”'® Due to the biomedical significance of
UA, currently, the development of electrochemical sensors for its
fast and low-cost effective quantification in physiological samples
is gaining much research attention. Electrochemical methods for
its determination in physiological samples face the problem that
the oxidation potential of UA is close to some of the other
compounds such as ascorbic acid, dopamine, acetaminophen,
etc., thus interfering the analysis of one species by the other.'®
Moreover, in physiological samples, uric acid is present at con-
centrations ranging from 160 to 500 pM.*°>* Therefore, the
challenge while developing electrochemical sensors for this
species is to prepare a receptor selective for the target analyte
and which can detect it at a concentration in the physiological
range or even less than that. Electrochemical sensors based on
modification of a glassy carbon electrode (GCE) with different
graphene-based composite materials show promising results in
overcoming this problem. Such modifications include modifica-
tion with PVP-graphene composites,> reduced graphene oxide-
palladium nanocomposites,*® titanium nitride-reduced gra-
phene oxide composites,> poly(sodium-4-styrenesulphonate)
functionalized 3D graphene,® holey nitrogen-doped graphene
aerogels,”” and Ag nanoparticle-graphene oxide-poly(i-arginine)
composites.”® Due to the increasing environmental awareness,
in recent years, a significant research focus has been directed
towards the utilization of biomass materials for the development
of practical and value-added products including chemical
sensors.”® Recently, Qi et al have prepared Au nanoparticle-
loaded egg shell CaCO; composites for developing a nitrite
sensor.>® Some research groups have reported the development
of enzyme immobilization-based biosensors using an egg shell
membrane (ESM) as the immobilization matrix.>* In our pre-
vious works, we have developed UA sensors and biosensors,
based on biomass materials such as egg shell nano-CaCO; and
palm oil fibers.?>”** The design of new sensing materials for the
detection of this physiological compound with higher sensitivity
and resolution remains an area requiring much more work as
the strategies for the development of wearable sensors are the
final goal.** Metal-organic frameworks (MOFs) as a new class of
electrode materials offering new hope in this regard due to the
synergistic catalytic behaviour and the electroactivity of the
incorporated metals in MOFs.>* Nowadays, the utilization of
MOFs as catalysts has attracted more and more attention owing
to their versatile structures, topologies and composition, tunable
functionalities, and highly ordered porous structure.*® They are
crystalline materials made of organic linkers coordinatively
connecting to metal-oxo clusters to yield a void-containing
network.*® MOFs are known to have characteristics such as high
porosity, high hydrothermal and chemical stability, and a large
Brunauer-Emmett-Teller (BET)-specific surface area.*® Despite
many promising advantages, the applications of MOFs in catalytic
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reactions are still largely restricted, mainly in terms of low activity
caused by the blockage of active metal centers by organic linkers
and the instability for recycling.’” To overcome the limitations,
different kinds of strategies have been proposed including either
introducing additional components into MOFs or pyrolyzing
MOFs into different functional materials.>**%*° Particularly, the
latter route is much attractive due to the advantages of MOFs as
precursors, such as flexible designability on compositions and
micro/nanostructures, templating effect, and low cost. NH,-MIL-
125(Ti), a porous amino-functionalized titanium based MOF, has
been proved to be an efficient and stable support for metallic
nanoparticles (Pd, Pt, and Au) and the resulting composites
exhibited excellent heterogeneous catalytic performance.*'
Improving the catalytic capacity of MOFs by coating their surface
with metal particles to form core-shells has recently received high
interest as a new avenue of research.*>™*! Additionally, polymer
materials reputed to be good conductors such as polyaniline
would contribute to the signal amplification of an analyte. Poly-
aniline (PANI) is one of the most significant conducting polymers
due to its facile preparation, tunable conductivity and high
environmental stability. Thus, considerable efforts have been
devoted to improving its unique electronic, optical and electro-
chemical properties, as well as the extensive applications in
optical sensing and bio-electrochemical sensing.”” Taken
together, the NH,-MIL-125(Ti) coated core-shell with PANI, to
the best of our knowledge, has never been explored. In this work,
composites of polyaniline and two core-shells@MOFs have been
used to modify a bare GCE by drop coating and drying to form
sensors labelled as Ag,S@NH,-MIL-125(Ti)/PANI/GCE and
Bi,S;@/NH,-MIL-125(Ti)/PANI/GCE, used for the sensing of UA
in urine samples. This work has not only demonstrated a novel
use of core-shell-coated MOFs and polymer materials for a useful
purpose, but it also shades new hopes for a potential alternative to
the dependence on derived carbon materials in this field.

2. Materials and methods

2.1. Materials

All chemicals and reagents were used as received without any
purification. They included HCI (35%) and ammonium peroxydi-
sulfate (NH,),S,05 (98%) from Emplura; gelatin from porcine skin;
KsFe(CN)s (99%) and NaOH (98%) from Rankem; K,HPO, (99%),
KH,PO, (99%), and KClI (99.5%) from Merck; 2-amino terephthalic
acid (99%), titanium isopropoxide (99.8%), N,N-dimethylfor-
mamide (DMF, 99.8%), anhydrous methanol (99.8%), bismuth
nitrate Bi(NO;);-5H,0 (99.5%), silver nitrate AgNO; (99.8%),
thiourea (98%), and uric acid (99%) were purchased from Sigma-
Aldrich. Aniline, acetone and all other chemicals were purchased
from Merck, Fisher and SRL.

2.2. Synthesis of materials and preparation of working
electrodes

NH,-MIL-125(Ti) was synthesized using the solvothermal
method as previously described*>** with modifications, briefly
described in the ESIf (SI-1). The synthesis of Ag,S@NH,-MIL-

© 2024 The Author(s). Published by the Royal Society of Chemistry
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125(Ti) and Bi,S;@NH,-MIL-125(Ti) is adapted from the
method proposed®>*® with slight modifications shown in SI-2
(ESIf). Polyaniline (PANI) was synthesized using the method
described (SI-3, ESIT).>*™ The geometric surface of the bare
glassy carbon electrode (GCE) used (0.071 cm”) was calculated
using the formula S = nr”, where © = 3.14 and the geometric
radius r = 0.15 c¢cm. Prior to its modification, the bare GCE was
polished with alumina powder (0.3 um size) and then sonicated
in 1:1 ethanol-water solution for 5 min. 4 mg of Ag,S@NH,-
MIL-125(Ti) or Bi,S;@NH,-MIL-125(Ti) and 2 mg of PANI were
dispersed in 1 mL (1:1) of DMF/gelatin (5%) by ultrasonication
for 30 min to give a homogeneous dispersion of Ag,S@NH,-
MIL-125(Ti)/PANI or Bi,S;@NH,-MIL-125(Ti)/PANI. The clean
GCE surface was then coated with 5 pL of resulting dispersions
and dried in an oven at 40 °C for 15 min to obtain a thin film on
the working electrode (referred as Ag,S@NH,-MIL-125(Ti)/
PANI/GCE and Bi,S;@NH,-MIL-125(Ti)/PANI/GCE). For com-
parison studies, bare GCE, Ag,S/GCE, Bi,S;/GCE, NH,-MIL-
125(Ti)/GCE, PANI/GCE, Ag,S@NH,-MIL-125(Ti)/GCE and
Bi,S;@NH,-MIL-125(Ti)/GCE were also prepared using similar
procedures.

2.3. Physicochemical and electrochemical procedures

The physicochemical characterizations of NH,-MIL-125(Ti),
Ag,S, Bi,S;, Ag,S@NH,-MIL-125(Ti), Bi,S;@NH,-MIL-125(Ti),
PANI, Ag,S@NH,-MIL-125(Ti)/PANI, and Bi,S;@NH,-MIL-
125(Ti)/PANI were performed via (i) Fourier transform infra-
red (FTIR) spectroscopy conducted in the range of 4000-200
em~' using a spectrometer, specifically the “Nicolet iS50”
model from Thermo Scientific, (ii) X-ray diffraction (XRD)
recorded using CuKo radiation with wavelength (1 = 1.5406 A)
on an MPD X'Pert Pro diffractometer (PANanalytical), equipped
with an X'Celerator detector, (iii) scanning electron micro-
scopy/energy dispersive X-ray (SEM/EDX/SEM-mapping) using
SEM (XL30 FESEM from FEI, Hillsboro) equipped with an EDX
Genesis Energy Dispersive X-ray Detector, (iv) Brunauer—
Emmett-Teller (BET) analysis using N, adsorption-desorption
isotherms, measured with a 3Flex share instrument from
Micrometrics GmbH, Norcross, and (v) thermal gravimetric
analysis/differential thermogravimetry (TGA/DTG) analyses
using an STA 449C Jupiter instrument from Netzsch, Selb,
Germany. Cyclic voltammetry (CV) and electrochemical impe-
dance spectroscopic (EIS) techniques were used for the char-
acterization of modified electrodes, while a differential pulse
voltammetry (DPV) technique was used for the quantitative
measurement of the uric acid (UA) analyte, and chronoampero-
metry (CA) was used for the interference studies. The conven-
tional system of three electrodes was used, with the bare and
modified GCE as a working electrode, platinum wire as an
auxiliary electrode and Ag/AgCl (3 M KCl) as a reference
electrode. Cyclic voltammograms were recorded from —0.80
to 1.0 V and from —0.050 to 0.850 V at a scan rate of 50 mvV s~ ',
respectively, in 3 mL of 5 mM [Fe(CN),]>~*~ (0.1 M KCl, pH 7.0)
and 1 mM UA (PB, pH 7.0). Differential pulse voltammograms
were recorded from —0.20 V to 0.90 V at step potential: 5 mV;
amplitude: 60 mV; pulse width: 0.05 s; sample width: 0.01 s and
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pulse period: 0.2 s for all measurements, in 3 mL of UA solution
in 0.1 M phosphate buffer (PB, pH 7.0). EIS was recorded in the
frequency range from 1.0 kHz to 100.0 kHz at a potential of
0.40 V using 5 mM [Fe(CN)s>*~ in 0.10 M KClL. CA was
conducted under pretreatment settings (Econdition = 0-450 V,
{condition = 0.0 S, Edeposition =0.450 V and tdeposition =5.0 S)y and
under amperometric detection settings [fequilibration = 5.0 S,
tinterval = 1.0'S, trun = 1000.0 s, and Eqe = 0.370 V (Ag,S@NH,-
MIL-125(Ti)/PANI/GCE) or 0.440 V (Bi,S;@NH,-MIL-125(Ti)/
PANI/GCE),] in 50 pM uric acid (0.10 M PB, pH 7.0) in the
presence of 50 uM of interfering agents. The electroanalytical
experiments were carried out on a PalmSens 3 potentiostat
controlled by a computer, equipped with PSTrace (version 4.8)
software for recording electrochemical experimental curves,
and Origin™ 6.0 and 18 softwares for plotting the curves.
Measurements of pH were carried out with a Metrohm 780
pH meter equipped with a glass electrode.

3. Results and discussion

3.1. Physico-chemical characterization

3.1.1. FTIR spectra. The FTIR spectra of NH,-MIL-125(Ti),
Ag,S, Bi,S;, Ag,S@NH,-MIL-125(Ti), Bi,S;@NH,-MIL-125(Ti),
PANI, Ag,S@NH,-MIL-125(Ti)/PANI, and Bi,S;@NH,-MIL-
125(Ti)/PANI were recorded and are shown in Fig. 1. It appears
on the spectrum of the MOF (a) that around 3335 cm ' a
stretching vibration is assigned to the NH, of the organic linker
and the OH of the residual water and methanol.** At 1536 cm ™"
and 1383 cm ™!, the vibration bands observed are characteristic
of carboxylate linkers, and at 1253 cm ™, the peak observed can
be attributed to the C-N and C-C stretching of the aromatic
amine group.***®*° The vibration around 513 cm ' corre-
sponds to the Ti-O bond which occurred in the presence of
the residual solvent methanol and water. In the spectra of Ag,S
(b) and Bi,S; (c), it is observed that they exhibit a similar
pattern with their characteristic peaks between 1047 cm *
and 153 cm '. Vibrations observed at 2321 c¢cm ' and
2079 cm™' are assigned to the stretching and bending
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Fig.1 FTIR spectra of (a) NH,-MIL-125(Ti), (b) AgyS, (c) BiySs, (d)
AgoS@NH,-MIL-125(Ti), (e) BixSs@NH,-MIL-125(Ti), (f) PANI,  (g)
Ag>S@NH,-MIL-125(Ti)/PANI, and (h) Bi>Ss@NH,-MIL-125(Ti)/PANI.
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vibrations of the ~OH bond of the adsorbed water molecules.”>>"
Upon coating Ag,S (b) and Bi,S; (c) on the surface of NH,-MIL-
125(Ti) to form the core-shells Ag,S@NH,-MIL-125(Ti) and
Bi,S;@NH,-MIL-125(Ti) shown by the spectra (d) and (e), respec-
tively, it is observed that peaks assigned previously to the MOF (a),
to the sulphide metals (b), and to the bismuth metals (c) are all
present in the pattern of (d) and (e). This means that core-shell
assembling is a method which does not destroy the functional
groups present in the single materials. Fig. 1(f) shows the spectra
of PANI where a large band between 3500 cm ™" and 2500 cm ™" is
assigned to the N-H stretching of aromatic amine and aromatic
C-H stretching and at 1911 cm™ " and 1790 cm™ ', the peaks
obtained are attributed to aromatic C-H bending and C-N
stretching of quinoid, respectively.>**” The FTIR spectra of com-
posites as shown in Fig. 1(g) and (h) show the presence of some
characteristic peaks belonging to each individual material, pro-
viding evidence of the good elaboration of the composites
Ag,S@NH,-MIL-125(Ti)/PANI and Bi,S;@NH,-MIL-125(Ti)/PANL
More characterizations have been performed to confirm these
results.

3.1.2. XRD patterns. The XRD patterns of NH,-MIL-125(Ti),
Ag,S, Bi,S;, Ag,S@NH,-MIL-125(Ti), Bi,S;@NH,-MIL-125(Ti),
PANI, Ag,S@NH,-MIL-125(Ti)/PANI, and Bi,S;@NH,-MIL-
125(Ti)/PANI are shown in Fig. 2. It can be seen that the powder
XRD patterns of the porous amino-functionalized titanium-based
MOF, NH,-MIL-125(Ti) and its successive modifications with
Ag,S, Bi,S;, and PANI exhibit the same profile. The diffractogram
of the synthesized NH,-MIL-125(Ti) (a) presents remarkable char-
acteristic peaks at 20 ranging from 5° to 25°, which are in perfect
agreement with the reported work.*>"? This clearly shows that the
precursor NH,-MIL-125(Ti) sample at room temperature is a
highly crystalline structure, and the main peaks appearing at
6.7°, 9.7° and 11.6° match those of the simulated structure.*™**
After loading with Ag,S (b) and Bi,S; (c), the diffractograms of the
resulting Ag,S@NH,-MIL-125(Ti) and Bi,S;@NH,-MIL-125(Ti)
labeled, respectively, as (d) and (e) clearly show that the crystalline
structure of NH,-MIL-125(Ti) is not affected, but the characteristic
peaks for Ag,S and Bi,S; are seen on it in the 20 range from 17° to

» )
] (9)
S k i - S
(f)
S
L | - ' @)
> RanainNSSENSPN PRI 5. TV ANDVAUY .V W NN A
‘@
2 (d)
[
2
= (©)
[ ®
L b
l (a)
5‘ 1'0 ‘1‘5 2'0 2‘5 3‘0 3’5 4'0 4‘5 5'0 515 60
20 /°

Fig.2 XRD patterns of (a) NH,-MIL-125(Ti), (b) Ag.S, (c) BiSs, (d)
Ag>S@NH,-MIL-125(Ti), (e) BiSs@NH,-MIL-125(Ti), (f)  PANI, ()
Ag>S@NH,-MIL-125(Ti)/PANI, and (h) Bi;Ss@NH,-MIL-125(Ti)/PANI.
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55°, which are broad and weak probably due to their uniform
dispersion. After adding PANI (f), the patterns recorded for
Ag,S@NH,-MIL-125(Ti)/PANI (g) and Bi,S;@NH,-MIL-125(Ti)/
PANI (h) exhibit well-crystalized structures, confirming the uni-
formity of the prepared composites.

3.1.3. SEM images. The morphologies, structures and com-
position of the different films NH,-MIL-125(Ti), Ag,S, Bi,Ss,
AZ,S@NH,-MIL-125(Ti),  Bi,S;@NH,-MIL-125(Ti),  PANI,
Ag,S@NH,-MIL-125(Ti)/PANI, and Bi,S;@NH,-MIL-125(Ti)/
PANI were investigated using SEM-EDX and element distribu-
tion mapping techniques. As can be observed in Fig. 3(A), the
SEM image (a) obtained for the NH,-MIL-125(Ti) sample exclu-
sively displays characteristic plate-shaped structures with pore
sites. After incorporating Ag,S (b) and Bi,S; (c), they are well
incorporated in the pore sites of the MOF and can be clearly
identified on its surface as shown in (d) and (e). The presence of
PANI (f) with well dispersed granular morphology formed by the
agglomeration of nanospheres with some scattered pores of nano-
meter dimensions can also be seen on the resulting composites
(g) and (h), making them more compact and agglomerated. SEM-
EDX measurement was further applied to explore the existence of
Ti, Ag, Bi, S, and other elements on the surface composition of the
different films as depicted in Fig. 3(B) for EDX mapping and Fig.
SI-2 (ESIt) for EDX spectra. From Fig. 3(B), the mapping of the
core-shells clearly shows the presence of all the expected ele-
ments, which is confirmed by the peaks assigned to Ti, Ag, Bi, and
S with a uniform distribution, and other elements observed in the
spectra in Fig. SI-2 (ESIT).

3.1.4. N, adsorption—-desorption analysis. In order to
determine the surface area and pore size distribution of the
synthesized NH,-MIL-125(Ti), Ag,S@NH,-MIL-125(Ti) and
Bi,S;@NH,-MIL-125(Ti), the N, sorption based on the
Brunauer-Emmett-Teller (BET) method has been performed.
The N, adsorption-desorption isotherms of the samples shown in
Fig. 4(A) exhibited type I isotherms recorded at 77 K with no
hysteresis, indicating a significant presence of both micropores
and mesopores within the framework structure of the
MOF.*>"*33% The BET surface area of (a) was 1085.27 m> g
which is comparable to the value reported® (1169 m”> g~ ). More-
over, this surface area decreases drastically to 415.82 m*> g~ " and
372.52 m> g ' after surface modification with Ag,S and BisS,,
respectively, and can be justified by the partial occupation of the
micropores, mesopores and obstructed pores of the pristine MOF
as shown in Fig. 4(A)(d) and (e), proving the success of the
synthesis of the two core-shells as supported by the SEM analysis.
The total pore volume and micropore volume calculated by the
Durbinin-Radushkevich theory and the maximum pore width
calculated by the ratio of total pore volume to the specific surface
area obtained from Fig. 4(B) are shown in Table SI-1 (ESIT) with
other BET-related parameters, and it can be noticed that (b) has
better porosity property than (c).

3.1.5. TGA/DTG analysis. The TGA/DTG profiles of NH,-
MIL-125(Ti), Ag,S@NH,-MIL-125(Ti) and Bi,S;@NH,-MIL-
125(Ti) are shown in Fig. 5. The weight losses are subdivided
here in four stages. The weight losses in stage 1 from 95 °C to
110 °C for all the three materials (a, b, and c) corresponding to

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (A) SEM images and (B) EDX mapping of (a) NH-MIL-125(Ti), (b) AgzS, (c) BizSs, (d) AgoS@NH,-MIL-125(Ti), (e) Bi;Sz@NH-MIL-125(Ti), (f) PANI, (g)
Ag>S@NH,-MIL-125(Ti)/PANI, and (h) Bi,Ss@/NH,-MIL-125(Ti)/PANI.

the loss of mass of about 30% in (a), 18% in (b) and 14% in (c) well as the surface absorbed moisture (H,O) which was used to
are assigned to the loss of MeOH and DMF from the pore as wash the MOF after synthesis. In stage 2, from 180 °C to 280 °C,
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Fig. 4 (A) N, adsorption—desorption isotherms and (B) pore size distribu-
tion of (a) NH,-MIL-125(Ti), (b) AgoS@NH,-MIL-125(Ti), and (c) Bi,Sz@NH>-
MIL-125(Ti).

300

the weight losses of 3% and 6% attributed, respectively, to the
disintegration of Ag,S and Bi,S; at the surface of the two core-
shells (b and c) are observed, where no mass loss is observed in
that temperature range in (a), proving once more the successful
preparation of the core-shells. In stage 3, around 290 °C up to
430 °C, major weight losses of about 42% in (a), 45% in (b), and
30% in (c) are attributed to the decomposition and oxidation of
organic linkers of the framework constituents, accompanied
with the formation of metal oxide particles and non-volatile
macromolecular carbonaceous species, such as CO,, NO,, NO,
NH; and H,0." In stage 4, from 490 °C to 500 °C, a loss of mass
of 4% appearing only on the curve of (a) is assigned to the
disintegration of small amount of non-volatile macromolecular
carbonaceous species and above that 500 °C, only TiO, is left as
a residue on the three TGA/DTG profiles.**>2>¢

3.2. Electrochemical characterization of the bare and
modified GCEs

After the physicochemical characterization, the electrochemical
characterization was performed wusing the potentiostat
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Fig.5 TGA/DTG profiles of (a) NH,-MIL-125(Ti), (b) Ag.S@NH,-MIL-
125(Ti) and (c) Bi;Sz@NH,-MIL-125(Ti).

palmSens. In order to evaluate the permeability and conductiv-
ity of the prepared materials, the GCE modified with the thin
film of each material was run inside 5 mM [Fe(CN)e]>"*~ in
0.1 M KCI (pH 7.0) using CV and EIS techniques. The intensity
of the different peak currents obtained as shown in Fig. 6(A)
follows the orderh > i > g >e >f>d >a > b > ¢, while
the values of charge transfer resistance (values given in bracket
in Ohm) shown in Fig. 6(B) follow the order c (3264.85) > b
(2768.73) > a (1913.44) > d (1340.97) > £ (529.08) > e (479.92)
> 2(272.90) > i(38.16) > h (19.96). The highest values of the
peak current obtained with Ag,S@NH,-MIL-125(Ti)/PANI/GCE
(h) and Bi,S;@NH,-MIL-125(Ti)/PANI/GCE (i) which are,
respectively, 3.78 and 2.31 times higher than the one obtained
with bare GCE (a) can be explained by the synergistic effects of
Ag,S, Bi,S;, NH,-MIL-125(Ti), and PANI, which are related
respectively to their electrocatalytic ability, porosity, conductiv-
ity, and large specific surface area. The corresponding R,
values determined by the extrapolation of the semi-cycle of
the Nyquist curves have shown that Ag,S@NH,-MIL-125(Ti)/
PANI/GCE (h) and Bi,S;@NH,-MIL-125(Ti)/PANI/GCE allow the
passage of electrons respectively 95.84 and 50.14 times faster
than the bare GCE.

The active surfaces of the bare GCE, Ag,S@NH,-MIL-125(Ti)/
PANI/GCE, and Bi,S;@NH,-MIL-125(Ti)/PANI/GCE were found
to be 0.0029 cm?, 0.0095 cm?, and 0.0062 cm?, respectively,
obtained from the Randles Sevcik equation®*?®"% as shown
in SI-6 (ESIY).

3.3. Electrochemical sensing of uric acid

Prior to using each fabricated electrode for the electroanalysis
of uric acid (UA), they were stabilized in a solution of 0.10 M
phosphate buffer at pH 7.0, by running multicyclic voltammo-
grams and it was found that maximum 6 cycles shown in Fig.
SI-4 (ESIt) were sufficient to stabilize the working electrodes.
3.3.1. Behaviour of UA, influence of the modification of the
bare GCE and kinetic studies. The electrochemical behaviour of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (A) Cyclic voltammograms of 5 mM [Fe(CN)gl>~/4~ (0.10 M KCL, pH
7) recorded on the different electrodes: bare GCE (a), Ag>S/GCE (b), Bi,Ss/
GCE (c), NH,-MIL-125(Ti)/GCE (d), Ag,S@NH,-MIL-125(Ti)/GCE (e),
Bi,Ss@NH,-MIL-125(Ti)/GCE (f), PANI/GCE (g), Ag>S@NH,-MIL-125(Ti)/
PANI/GCE (h), and Bi,Ss@NH,-MIL-125(Ti)/PANI/GCE (i). Scan rate =
50 mV s~% (B) Electrochemical impedance spectra obtained under the
same conditions as in cyclic voltammetry with the same electrodes.

2500

1 mM UA (0.10 M PB, pH 7.0) was investigated via cyclic
voltammetry (CV), while the influence of the modification was
determined using 50 M UA (0.10 M PB, pH 7.0) via differential
pulse voltammetry (DPV) with a bare and modified GCE. The
cyclic voltammograms obtained as shown in Fig. 7(A) were
recorded in the potential range from 0.0 V to 0.80 V at a scan
rate of 50 mV s~ and it can be concluded that UA has a single
oxidation peak, which is irreversible at the surface of
electrodes.

The voltammograms shown in Fig. 7(B) were obtained
between 0.0 V and 0.70 V. The highest peak current values
obtained with Ag,S@NH,-MIL-125(Ti)/PANI/GCE and Bi,S;@NH,-
MIL-125(Ti)/PANI/GCE are respectively 2.45 and 2.31 times higher
than the one obtained with the bare GCE as shown in the inset
histogram (Fig. 7(C)). These results can be explained by the good
synergetic effect generated from the combination of the core-
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Fig. 7 (A) Cyclic voltammograms (1 mM UA) and (B) of differential pulse

voltammograms (50 uM UA) recorded in 0.10 M phosphate buffer solution,
at pH 7, using: Bare GCE (a), Ag>S/GCE (b), Bi»S3s/GCE (c), NH,-MIL-125(Ti)/
GCE (d), AgoS@NH,-MIL-125(Ti)/GCE (e), Bi,Sz@NH,-MIL-125(Ti)/GCE (f),
PANI/GCE (g), Ag2S@NH;-MIL-125(Ti)/PANI/GCE (h), and Bi,Ss@NH,-MIL-
125(Ti)/PANI/GCE (i). (C) Inset shows the corresponding histogram. Scan
rate = 50 mV s,

shells with a metal-organic framework and polyaniline. It can be
noticed that the oxidation peak obtained with Ag,S@- has more
electrocatalytic effect than Bi,S;@-, which is surely assigned to the
fact that Ag has less weight than Bi. The types of interaction which
may occur at the surface of the modified electrode have been
illustrated in Scheme SI-1 (ESIf).

The kinetic studies have been evaluated at different scan
rates in the scanning range from 10 to 150 mV s, as shown in
Fig. SI-5 (ESIT). The plotting of the peak current versus the root
square of the scan rate shows the correlation coefficient values
(0.999 for Ag,S@- and 0.996 for Bi,S;@-) closed to 1, indicating
that diffusion is the phenomenon which governs the transfer of
particles at the surface of electrodes. Other kinetic parameters
are given in SI-8 (ESIY).
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3.3.2. Influence of pH and accumulation time. The influ-
ence of pH of the study medium has been observed in the range
from 2 to 10 using the two modified electrodes Ag,S@NH,-MIL-
125(Ti)/PANI/GCE and Bi,S;@NH,-MIL-125(Ti)/PANI/GCE and
the voltammograms obtained are shown respectively in
Fig. 8(A) and (B). It is observed that the peak current increase
up to 7 and decrease till pH 10 are shown in Fig. 8(C-1) and (D-1),
respectively. The peak potential was found to decrease linearly
with the increase of pH as shown in Fig. 8(C-2) and (D-2). The
lowest peak current obtained in acid medium may be due to the
poor affinity between the modified electrodes and uric acid, and
also due to the electrostatic repulsion that occurs between the
materials charged positively with the protonation of the -NH,
function of the MOF to form -NH;" and UA charged positively in
a low acidic medium.”® Less solubility of UA in an acid range
makes particles difficult to diffuse at the surface of electrodes,
which may also justify the lowest peaks obtained in an acid
medium. The change of the potential with the pH is the proof
that this analysis is protons-dependent. The resulting linear
equations gave slopes of —0.078 and —0.062 for the Ag,S@-
and Bi,S;@- electrodes, respectively, which implies that the
number of electrons exchanged during the oxidation of UA using
the two modified electrodes is equal to the number of protons
consumed, that is, one electron-one proton exchange as shown
during the kinetic study.

It is clearly seen in Fig. SI-6A and B (ESIt) that the peak
current rapidly increases with the accumulation time up to 2
min and gets stabilized respectively for Ag,S@- and Bi,S;@-
sensors. This increase can be explained by the large availability
of the active surface areas and porosity sites, which get satu-
rated after 2 min due to the total occupation of the fixation sites
of the film by uric acid molecules. Therefore, pH 7.0 and
accumulation time of 2 min (120 s) have been used as optimal
parameters for the study of influence of concentration in the
phosphate buffer solution.

3.3.3. Influence of concentration. The determination of the
limit of detection (LOD) below the physiological reference range
at pH 7.0 was done by varying the concentration of UA from 1 to
16 uM, and the responses obtained with the modified electrodes
are given by the voltammograms shown in Fig. 9(A) and (B). The
calibration curves were plotted and good linearity was obtained
(Fig. 9(C) and (D)) and they were then used to calculate the LOD
(3Sb/m), with Sb being the error on the blank and m being the
slop.®® The sensitivities and LOD obtained with the sensor
Ag,S@NH,-MIL-125(Ti)/PANI/GCE are 299 pnA mM ' and 5.789
x 1077 M, while with the sensor Bi,S;@NH,-MIL-125(Ti)/PANI/
GCE, they are 263 pA mM ' and 4.463 x 10~ M respectively.
Therefore, it can be concluded that Ag,S@- has higher sensitiv-
ity, but the better limit of detection is obtained with Bi,S;@-. The
comparison of the LOD obtained in this work with those
obtained in the other reported works is shown in Table 1, which
clearly shows that our LOD values are comparable to the ones
reported in recent literature. Moreover, those values of LODs are
much lower than the physiological reference range of UA (160-
500 uM), which means that the proposed sensors can be used
effectively for the sensing of UA in real media.
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Fig. 8 Effect of pH on differential pulse voltammograms of UA using
AgS@NH,-MIL-125(Ti)/PANI/GCE (A) and BiSs@NH,-MIL-125(Ti)/PANI/
GCE (B). The oxidation peak currents (C-1) and (D-1) and oxidation peak
potentials (C-2) and (D-2) obtained are shown, respectively. Experimental
conditions: 50 pM UA in 0.1 M phosphate buffer solution with pH values of
2,3,4,5, 6,7, 8 9 and 10. Experiments were conducted in triplicate.
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Fig. 9 Differential pulse voltammograms of uric acid (0, 1, 2, 4, 6, 8, 10, 12,
14, and 16 pM) in the phosphate buffer solution (0.10 M, pH 7) using
Ag>S@NH,-MIL-125(Ti)/PANI/GCE (A) and Bi,Ss@NH,-MIL-125(Ti)/PANI/
GCE (B). The insets (C and D) show the corresponding calibration curves.
2 min of accumulation. Experiments were conducted in triplicate.

3.3.4. Interference study, reproducibility, repeatability,
and stability of the modified electrode. The selectivity of the
sensors has been evaluated via chronoamperometry (Fig. SI-7,
ESIT), which is an appropriate method for the simultaneous
study of the effect of several compounds in the presence of the
target compounds and it was found that ascorbic acid, tartra-
zine and adrenaline can interfere with the signal of UA when
using Ag,S@-, while adrenaline, tyrosine, and butylated hydro-
xyanisole can interfere with the signal of UA when using
Bi,S;@-. These results reveal that the developed sensors, apart
from being used for the sensing of UA, can also be used for the
sensing of adrenaline as it interfered with the two electrodes.

The reproducibility of the sensors has been evaluated by
recording nine successive measurements on the same films
and the DPV responses are shown in Fig. SI-8A and B (ESIY),
and the repeatability was assessed by recording the signal of
nine successive film preparations and the results are shown in
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Table 1 Comparison of the analytical performance of other modified
electrodes in the literature reports

Linear LOD
Electrode Methods range (uM) (uM) Ref.
HNGA/GCE DPV 5-50 0.12 27
GQDs/IL-SPCE DPV 0.5-20 0.03 19
ERGO/GCE DPV 0.5-60 0.5 61
Au/rGO/GCE DPV 8.8-53 1.8 62
Chitosan-graphene DPV 2.0-45 2 63
G-30 SWV 0.5-150 0.29 64
PBG/GCE DPV 0.5-200 0.17 65
3DGH-Fc/GCE DPV 8-400 0.07 66
GO-PANI/GCE DPV 3-26 1 67
ZIF-11/GCE DP-ASV  20-540 0.48 68
Nano-CaCO3/PANI/rGO/GCE DPV 0.1-60 0.04 32
ERp-NBA/GO/CPE DPV 0.1-600 0.05 69
Ag,S@NH,-MIL-125(Ti) DPV 1-16 0.58 This work
/PANI/GCE
Bi,S;@NH,-MIL-125(Ti)/ DPV 1-16 0.45 This work
PANI/GCE

DPV: Differential pulse voltammetry; SWV: square wave voltammetry; DP-
ASV: differential pulse-anodic stripping voltammetry; HNGA/GCE: holey
nitrogen-doped graphene aerogel; GQDs/IL-SPCE: graphene quantum
dots/ionic liquid modified screen-printed carbon electrode; ERGO/GCE:
electrochemically reduced graphene oxide modified glassy carbon elec-
trode; Au/rGO/GCE: reduced graphene oxide and Au nanoplates modified
glassy carbon electrode; G-30: graphene ink; PBG/GCE: poly(bromocresol
green) modified glassy carbon electrode; DGH-Fc/GCE: ferrocene hybrid
(Fc)/three dimensional graphene hydrogel (3DGH) nanocomposite mod-
ified glassy carbon electrode; ZIF-11/GCE: zeolite imidazolate framework-
11 modified glassy carbon electrode; GO-PANI/GCE: graphene oxide-
templated polyaniline microsheets modified glassy carbon electrode;
nano-CaCO;/PANI/rGO/GCE: glassy carbon electrode modified with
reduced graphene oxide, polyaniline, and nano-calcium carbonate;
ERp-NBA/GO/CPE: carbon paste electrode modified with an electroche-
mically reduced para-nitrobenzoic acid/graphene oxide nanocomposite.

Fig. SI-8C and D (ESIt), while the storage stability was evaluated
by recording the DPV signal of the prepare electrodes once per
week during five weeks (Fig. SI-8E and F, ESIt) respectively for
Ag,S@NH,-MIL-125(Ti)/PANI/GCE ~ and  Bi,S;@NH,-MIL-
125(Ti)/PANI/GCE. The results show that the prepared sensors
have good reproducibility (recovery of 98.51 & 0.95 and 95.76 +
2.10), repeatability (recovery of 100.05 & 0.08 and 96.56 + 1.76),
and stability (recovery of 97.27 + 0.11 and 99.20 + 0.003)
respectively for Ag,S@- and Bi,S;@.

3.3.5. Real medium. Two human urine samples (US1 and US2)
in which 1 mL was taken and diluted 200 times with PB (pH 7.0, 0.10
M) were chosen as the actual samples to investigate the possibility of
the application of the proposed method. After centrifugation (4000
rpm, 10 min), the standard addition technique was utilized to
measure the recovery using the proposed DPV method, and the
corresponding voltammograms are shown in Fig. 10. The summar-
ized results for the analysis of US are given in Table 2. The recovery
of the proposed method is accurate and precise, indicating that
Ag,S@NH,-MIL-125(Ti)/PANI/GCE  and  Bi,S;@/NH,-MIL-125(Ti)/
PANI/GCE may be efficiently used for the elaboration of the point-
of-care testing device for the determination of UA in urine samples.

4. Conclusion

The aim of this study was to develop and compare the capacity
of two core-shell sensors based on metal-organic frameworks

Mater. Adv., 2024, 5, 3683-3695 | 3691
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Fig. 10 Differential pulse voltammograms of two human urine samples
(US1 and US2) analyzed using AgaS@NH,-MIL-125(Ti)/PANI/GCE (A), (C)
and Bi,Ss@/NH,-MIL-125(Ti)/PANI/GCE (B), (D) in which the urine samples
were diluted 200 times with PB (pH 7.0, 0.10 M) and spiked with 0, 2, 4, and
6 UM UA, respectively.
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Table 2 Determination of UA in two human urine samples (n = 3)

UA detec- Spiked Found RSD

Electrode Analyte ted (uM) (uM)  (uM)  Recovery (%)
Ag,S@NH,-MIL- USs1 1.37 2 3.23 95.85 1.45
125(Ti)/PANI/GCE 4 520  96.78
6 7.29 98.70
Us2 1.03 2 3.17 104.35 4.03
4 5.07 100.66
6 6.77 96.30
Bi,S;@/NH,-MIL- US1  0.85 2 2.89  101.44 3.49
125(Ti)/PANI/GCE 4 4.63  95.44
6 6.53 95.36
Us2 0.68 2 2.57 95.71 3.33
4 4.72 100.75
6 6.81 102.01

Recovery = found/(spiked + detected) x 100; RSD = relative standard
deviation from the three spiked; ND = non determined.

(MOFs) and polyaniline (PANI) for the determination of a
pathological analyte, uric acid (UA), in aqueous solution and
urine samples. Accordingly, two sensors have been developed
by preparing two composites of core-shells@MOF and PANi
with 5% gelatin as the binder. After their immobilization on the
glassy carbon electrode (GCE), Ag,S@NH,-MIL-125(Ti)/PANI/GCE
and Bi,S;@/NH,-MIL-125(Ti)/PANI/GCE were then obtained as
working electrodes. Prior to that, the individual and composite
materials were characterized using physico-chemical and electro-
chemical techniques, showing the success of the synthesis with
resulting good porosities and crystallinities, large specific surface
areas, good thermal stabilities, low charge transfer resistance, etc.
The fabricated sensors exhibited high sensitivity toward the
electro-oxidation of UA over a calibration range from 0 to
16 M, leading to higher sensitivities and limits of detection
(LODs). The sensors showed good reproducibility, repeatability,
stability, excellent selectivity, and were applied to analyze two
human urine samples after dilution and spiking. The sensors were
able to detect UA in urine samples even after 200 times of dilution.
Finally, through the entire work, the sensor Ag,S@NH,-MIL-
125(Ti)/PANI/GCE shows more promising results for the develop-
ment of point-of-care devices than the sensor Bi,S;@/NH,-MIL-
125(Ti)/PANI/GCE with a few exceptions in certain parameters.
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