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Use of gold/iron metal-organic framework
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Abstract

Risperidone (RIS) is one of the most prescribed atypical antipsychotics approved for the treatment of various
neuropsychiatric diseases. For the correlation of serum concentration and pharmacological effects of RIS,
therapeutic drug monitoring is considered a fundamental concept for clinical application. This paper is provided
to develop an electrochemical probe for the determination of RIS in biological samples by modification of glassy
carbon electrode (GCE) using gold nanoparticles (AuNPs) and iron metal-organic-frameworks (FeMOFs). This probe
fabrication process was characterized with various techniques including Fourier transform infrared (FTIR), emission
scanning electron microscopy (FESEM), energy dispersive X-ray (EDX), atomic force microscopy (AFM), and dynamic
light scattering (DLS) to confirm the proper synthesis of materials and the sensors designing. The developed

probe square-wave voltammetry (SWV) signal was linear upon RIS concentration from 0.02 to 50 pug/mL with a
low limit of quantification (LOQ) of 0.02 pg/mL. Based on the validated method, high accuracy and precision,
good specificity, and suitable stability of fabricated probes were achieved. As the ultimate step, this method

was successfully applied for the quantification of RIS in patients’ plasma samples with regular RIS consumption.
The fabricated electrochemical demonstrates favorable clinical applicability due to its simplicity, high sensitivity,
low sample pretreatment time, and rapid analysis time, making it a promising probe as an alternative to current
separation-based methods. Also, the developed probe is cost-effective, as it uses a low amount of materials,
decreases sample processing time, and utilizes inexpensive materials, which could remarkably reduce the overall
cost of RIS concentration detection in clinical samples. The obtained results showed the potential of the developed
probe for fast and reliable detection of RIS in plasma samples.

fZahra Golsanamlu and Haniyeh Pashanejad contributed equally to
this work.

*Correspondence:
Jafar Soleymani
jsoleymanii@gmail.com; soleymanij@tbzmed.ac.ir

Full list of author information is available at the end of the article

© The Author(s) 2025. Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long as you
give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if you modified the

licensed material. You do not have permission under this licence to share adapted material derived from this article or parts of it. The images or
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http:/creati
vecommons.org/licenses/by-nc-nd/4.0/.


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s13065-025-01498-y&domain=pdf&date_stamp=2025-5-14

Golsanamlu et al. BMC Chemistry (2025) 19:129

Page 2 of 12

[Keywords Electrochemical detection, Risperidone, Biomedical analysis, Unprocessed plasma ]

Introduction

Neuropsychiatric diseases are usually accompanied by
patients lifelong which bring those disabilities and heavy
economic burden. Since 1950s, antipsychotics were
introduced as neuroleptics use in clinical psychiatry,
atypical antipsychotics have been reached the top-sell
categories of pharmaceuticals [1, 2]. Atypical antipsy-
chotics (second generation antipsychotics) antagonized
both dopaminergic and serotonin (5HT2) receptors in
brain which reduced propensity to cause extrapyramidal
adverse effects [3]. Risperidone (RIS) with a molecular
formula of C,3H,,FN,O, is one of the most used atypi-
cal antipsychotics approved for treatment of schizophre-
nia, short-term manic states of bipolar disorder, autism,
and attention-deficit disorders [4, 5]. Additionally, off-
label uses of RIS include obsessive-compulsive disor-
der, disruptive behavior disorders, treatment-resistant
depression, tourette syndrome, etc [6—8]. According to
clinical guidelines, recommended serum therapeutic ref-
erence for RIS is ranged from 20 to 60 ng/mL combined
of RIS and 9-hydroxyrisperidone (an active metabolite
with similar pharmacological activity) serum concentra-
tion. Moreover, RIS is most evidence-supported atypical
antipsychotic indicates direct correlation of serum con-
centration and pharmacological effects and levels above
120 ng/mL are associated with the adverse effects like
development of parkinsonian symptoms and hyperpro-
lactinemia [8]. So, therapeutic drug monitoring (TDM)
considered as a true-of-certain concept that reflect the
regulation of efficacy and incidence of severe side effects
in patients with RIS therapeutic regimen [9].

Previous studies for the quantification of RIS mostly
have been concerned with high performance liquid chro-
matographic-ultraviolet (HPLC-UV) detector [10-12],
electrochemical detection [13], and mass spectrometry
(MS) [9, 14-18]. Although these methods provide great
sensitivity and selectivity, the high-cost instrumentation,
require time-consuming extraction processes, need of
specialized technicians and long run-times made them
not conducive to clinical promotion [8, 19, 20]. To pro-
vide sustained monitoring technique of RIS, a constant
need for the development of simple, fast, sensitive and
miniaturized automation method have been compre-
hended in recent years.

Electrochemical methods possess a multitude of advan-
tages like rapid analysis, cost-effectiveness and high sen-
sitivity which made them a as a promising technique for
point-of-care applications [21, 22]. The desired substrate
in electrochemical sensors should have some essential
properties such as high electrical conductivity, extensive
surface area, stable background current, good corrosion

resistance, and efficient chemical and electrical stabili-
ties [23]. Due to the significant advancement in nano-
technology, the modification of the surface of electrodes
has resulted in enhancement the performance of current
electrochemical sensors and provide higher sensitivity
and precision in analytical determinations [8, 23]. For
instance, Merli et al. reported modification of a gold elec-
trode by oxidized carbon nanotubes for the RIS determi-
nation in urine samples [24]. In another study, Arvand et
al. utilized multi-walled carbon nanotube modified glassy
carbon electrode (GCE) for RIS detection in biological
fluids [4]. Shahrokhian et al. employed various modi-
fied electrodes functionalized by carbon nanoparticles,
carbon nanotubes (CNTs), nanodiamond/graphite, and
reduced graphene oxide on GCE [23].

Applications of new materials enhanced the efficiency
the developed new sensing platforms and improved
their selectivity as well [25, 26]. MOFs are a new model
crystalline structures of metal ions and organic ligands
comprising proprieties of inherent porosity, numerous
metal active sites, high surface-to-volume ratio, good
stability, and tunable shape size which made them a
multifunctional candidate for sensor designing applica-
tions [27-29]. By selecting of different metal ions, several
MOFs-based structures were synthetized in an easy man-
ner. It’s notable to mention that binding agent in MOFs
structure play the crucial role in ability of ions absorp-
tion. Combination of Iron (Fe) and MOFs exhibit strong
affinity to anions as Cl, Br, P, N and S. Fe is highly abun-
dant and easy obtained element in environment [30].

Gold nanoparticles (AuNPs) are one of the main mate-
rials in the preparation of electrochemical sensors for
the measurement of various analytes. Also, AuNPs have
been employed for preparation of various drug-delivery
[31], bioimaging [32, 33], and other biomedical applica-
tions. A review of the literature showed that AuNPs are
used for the detection of drugs, biomarkers, environ-
mental pollutants, DNA/RNA, etc [34, 35]. This is due to
the increased additive properties, increased specific sur-
face area, increased electroanalytical activities, relatively
high stability, and high biocompatibility. In this study,
AuNPs have been used to optimize the surface of a GCE
to increase the analytical performance of the probe. This
increase in performance will be achieved by increasing
the electron transfer kinetics at the electrode surface by
AuNPs. This paper discuss the development an electro-
chemical assay for the quantification of RIS in biological
samples. The proposed method is based on the applica-
tion of metal-organic frameworks (MOFs) for modifica-
tion the surface of GCE. The FeMOFs nanoparticles were
immobilized on the surface of the GCE, which expressed
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significant electrochemical performance towards the RIS
in unprocessed plasma samples. Additionally, the modi-
fied FeMOF/AuNPs/GCE presents favorable sensitivity,
excellent specificity, and promising stability for detecting
RIS in patients’ samples.

Experimental

Chemicals and reagents

RIS powder was purchased from Sobhan Darou pharma-
ceutical Co. (Karaj, Iran). Dimethylformamide (DMF),
sodium hydroxide (NaOH), hydrochloric acid (HCI),
sulfuric acid (H,SO,), nitric acid (HNO; 65%), chloro-
auric acid (HAuCl,), ethanol, ferric chloride hexahydrate
(FeCl;.6H,0), and benzenedicarboxylic acid (H,BDC)
are purchased from Sigma (Germany). Disodium hydro-
gen phosphate (Na,HPO,) and Sodium dihydrogen
phosphate (NaH,PO,) were employed to prepare buffer
solutions provided from Merck (Darmstadt, Germany).
Plasma blank samples have been provided by the Iranian
Blood Transfusion Organization (Tabriz, Iran).

Instruments

Fourier transform infrared (FTIR) from Bruker model
instrument (Massachusetts, USA) was used to the iden-
tification of the functional groups. The structural mor-
phology was characterized by the field emission scanning
electron microscopy (FESEM) of (FEG-SEM MIRA3
TESCAN Company (Brno, Czech Republic) Also, the
energy dispersive X-ray (EDX) spectra was determined
by the same instrument. Atomic force microscopy
(AFM) was used to study surface topography through
a Digital Instruments nanosurf mobile S (Grammet-
strasse, Switzerland). Zeta potential and dynamic light
scattering (DLS) were considered by a Malvern particle
size analyzer (Malvern, UK). An AUTOLAB electro-
chemical system using an Ag/AgCl electrode, GCE, and
a platinum electrode served as the reference, working,
and counter electrodes for recoding the electrochemical
voltammograms.

Synthesis

Preparation of FeMOF

The solvothermal method was employed to synthesize
of FeMOFs, which already reported by Sintya et al. [36].
Briefly, the mixture of FeCl;.6H,O (0.675 g) and H,BDC
(0.206 g) dissolved completely in DMF (30 mL) and
heated in a Teflon-lined autoclave and heated at 150 °C
for about 24 h. The product was washed by DMF and col-
lected by centrifugation. Finally, black solid dried at 60 °C
over night.

Synthesis of AuNPs
AuNPs were synthesized using the citrate reduction
method described by Chaichi et al. [37]. 100 mL of
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boiling HAuCl, (0.01%) solution and 2 mL of sodium
citrate (1%) solution was mixed quickly under vigor-
ous stirring to observe color alteration from colorless to
wine-red and then was kept at 4 °C in dark condition for
the next uses.

Sensor design

Electrode pretreatment

Before any electrode modification, the GCE electrode
was polished using a high-meshed alumina powder. It
was then rinsed with water and inserted in acetone for
approximately 5 min, and washed with water. Then, the
bare electrode was submerged in the solution of H,SO,
(0.05 M) and HNO; (0.050 M) for 5 min to remove
any organic contamination and then washed with dis-
tilled water. Ultimately, cyclic voltammetric (CV) tech-
nique was run in H,SO, (0.1 M) solution with potential
between— 1.2 and 1.2 V for 25 cycles until reach stable
CVs.

Electrodeposition of AuNPs and preparing the final probe

A GCE bare electrode was immersed into the solution
of AuNPs to electrodeposit using chronoamperometry
(ChA) at E; =0.00 V for a given time from 1 to 250 s. To
the best of our knowledge, ChA was considered as the
best electrodeposition mode for controlling the growth of
nanoparticles size and film thickness [38]. Subsequently,
AuNPs attached on the surface of GCE. For the fabrica-
tion of FeMOF/AuNPs/GCE electrode, a proper volume
of the dispersed FeMOF (5 pL) was casted on the AuNPs/
GCE and dried for 10 min.

Detection approach

After preparing the probe, different standards were pre-
pared by adding appropriate amount of RIS in support-
ing electrolyte and the corresponding electrochemical
signal was recorded. Also, to plot the calibration curve
in plasma media, a certain amount of blank plasma has
been spiked with various RIS concentrations and centri-
fuged the mixture (10.000 rpm, 10 min). Next, without
performing any additional step, the mixture was added
to supporting electrolyte and record the electrochemical
signal (Scheme 1).

Results and discussions

Characterization of FeMOF/AuNPs/GCE and FeMOF
nanoparticles

Figures 1 and 2 show FESEM images of FEMOF morphol-
ogy in which their particular octahedral shape [39-41]
is observable with size of around 300 nm. This FESEM
sizes was confirmed with DLS size analyzer with mean
value of 364 nm with a polydispersity index (PdI) of
0.66, showing broad size distribution (Fig. 1S(a)). More-
over, the surface charge of FeMOF was evaluated by zeta
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Scheme 1 Schematic demonstration of the FeMOF/AuNPs/GCE-based sensor fabrication and quantification of RIS using electrochemical method

potential analyzer (Fig. 1S(b)) with a positive zeta value
of +0.5 mV. Figure 2 shows the roughness and uniformly
distribution of FeMOF/AuNPs on GCE surface. In fact,
the roughness of the deposited layer can assist the diffu-
sion of analyte through the supporting electrolyte to get
closer to the sensing layer. Moreover, the well-combined
and well-dispersed AuNPs with FeMOF may covered sur-
face area and make the porous layer with cavities on the
electrode surface to allow electrochemically react of RIS
molecules upon a dual signal amplification mechanism.
Also, AFM analysis of FeMOF/AuNPs/GCE confirmed
the topography of the nanoparticles as determined by FE-
SEM (Fig. 2S). FeMOF/AuNPs are disposed on the sur-
face vertically and a mean height of around 50 nm was
estimated for them.

The functional groups of FeMOF were confirmed
by FTIR technique (Fig. 3S). C=0 bonds of benzene-
carboxylic group were detected at wavenumber of
1607 cm™! and peak around 1400 cm™! is attributed to
the C-C vibration in aromatic carbon groups [36]. Hydro-
gen bond may be affected C=0O position to the longer
wavenumbers [42]. The stretching and bending vibration
of O-Fe—O and Fe—O-Fe are corresponded in around
500-700 cm™! as a signature peak of FeMOF. The bands
obtained at 3373 cm™! were attributed the stretching
vibrations of the O—H. The elemental composition of the
FeMOF/AuNPs/GCE by EDX and map analysis declared
the elemental percentages of C, O, Fe and Au are 63.68%,

30.80%, 63.33%, 1.96%, and 3.56%, respectively (Fig. 4S
and Table 1S). While, FeMOF consists of C (94.68%), O
(1.70%) and Fe (3.62%) and Au peak was not observed in
EDX analysis (Fig. 5S and Table 25).

Electrochemical characterization of FeMOF/AuNPs/GCE
Since RIS is electrochemically inactive and does not
have any oxidation/reduction peaks within the potential
window, it cannot be measured by direct methods. To
overcome this problem and utilize the advantages of elec-
trochemical methods in RIS analysis, an indirect method
was chosen by blocking the redox activity of [Fe(CN)g] -
[Fe(CN)¢]® by RIS. [Fe(CN)]™*/[Fe(CN)¢]® undergoes
a reversible one-electron oxidation/reduction reaction
at the optimized electrode surface, generating a current.
In the presence of RIS and attaching to the electrode
surface, the electroactive sites on the electrode surface
are blocked by RIS molecules, limiting the transfer of
[Fe(CN)¢]™*/[Fe(CN)4] ™ to the electrode surface, which
reduces the current. The reduced current is proportional
to the concentration of RIS, which determines its indirect
value.

The choice of conjugated salt as the supporting electro-
lyte is due to its advantages such as reversible oxidation/
reduction reaction kinetics, specific diffusion coefficient
for accurate calculation of electrode surface area and
other electrochemical parameters using the Randles—
Sev¢ik equation, stable water solution, etc.



Golsanamlu et al. BMC Chemistry (2025) 19:129

y
:
¥

e
MIRA3 TESCAN  SEM HV: 15.0 kV WO 4.26 mm
View field: 2.54 pm Det: InBeam

SEM MAG: 50.0 kx  Date(midly): 0513724

SEM HV: 15.0 kv WO 4.28 mm
View field: 2.54 pm Det: InBeam

SEM MAG: 50.0 kx  Date(midly): 051324
]

e

&)

o

MIRA3 TESCAN  SEM HV: 15.0 kV WO 4.26 mm
View field: 8.48 pm Det: InBeam
SEM MAG: 15.0 kx  Date(midly): 051324

SEM HV: 15.0 kv
View field: 4.24 pm
SEM MAG: 30.0 kx

WO: 4.26 mm
Det: InBeam
Date(midly): 0513724

Lvaatoei]

Page 5 of 12

MIRA3 TESCAN|  SEM HV: 15.0 kV
View field: 4.24 pm
SEM MAG: 30.0 kx

CTy

27

500 nm

O

- ¢ / ) \
MIRAS TESCAN|  SEM HV: 15.0 kv WOD: 4.28 mm

View field: 8.48 pm Det: iInBeam
SEM MAG: 150 kx  Date(midly): 0513724

Fig. 1 FESEM images of FeMOF particles with corresponding scale bars at different magnifications

Figure 6S displays the ChA plot of the electrodeposi-
tion of the AuNPs onto the surface of GCE (Sect. 2.4.2)
in E;=0.00 V [34]. The gradually increasing of current
intensity during the time progress indicates the surface
full electrodeposition of the AuNPs. After about 200 s,
the current intensity remained constant, indicating the
maximum electrodeposition of AuNPs on the bare GCE
surface.

The CV responses of the redox probe was also stud-
ied during step-by-step surface modification of GCE
with FeMOF and AuNPs along with CVs of the probe in
the presence and absence of RIS. Figure 3 demonstrates
CVs of bare GCE, and AuNPs/GCE, FeMOF/AuNPs/
GCE in the presence and absence of RIS (20 pug/mL) in
the supporting electrolyte solution (pH=5.0, 5 mM of
[Fe(CN)¢]™*/[Fe(CN)4]™®) in the potential from -1.0
to +1.0 V and sweep rate of 100 mV/s (from lower to
higher potential). The peak current increase beyond the
addition of AuNPs and FeMOFs due to the dual ampli-
fication mechanism. So, the modification of the GCE
surface improves the electrochemical activity compared

with bare electrode. The [Fe(CN)y]™*/[Fe(CN)s]™ pair
potential was changed to 0.29 V, confirming the success-
ful surface modification of the electrode with AuNPs and
FeMOFs. Upon adding the RIS, peak current decreased
at 0.29 V resulted, leading to the blocking of the redox
pair electro-oxidation. The nanoparticles enhance the
area-to-volume of the composite to facilitate the redox
reaction ([Fe(CN)¢]™*/[Fe(CN)4] ™).

Effect of pH

Standard solution of RIS was utilized for optimiza-
tion of pH value which strongly influences the elec-
trochemical performance by involving the proton
transfer. Figure 7S(a) illustrated the changes of CVs
potential and current of the redox pair in different pHs
(2.0<pH<10.0). As the pH was gradually increased, the
potential shifted towards more positive values and the
current peak decreased. Because the increase in concen-
tration of hydrogen ions is accompanied with increas-
ing in redox potentials [43]. Beyond pH 5.0 a distortion
in the peak shapes was observed. Figure 7S(b) shows the
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Fig. 2 FESEM images of FeMOF/AuNPs/GCE electrode with corresponding scale bars at different magnifications
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Fig. 3 CVs of bare GCE, AuNPs/GCE, and FeMOF/AuNPs/GCE in the pres-
ence and absence of RIS (20 pg/mL). (pH 5.0, [Fe(CN)¢]#/[Fe(CN)] >, 5 mM,
KCI 0.1 M, sweep rate 100 mV/s)

linear function of potential of anodic peak over the pH
range of 3-10.

Epa (V) = 0.08314 pH — 0.07310, R? = 0.9749

The obtained slope is 0.08314 V/pH which is approxi-
mately near to 0.0592 V/pH as the theoretical value, sug-
gesting total number of electrons and the protons that in
the presence of RIS are equal.

Kinetic study and estimation of the surface area

Figure 8S (a) displays the CV of successive scan rate of
the bare GCE, AuNPs/GCE, and FeMOF/AuNPs/GCE
from 2 mV/s to 500 mV/s. To study the kinetic of the elec-
trooxidation, the oxidation peak current (I, ) and square
roots of scan rates (v’°) was firstly plotted. Figure 8S (b)
is presenting a linear relationship I, vis v** with an equa-
tion of Ipa (pA)=2.079 v0.5(mV/s)+3.245 (R*=0.9974),
Ipa (pA) =1.326 v0.5(mV/s) +5.241 (R*=0.9889), and Lha.
(HA) =0.5554 v**(mV/s) +4.002 (R*=0.9717) for FeMOF/
AuNPs/GCE, AuNPs/GCE, and bare GCE, respectively,
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proposing the diffusion-controlled electrooxidation of
[Fe(CN)6]3‘/4' on the FeMOF/AuNPs modified GCE.
Therefore, the Randles—Sevcik equation can be utilized
to explain the electrooxidation process on the surface of
the FeMOF/AuNPs modified GCE. This equation is as
follows.

Ipa= 2.69 x 10°AD"5n'-5Cy"?

Here, I,,, D, A, v, C, and n, denote to anodic peak cur-
rent (A), the molecular diffusion coefficient of the elec-
trolyte (cm?/s), electroactive surface area (cm?), scan rate
(mV/s), C (M), and number of electron, respectively.

Also, In I,,vis In v was in the scan rate range with
an equation of Ipa (pA)=0.3684 In v (mV/s)+1.478
(R*=0.9914), Ipa (uA)=0.3563 In v (mV/s)+1.1.318
(R*=0.9991), and Ipa (uA)=0.2618 In v (mV/s) + 1.084
(R*=0.9987), for FeMOF/AuNPs/GCE, AuNPs/GCE, and
bare GCE, respectively (Fig. 85S(c)). As could be seen, the
slope is near to the 0.5, proposing diffusional-controlled
mass transferring on the surface of the FeMOF/AuNPs
modified GCE (Fig. 8S(c)). The non-linear relationship
between L, vis v was further confirmed the diffusional-
controlled mass transferring mechanism on the surface
of FeMOF/AuNPs/GCE, AuNPs/GCE, and bare GCE
electrodes (Fig. 85(d)).

The surface area of the modified FeMOF/AuNPs/GCE,
AuNPs/GCE, and bare GCE electrodes could be calcu-
lated using Randles—Sevcik equation. For this, the slope
of I, vis v*° was employed by substituting, n, C, and D
of 1, 10 mM, and 0.76 x 10~ cm?/s, respectively. The cal-
culated value for the electrodes are as 0.5607 cm?, 0.3576
cm?, and 0.1498 cm?, for FeMOF/AuNPs/GCE, AuNPs/
GCE, and bare GCE, respectively. These results pro-
posed that the surface modification of GCE with AuNPs
and AuNPs/FeMOF can enhance the signal of the sensor
by 2.4 and 3.8 times, showing the proper surface modi-
fication and materials selection in the sensor designing
process.

Optimization of analytical condition

In general, the electrochemical performance of modi-
fied electrode may influence by conditional factors. In
the first step, the effect of the electrode composition was
examined using different amount of AuNPs and FeMOF
which are optimum current intensity was observed by
12.5 mM (Fig. 4(a)) and 2000 ug/mL (Fig. 4(b)), respec-
tively. In fact, by increasing their amount, the thickness
of the modifiers provide a porous film covered electrode
surface resulting in the enhancement of the amount of
active sites for the electrochemical reaction. In higher
concentrations, peak current reduced due to the increas-
ing of improper mechanical property which decreased
the adherence of the modifier layer [23].
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To find the optimum pH, the electrochemical behav-
ior of RIS was studied in different pH values from 2 to 11
versus the ratio of the current intensity in the presence
and absence of the analyte (Fig. 4(c)). It was found that
the voltammetric oxidation of RIS at the surface of elec-
trode was more favorite under acidic conditions of phos-
phate buffer (50 mM) and it reaches its maximum value
at pH 5.0. Furthermore, the effect of buffer concentration
is depicted at Fig. 4(d).

Linearity and sensitivity

Under optimized conditions, FeMOF/AuNPs modified
GCE was applied for determining of RIS in plasma sam-
ples. The gradual increase in RIS concentration (Fig. 5(a))
was found to correspond with a decrease in the peak cur-
rent intensity. In this study, signal ratio of the probe in
the presence and absence of analyte was regarded as ana-
lytical signal. The calibration plot was obtained by ratio of
peak current (analyte/blank) vs. RIS concentrations with
a linear segment of 0.02-5 pg/mL through the regres-
sion equation derived as y= -0.06942 log[RIS] +0.2402
(R?=0.9985) (Fig. 5(b)). Also, the method’s low limit of
quantification (LLOQ) for RIS was obtained as 0.02 pg/
mL.

Table 1 compares the analytical features of modified
electrode to previously reported in the literature [4, 8, 19,
44, 45]. Three different techniques have been reported for
the measurement of RIS in different samples. In general,
electrochemical methods have the advantage of being less
expensive and more portable than optical and separation
methods, respectively. Also, this method has better sensi-
tivity than other reported electrochemical methods. The
developed assay provide an effective internal referencing
and self-calibrating system which minimizes the instru-
ment function variation and matrix effects [46]. It is con-
cluded that the developed probe is able to quantify RIS
concentrations in a wide range in plasma samples with-
out requiring to any pretreatment steps. While the sep-
aration-based and optical methods usually need protein
precipitation steps to remove interfering biomolecules
led to wash out the amounts of analyte. This type of ana-
lytical method can be used as reliable technique in clini-
cal setting, where an extensive number of plasma samples
needed to be quantified in a short period [47-49].

Validation section

Precision and accuracy study

The accuracy of an analytical method, expressed as rela-
tive error percentage (RE%) was assessed by repeated
analysis of three RIS-spiked plasma samples containing
known concentrations (0.05-0.5-5.0 pg/mL) for which
the inter-day accuracy ranged from -4.4 to 8.9%. Also,
the interday and intraday repeatability of the developed
method for the same concentrations were calculated by
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relative standard deviation (RSD%) founded to be 3.82-
5.96% and 4.35-10.36%, respectively. As shown in Table 2,
the mean variations were less than 5%, which is accept-
able according to the Food and Drug administration
(FDA) ranges for RSD% and RE% (+ 15%) for all concen-
trations, except LLOQs (+20%).

Specificity of the probe

The specificity of modified GCE was studied in the pres-
ence of interfering agents which may disrupt the probe
function such as co-prescribed neuroleptics and biologi-
cal available agents (Fig. 9S). In the presence of a constant
concentration of RIS (1 pg/mL), the probe signal was
recorded and selective function of the probe determined
by RE%. It was observed the performance of the devel-
oped method in presence of all interfering agents was

influenced less than 20%, except for tryptophan and citric
acid.

Stability and effect of biological sample matric

Various types of stability tests are suggested for evalu-
ation of the pharmaceuticals stability in a particular
matrix such as freeze-thaw method, short-term temper-
ature stability, stock solution stability, and etc. Freeze-
thaw stability was investigated by two concentrations of
analyte-spiked samples in three replications. Samples
are frozen and thawed in three cycles and then used
for stability tests [50]. In addition, stock solution stabil-
ity was checked by the remaining the prepared standard
stocks of analyte for at least 6 h at room temperature
[50]. Table 3 lists the measured values, expressed by RE%,
which confirms that stability of RIS is independent of



Golsanamlu et al. BMC Chemistry (2025) 19:129

Page 9 of 12

60.0
0.02 pg/mL

g 40.0—

‘é 5 pg/mL

5

S 20.0—

0.0 T T
-200 0 200 400 600
Potential (mV)

0.5
= (b) Y=-0.06942 log[RIS]+0.2402
= 0.4+ R?=0.9985
S~
] --“‘--
g too
© 0.3- ey
o beo. i
S 0.2 =
S
o)
=
¥ 0.1
5
(&)

0.0 r .

E -1 0 1
log(RIS) (pg/mlL)

Fig.5 (a) SWVs of FeMOF/AuNPs/GCE probe in the presence of different RIS concentrations and (b) calibration curve in plasma media (pH 5.0, [Fe(CN)¢] ™/
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6

sample preparation conditions. Furthermore, the stability
of modified GCE was also checked by plotting CVs at dif-
ferent cycle numbers. As the number of CVs increased,
the peak current decreased, indicating that the fabricated
platform becomes useable after the cycles. The stability

of the electrodes was also tested over seven consecutive
days. To do this, the electrochemical signal of the elec-
trodes was measured on different days after preparation.
The results showed that the intensity of the generated
signal did not change significantly until the fourth day.
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Table 1 Analytical techniques and performance of the developed methods for RIS quantification

Technique Samples Dynamic range (ug/mL) LOD/LLOQ (png/mL) Ref.
Optical Human urine - 0.103 [
(Fluorescence)

Optical Pharmaceutical, human plasma 5-150 ng/mL 1.37 ng/mL [19]
(Fluorescence)

HPLC-UV pharmaceutical preparations 10-60 1.79 [44]
UPLC-MS/MS spiked human serum 0.200-500 ng/mL LLOQ=0.2 ng/mL [45]
Electrochemical Pharmaceutical, spiked human serum 0.04-0.82 0.04 [4]
(AdSDPV )

Electrochemical pharmaceutical preparations 0.02-32.1 0.02 [8]
(SWV)

Electrochemical Human plasma 0.02-50 LLOQ=0.02 This work
(SWVs)

HPLC: high performance liquid chromatography; UV: ultraviolet, UPLC-MS/MS: ultra-high performance liquid chromatography tandem mass spectrometry; AdSDPV:
Adsorptive stripping differential pulse voltammetry; SWV: square-wave voltammetry; LOD: Limit of detection;

Table 2 Repeatability and accuracy of the FeMOF/AuNPs/GCE-based method for RIS detection in unprocessed plasma samples

Added (pg/mL) Interday Intraday
Obtained (+SD) Precision (RSD%) Accuracy (RE%) Obtained (+SD) Precision (RSD%)
0.05 0.048 (+0.0052) 10.78 -44 0.051 (+0.003) 5.96
0.5 0.54 (+0.024) 435 89 049 (£0.019) 382
50 5.19(+£0.54) 10.36 3.8 4.85 (+0.26) 5.20

Table 3 Stock solution and freeze-thaw stabilities of the RIS
standard solution

Added Stock solution Freeze-thaw
(ng/ml) found (ug/mL)  Accuracy found (ug/  Ac-
(RE %) mL) curacy
(RE %)
0.5 044 (+0.02) -12.0 048 (+0.04) -44
5.0 512 (+0.12) 24 456 (£021) -88

Table 4 Determination of RIS levels in patient plasma samples

No. M/F Age (year) Detected con- HPLC T-test
centration (ng/ (p-
mL) val-

ue)

1 F 31 0.0457 0.049 0.78

2 F 35 0.073 0.062

3 F 46 0.089 0.077

4 F 40 0.0104 0.023

5 F 44 0.051 0.145 -*

This data was excluded

However, after the fifth day, the changes in signal inten-
sity were significant. This indicates that the prepared
electrodes are stable in the refrigerator for at least four
days (Fig. 10S).

To investigate the effect of the matrix of biological
samples, the electrochemical signal was tested in differ-
ent plasmas. The results showed that the obtained elec-
trochemical peaks did not differ significantly from each
other with RSD% less than 10% for recorded signals
across all samples (Fig. 11S).

Applications in real samples

In order to evaluate the analytical applicability of the
FeMOF/AuNPs modified GCE, five plasma samples were
collected from patients with receiving RIS medication
regime. Briefly, 1 mL of plasma samples was added to
about 4 mL of [Fe(CN)6]'4/ [Fe(CN)6]'3 solution. Despite
the previous reported methods, the developed probe
used without any protein precipitation and centrifugal
separation. The obtained results for the determination of
RIS using calibration curve equation in patients’ plasma
samples are presented in Table 4. The data obtained were
compared with an HPLC method previously presented
by this group [42]. The results of the t-test indicated no
significant difference between the two groups, except for
one outlier. When this case was excluded, the p-value
increased from 0.43 to 0.78. A paired t-test revealed no
significant difference between the reported method and
HPLC-method (t-value =0.299, p =0.784, two-tailed). The
mean difference was —0.0018 +0.0119 (95% CI: -0.021 to
0.017), with an exceptionally strong pairwise correlation
(r=0.995, p=0.002), confirming the robustness of the
paired design. This outlier (marked with *) was excluded
because the measured concentration (0.051 vs. 0.145 pg/
mL) exceeded the 95% prediction interval. Due to sample
volume constraints, measurements were performed once
per sample, precluding variability assessment. Results
should be interpreted as preliminary.
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Conclusions

The FeMOF/AuNPs/GCE was fabricated and applied
for the study of the electrochemical probe which dem-
onstrated excellent activity for RIS in the presence of
[Fe(CN)¢]™*/[Fe(CN)4]™ redox pair. Despite the bare
electrode, the oxidation current of RIS varied negatively
by 29 mV by modified electrode. Under optimized condi-
tion, the CV responses of the sensor indicates good lin-
earity in the range of 0.02-50 pg/mL with an LLOQ of
0.02 pg/mL. Also, the modified electrode was validated
by high accuracy, good repeatability, and long-term sta-
bility for the quantitation of RIS. Ultimately, the effi-
ciency of the modified electrode was evaluated by the
determination of RIS in patients’ plasma samples directly
with no need for protein precipitation step prior to the
analysis. This newly developed probe shows promise for
on-site application without any time—consuming pre-
treatment steps. The proposed method, with further vali-
dation and testing in more real samples, can be used as a
reliable method for measuring RIS in clinics. Also, due to
its high sensitivity and selectivity, and the use of relatively
inexpensive materials in the preparation of the probe, it
can be commercially available as a screen-printed elec-
trode for fast and reliable detection of RIS after proper
validations.
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