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Utilizing a nanocomposite aerogel grafted with
Fez0,@GO for the extraction and determination of
metoprolol in exhaled breath condensatef
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This article presents a solid-phase extraction method combined with a spectrofluorometric method for the
extraction/pre-concentration and determination of metoprolol (MET) in exhaled breath condensate. The
extraction sorbent is an agarose aerogel nanocomposite grafted with graphene oxide (GO) FezO4. The
size and morphology of the nanosorbent were characterized via X-ray crystallography, scanning electron
microscopy, Fourier-transform infrared spectrometry, and Brunauer—Emmett—Teller analysis. Factors
affecting the extraction/determination of MET were optimized using the one-at-a-time method. Under
optimized experimental conditions, the calibration graph was linear in the range of 0.005 to 2.0 pg mL™?
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DOI 10.1039/d3ra03883a with a detection limit of 0.001 ng mL™. The method was successfully applied for the determination of
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1. Introduction

Metoprolol (MET) is a member of the B-blocker family of drugs
that are utilized to treat incessant heart failure, coronary artery
disease, hypertension, and other cardiovascular disorders. B-
Blockers have clinical applications and play a role in dimin-
ishing nervousness, anxiety, and tremors. However, they are
regularly misused as doping agents in exercises requiring high
accuracy and precision, potentially leading to hypotension,
bradycardia, and fatigue.»* Typical plasma and urine concen-
trations of MET as a quite sensitive drug are 0.02-0.5 ug mL ™"
and 968.0 ug mL™'? in which its small dosage can achieve an
adequate blockage of the B-adrenergic receptors. The incorrect
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MET in biological samples taken from patients receiving MET.

usage of beta-blockers can lead to severe consequences due to
their fast-acting and potentially hazardous effects. Notably MET
is a moderately lipophilic B-blocker and the overconsumption of
beta-blocker medications, such as MET, can pose a risk as it has
the potential to significantly decrease the heart rate and blood
pressure.’*** Hence, examining the distribution of MET in
different biological samples could yield valuable insights in
relation to researching medications, resolving criminal cases,
comprehending toxins, and deducing the movement of phar-
maceuticals within the body.**

Various techniques, including capillary zone electropho-
resis,*” ultrahigh-performance liquid chromatography,® gas
chromatography-mass spectrometry,” micellar electrokinetic
chromatography,* spectrofluorimetry,” and HPLC along with
fluorescence, ultraviolet, and diode array detectors™¢ have
been utilized to determine MET" in various biological samples.
MET measurement calls for a prompt and precise approach;
however, considering the shortcomings in the previous
approaches, the development of a method that offers simplicity,
speed, and exceptional accuracy is still required. Monitoring
drugs through optimal methods appears to hold promise. The
optical strategy is a straightforward and high assurance way, as
it is based on an inalienable fluorescent characteristic of MET."”
Due to the complexity of biological samples, it is crucial to
employ a technique to enhance the concentration and purity of
a medication before assessing it in an analytical system.'®
Extracting substances using the solid-phase extraction (SPE)
method is a convenient, cost-effective, and rapid means of
preconcentration procedure and can be conducted using
a simple solid-phase cartridge.” With recent advancements in
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nanotechnology, the application of nanostructures in
manufacturing efficient sorbents for SPE cartridges has
increased due to their superior physicochemical features.”®
Among several nanomaterials, nanocomposite aerogels (NCAs),
obtained by a supercritical drying of hydrogels, have been
recently exploited as a potential sorbent in extraction applica-
tions.”* In particular, their grafting with some fillers, such as
graphene oxide (GO), has attracted great scientific interest, due
to their large specific surface area, low density, high-energy
storage, and ultrahigh porous structure.”” However, graphene-
based aerogels have the drawbacks of a hydrophobic surface
and structural shrinkage, which limit their usage in analytical
systems.” In order to resolve the problems previously stated,
surface functionalization by using cross-linkers and nano-
particles would be an efficient approach. Here, magnetic
nanoparticles (e.g., Fe30, NPs) with unique properties, such as
chemical stability, fast recovery, effortless separation, complex
formation with pollutants, and low cost, were selected to
decorate GO surface. This aimed to not only improve the GO's
structural features but also avoid the agglomeration and oxi-
dization of naked Fe;O, NPs (due to their high chemical
activity).>*

Exhaled breath condensate (EBC), as newly used biological
sample type, has attracted increasing attention in recent
years.>*® It possesses both volatile and non-volatile analytes of
various sizes, from small metal ions to genes and proteins. EBC
has been introduced as an alternative biological sample type
due to its less complicated matrix, non-invasive sampling
procedure compared to blood samples, more prominent
compliance from patients, and as it permits coordinated
sampling injection into the analyzer, with no need for a skilled
individual to gather the EBC, and the plausibility of providing
as many as required samples per day.”> Moreover, because the
condensate consists primarily of water, very little sample
preparation is required.>® Consequently, EPB has been used for
the monitoring of disease biomarkers,**** and drugs,**° while
also some general parameters, such as the pH of the EBC,*” have
been employed in recent biomedical investigations.

In this study, we attempted to extract and pre-concentrate MET
with NCAs grafted with Fe;0,@GO from EBC samples. As it can be
effectively loaded with profoundly active compounds beneath dry
conditions, and given its large-pore structure, large specific
surface area, and biodegradability, agarose as an ideal raw poly-
saccharide was selected for preparing the aerogel here.*® For this,
a nanocomposite aerogel based on agarose grafted with Fe;0, and
GO was synthesized and used as a compelling adsorbent for the
extraction and preconcentration of low concentrations of MET
from aqueous solutions. It should be noted that the main aim in
the selection of Fe;0, nanoparticles was not using their magnetic
property, rather they were utilized as an available filler with certain
desirable properties, such as narrow size distributions, biocom-
patibility, non-toxic nature, simple preparation method,” and
especially good affinity toward MET, which could be enhanced in
the presence of GO sheets. In the last step, to optimize the
absorption of MET, Fe;0,@GO nanocomposites were incorpo-
rated into agarose to boost the stability and porosity of the
nanocomposite.*

© 2023 The Author(s). Published by the Royal Society of Chemistry
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2. Experimental

2.1. Chemicals and reagents

All the used chemicals and solvents, including sodium
hydroxide (NaOH), acetic acid (HAC), hydrochloric acid (HCI),
ethanol (EtOH), methanol (MeOH), formic acid, acetonitrile
(ACN), sulfuric acid (H,SO,), sodium nitrate, potassium
permanganate, sodium dihydrogen phosphate, hydrogen
peroxide, FeCl;-6H,0, FeCl,-4H,0, ammonia solution, and
citric acid, were obtained from Merck (Darmstadt, Germany).
All the solutions were prepared with high-purity deionized
water (Ghazi Serum Co, Tabriz, Iran, http://www.sgco-
infusion.com). Agarose was purchased from Sigma-Aldrich Co.
A stock solution of MET succinate tartrate (gifted by Sobhan
Darou Co., Rasht, Iran) at a concentration of 500 ug mL ™" was
prepared by dissolving an appropriate amount of drug powder
in deionized water, which was then kept in a refrigerator at
approximately 4 °C away from light. The consecutive dilution of
this stock solution with high-purity deionized water was used
for preparing other working standard solutions.

2.2. Instruments and apparatuses

For measurement of the fluorescence spectra, a FP-750 spec-
trofluorometer (Jasco Corp., Japan) was used with a xenon lamp
source and a 1 mL standard quartz cell. The bandwidths were
set at 10 nm in the excitation and 5 nm in the emission paths for
recording all the fluorescence spectra. The Fourier-transform
infrared (FT-IR) spectra were obtained on a Bruker FT-IR spec-
trophotometer (Model Tensor 270) under ambient conditions.
Typical scans were obtained over 4000-400 cm™ ' spectral width
with a resolution of 4 cm ~". To study the morphological char-
acteristics of the nanosorbent, a MIRA3 (TESCAN, Czech
Republic) field emission scanning electron microscopy (FESEM)
system was employed. Powder X-ray diffraction (XRD) patterns
were achieved using a Siemens diffractometer with filtered Cu-
Ko radiation at 35 kV within the 26 range of 4°-70°. For the BET
surface area analysis, a BELSORP MINI II instrument was used.

2.3. Synthesis of the GO and Fe;0, nanoparticles

GO was synthesized using the modified Hummer approach.*
For this purpose, 1.0 g of graphite was mixed with 54.0 mL of
concentrated H,SO,, and then in an ice bath, 1.0 g of sodium
nitrate was added to the reaction container. The ice bath was
expelled and the suspension was permitted to warm up to 33 °C
after the expansion of potassium permanganate (4.0 g) under
vigorous stirring. With continuous stirring for 45 min, the
mixture transformed into a brown shade upon the addition of
46 mL of purified water. Another 150 mL of water was added to
the reaction to further dilute it, followed by the addition of
3.5 mL of 30% hydrogen peroxide to convert the remaining
permanganate and manganese dioxide into soluble manganese
sulfate. The suspension was rinsed three times with 3% HCI
and then left to dry. The resulting black graphite oxide was
irradiated for 3 h in an ultrasonic bath until a colloidal solution
was obtained. The obtained GO was further dried for exami-
nation and structural analysis.

RSC Adv, 2023, 13, 30562-30574 | 30563
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Furthermore, Fe;O, NPs were synthesized utilizing the
method portrayed in the literature.*® First, in 40 mL deionized
water, 8.73 mmol of FeCl,-4H,0 and 4.37 mmol of FeCl;-6H,0
were dissolved and under a N, purge, the solution was heated to
80 °C. Thereupon, 5 mL of ammonia solution (28% v/v) was
added quickly into the vigorously stirred solution. Following
a 30 min duration, a magnet was used to gather the solid
substances, which were then cleansed with purified water and
dried in a vacuum at normal room temperature.

2.4. Synthesis of Fe;0,@G0O/agarose NCAs

To prepare the Fe;0,@GO nanocomposite, first, 26 mg of GO
was dispersed in 1 mL of deionized water and placed in an
ultrasound bath for 10 min to distribute the particles evenly in
the solution. Upon adding 26 mg of Fe;O, to the initial solution,
the resulting mixture underwent an additional 10 min of pro-
cessing in an ultrasonic bath. The obtained Fe;0,@GO nano-
composite was maintained at a standard temperature for
further experimentation.

To obtain Fe;0,@GO/agarose NCAs, agarose solution was
prepared by adding 0.075 g of agarose into 6 mL of water until it
was totally dissolved at melting point (65-85 °C) using a stirrer.
At this point, the pre-prepared Fe;O,@GO nanocomposite
solution was added to the hot agarose solution and mixed for
another few min at 80 °C to guarantee homogeneity. By
increasing the temperature, the GO sheets were reduced (rGO).
The hot Fe;0,@rGO/agarose solution was dropped into liquid
nitrogen by pipette tip to immediately form Fe;O0,@rGO/
agarose nanocomposite hydrogel. The hydrogel was placed in
a —78 °C refrigerator for 24-48 hours and subsequently at
a temperature of 31.5 °C and pressure of 74 bar, it was dried
with supercritical CO, (SC-CO,).*

2.5. Preparation of the sample solutions

To produce our solutions, we utilized high-grade chemicals and
purified deionized water. Working standard solutions were
obtained quotidian by a suitable accumulative dilution of the
stock solutions with deionized water. In order to collect human
exhalation samples, an exhalation collection device was used.*
The EBC device consisted of a cooling trap whose temperature
could be adjusted from 0 °C to —25 °C. This device cooled first
the blown air rapidly and after that cleared out the vaporized
particles on the surface of the trap within the frame of the
condensed water vapor particles. Without any preparation step,
the obtained EBC samples were straightforwardly analyzed. For
the optimization and calibration methods, the used samples
were collected from healthy volunteers. For checking the
method's applicability, real samples were taken from 5 patients
receiving MET. The sample donors signed a consent form
confirmed by the ethics committee of Tabriz University of
Medical Sciences, with the code IR.RBZMED.REC.1401.568.

2.6. General procedure

For preparing the initial solution, 1.0 pg mL ™" of MET was spiked
into a 2 mL microtube containing 300 uL EBC and 50 pL of
phosphate buffer at pH 9 followed by topping up to the final
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volume of 2 mL with deionized water. An appropriate and opti-
mized amount of NCAs was placed into a cartridge with a 25 um
filter at the outlet end of the cartridge. The initial solution was
passed through the cartridge twice and the passed solution was
discharged. Up to this point, the NCAs substrate had absorbed the
drug. Afterward, a desorption solvent consisting of 500 pL of
methanol/acetic acid with a 99 : 1 v/v% was employed to eliminate
the absorbed analyte from the cartridge. At this point, the super-
natant was collected and its fluorescent intensity was measured at
310 nm with an excitation wavelength of 274 nm (Fig. 1). All the
experiments were repeated three times (N = 3).

3. Results and discussion

3.1. Choice of adsorbent for MET determination

The demand for efficient and precise absorption is increasingly
quantitative and requires rapid sorption. An effective adsorp-
tion material comprises a permeable and steady matrix with
great renewability, a high adsorption capacity, suitable func-
tional groups, and high surface-area accessibility. In this
regard, Fe;O4 NPs, GO sheets, and Fe;0,@GO nanocomposites,
and their aerogels were separately synthesized and tested to find
the appropriate adsorption material for the target analyte
extraction. When Fe;O, NPs and GO sheets were utilized, the
quantity of the analyte retrieved was considerably small based
on the findings. However, the Fe;0,@GO nanocomposites
showed progressive analyte recovery for MET, as well as
Fe;0,@GO0/agarose NCA. It should be noted that the MET
recovery from the Fe;O, NPs (60%) was higher than that from
the GO sheets (35%), which could be related to due to the
nanomaterials’ nature, i.e. large surface area compared with GO
sheets. Alternatively, nanocomposites offer the chance for
higher performance due to their synergistic impacts compared
with single NPs. Additionally, Fe;O,@GO/agarose NCA was
confirmed to show superior performance for the pre-
concentration/extraction of MET compared to Fe;0,@GO
nanocomposites, which could be ascribed to the porous struc-
ture of the agarose aerogel, which increased its adsorption
capacity owing to its high surface area. Accordingly, Fe;0,@GO/
agarose NCA was employed as an adsorbent for the
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Fig.1 Excitation and emission spectra of MET.
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Scheme 1 Schematic representation of MET extraction using FezO,@rGO/agarose aerogels from EBC samples.

determination of MET in EBC. The general process for synthe- 3.2. Characterization of Fe;0,@rGO/agarose aerogel
sizing the hydrogel-based nanocomposite is schematically .= e ool e GO and FelO

. . 3Y4
depicted in Scheme 1.

NPs in addition to
investigating their interactions with agarose, Fourier-transform
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Fig. 2

infrared (FT-IR) spectroscopy was used. According to the FT-IR
spectrum of GO (Fig. 2A(I)), the presence of absorption peaks
at about 1230 and 1637 cm™ " could be attributed to the C-O
stretching vibrations and C=O0 stretching of carboxylic and/or
carbonyl moiety functional groups, respectively. Additionally,
the absorption peaks at 3438 and 1629 cm ™" were related to the
vibration peaks of water molecules and nanocomposite O-H
stretching, and the vibration absorption peak of C=O in
carboxyl, individually.** According to the FT-IR spectrum of
Fe;0,@rGO in Fig. 2A(II), a broad peak was seen at 590 cm ™" in
addition to the peaks seen in Fig. 2A(I), which could be attrib-
uted to the presence of the magnetic phase, suggesting that
Fe;0, was successfully bound to the GO.** A band at 1637 cm ™"
and a broad band centered at 3420 cm™ ' accompanied the
presence of hydroxyl groups and were attributed to OH bending
and OH stretching, respectively, from iron oxide or perhaps
from the moisture present in the sample. Two overlapping
bands coordinated at 2956 and 2898 cm ™" (related to the ~CH,
symmetric and asymmetric stretches of Fe;0,) appeared in the

-z
‘WD: 20,08 mm
Det: SE
SEM MAG: 20.0 kx _|Date(m/dly): 04/16/14

SEM HV: 10.0 KV
View flold: 9.54 pm

SEM MAG: 50.0 Kx | LatelmavE 0401115

20 (degree)

(A) FT-IR spectra and (B) XRD patterns of (I) GO, () Fes04,@GO, and (Ill) Fes0,4@rGO/agarose NCAs.

nanocomposite form, representing the successful integration of
Fe;0, in the GO structure.** The FT-IR spectrum of NCA in
Fig. 2A(II) showed the characteristic peaks of agarose at 895/
932/1156, 1077, 1637, 2924, and 3420 cm *, attributed to
vibrational modes of the glycosidic linkage stretching, glycoside
bonding, C-H stretching, and polysaccharides, respectively.
Moreover, there was an increase in the intensity of OH
stretching at 3420 cm ™', C-O stretching at 1077 cm ™', and C=0
stretching at 1635 cm ™', indicating the interaction of agarose
and GO. Furthermore, the intensity decreases at 3431, 1624, and
1078 cm ™, and also the disappearance of the peak at 1730 cm ™"
in the nanocomposite form of GO, confirmed its reduction
(rGO).*

In order to authenticate the crystallinity and phase purity of
the gels and also to guarantee the favored amalgamation of
Fe;0,@rGO into the agarose matrix, the samples were sub-
jected to XRD analysis. Fig. 2B shows the XRD patterns of GO,
Fe;0,@rGO, and Fe;0,@rGO/agarose NCA. As shown in
Fig. 2B(I), the diffraction peak at 26 = 10° was specific to the

Det: InBoam
: B1:7.00 501
View fiold: 2.08 ym | Date(midly): 1018122

Fig. 3 SEM images of (a) GO, (b) Fez0,@rGO, and (c) FesO4@rGO/agarose aerogel with magnifications of 2 um, 500 nm, and 500 nm,

respectively.
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Fig. 4 SEM elemental mapping of FesO,@rGO/agarose aerogel.

(002) reflection of GO.* For Fe;0,@rGO (Fig. 2B(II)), new
diffraction peaks appeared at 26: 30.1°, 35.4°, 43.1°, 57°, and
62.6° and could be ascribed to the (220), (311), (400), (511), and

© 2023 The Author(s). Published by the Royal Society of Chemistry

(440) facets of the cubic spinel crystal planes of Fe;0,.** As
shown in Fig. 2B(III), the appearance of the above-mentioned
peaks evidenced the successful synthesis of Fe;0,@rGO/

RSC Adv, 2023, 13, 30562-30574 | 30567
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Table 1 The percentages of elements present from the EDX analysis

Element C (0] Fe
W% 35.64% 53.51 10.85
A% 45.61% 51.41 2.98

agarose NCAs. It was significant to note that the reflection peak
at 10°, which was attributed to layered GO, disappeared during
the formation of GO, Fe;0,@rGO nanocomposite, and agarose
nanocomposite aerogel, respectively. This may be due to the
fact that after being covered with Fe;0,4, the GO sheets were no
longer stackable with each other to form crystalline structures.
Furthermore, the appearance of a small and broad pick at
23.58° confirmed the reduction of GO during the composition
with the agarose aerogel.

The surface morphology of the proposed Fe;O,@rGO/
agarose aerogel was analyzed via SEM analysis (Fig. 3). Fig. 3a
shows the morphology of GO, revealing the two-dimensional
GO with layered structures and a face-to-face assembly of
sheets. The FESEM image of the GO@Fe;O, nanocomposite
(Fig. 3b) showed aggregates of crystallites gathered together as
pseudo-spherical particles with approximate sizes ranging from
30-50 nm, then accumulating with each other and enwrapping
the GO sheets, confirming the successful synthesis of Fe;0, NPs
on the surface of the GO sheets. Fig. 3c illustrates the porous
structure of Fe;O,@rGO/agarose aerogel containing an inter-
connected network of graphene flakes.

The SEM-EDS image of Fe;0,@rGO/agarose aerogel in Fig. 4
shows the distribution of the C, O, and Fe elements. The
compositional map revealed the C, O, and Fe species were
greatly dispersed over the matrix surface. The elemental
composition was estimated by EDX analysis, as shown in Fig. 3,
exhibiting the presence of Fe as a metal and C and O as non-
metal constituents. The presence of non-metals suggested the
successful attachment of agarose polymer over the matrix.”* In
addition, only signals from the primary components of the
NCAs (i.e., C, O, and Fe) could be exclusively detected and these
signals were uniformly distributed across the entire scanned

Adsorption / desorption isotherm

Adsorption / desorption isotherm
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area. No evidence of foreign elements was detected, indicating
the high purity of the sample. The percentages of elements are
provided in Table 1.

The surface area and porosity of the prepared material, as
useful measurements for determining the material's properties,
were confirmed by BET surface analysis. BET analysis was thus
applied to distinguish the adsorption-desorption isotherms of
the GO nanoparticles. According to Fig. 5a, the BET surface area
of Fe;0, was obtained as 92.226 m* g ', while according to
Fig. 5b, GO had the most noteworthy normalized adsorption
capacity due to having the biggest surface area availability,
caused by its unique single-atom-layered structure.” Moreover,
the BET surface area of the sample was obtained as 130.94 m?>
g~ '. The BJH method was utilized to determine the pore-size
distribution, which was approximately 9.91 nm. According to
Fig. 5¢, a characteristic type-IV profile was shown, indicating the
mesoporous nature of the Fe;0,@rGO/agarose aerogel. It
should be acknowledged that the synthesized NCA could serve
as a mesoporous adsorbent providing monolayer-multilayer
adsorption. Furthermore, the BET surface area (asper) of the
sample was obtained as 20.11 m> g~ *. Using the BJH method,
the dependent pore-size distribution was calculated as about
9.25 nm.

3.3. Optimization of the reaction conditions

To obtain an appropriate preconcentration of MET on the
agarose NCA grafted with Fe;0,@rGO, the experimental
conditions, such as pH, amount of Fe;0,@rGO/agarose aerogel,
adsorption/desorption time, and elution conditions, were
optimized. Using the “change only one thing at a time” method,
where one parameter is varied and the others are kept constant,
we sought to optimize the parameters affecting the extraction
efficiency. The recovery percentage as the analytical response
was calculated from the following equation:

Ny final

Extraction recovery(ER%) = x 100

Ny initial

Va Cafmal
= (22 (Zninal ) o g 1
(Vs) (Cs,inilial) x 100 [ )

Adsorption / desorption isotherm

360 300

BIH-Pot e BIHL¥lot

240 A ' 200

V,/em*(STP) g
V,/em*(STP) g

20

2
H

Pm

BJH-Plot

V,Jem3(STP) g

0.5 1 0
Pl

0 o5 eos 0.5 Pl 1

Fig. 5 Nitrogen adsorption—desorption isotherms of (a) FezO,, (b) GO, and (c) FezO4@rGO/agarose aerogel and the Barrett—Joyner—Halenda

(BJH) pore-size distribution (inset).
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aerogel nanocomposite (N = 3).

where 7 initiai, and 71, fnar are the number of moles of MET
present in the initial sample solution and the number of moles
of MET present in the elusion phase after extraction, respec-
tively; Csinitiat and Cafina1 are the initial and final MET

© 2023 The Author(s). Published by the Royal Society of Chemistry

concentrations in the initial and elusion phase, respectively;
and Vs and V, denote the initial and elusion phase volumes,
respectively. For all the optimization measurements, 1.0 pg
mL~" of MET was used and each reported data value represents
the average of three experiments. ANOVA analysis was used to
analyze for significant differences among the different levels of
the investigated factors.

Experiments were thus conducted to identify a suitable
eluent for separating MET from its attached materials. To this
end, various reagents, such as ACN, ethanol, MeOH/HAC, and
formic acid/ACN/H,O, were tested. As shown in Fig. 6a, the
maximum recovery occurred when MeOH/HAC were used as the
eluent system. Furthermore, the ratio of MeOH/HAC was opti-
mized. For this purpose, various ratios from 30:70 to 99:1 of
MeOH/HAC were investigated to elute the adsorbed analyte
from the sorbent. As shown in Fig. 6b, when the amounts of
MeOH and HAC were identical, the recovery was the most
unfavorable. The substance gradually exhibited an increased
recovery when a higher amount of MeOH was added in
comparison to HAC. When the ratio of MeOH to HAC was 99: 1,
the highest recovery rate of 97% was obtained. Thus, this ratio
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was selected as the optimal ratio. Furthermore, our analysis
included investigating the correlation between the amount of
eluent used and the recovery value. The research findings
conclusively demonstrated that the highest recovery rates could
be achieved by utilizing 500 mL of the eluent (Fig. 6¢). Conse-
quently, 500 mL was selected as the optimum volume of the
eluent.

One of the foremost critical variables that may influence the
effectiveness of the extraction process is the pH of the sample.
Therefore, its optimization could be a critical step in developing
an analytical procedure. In this work, the effect of pH on the
recovery percentage of MET was studied by varying the pH of the
donor solution from 4 to 11 and the results are presented in
Fig. 6d. Based on the results, the system response was expanded
alongside increasing the pH, where the most elevated recovery
response was accomplished at pH 9.0. Based on the literature,*®
the pH of the zero-point charge (pHp, ) can be estimated using

30570 | RSC Adv, 2023, 13, 30562-30574

the pH drift method. To achieve this, aliquots of 20 ml of
0.01 mol L' sodium chloride solutions were adjusted to
various initial pH values from 3 to 11. Subsequently, 0.01 g of
nanosorbent was added to the solutions. The pH values of all
the solutions were monitored and compared to their initial pH
values after a time period of 24 h. Here, pHp,, is the point where
pH; = pHy. As shown in Fig. 7, the pHp,. of the Fe;0,@GO/
agarose NCA was around 7.2, whereas the pK, of MET was 9.7.
Therefore, the nanocomposite surface would be negatively
charged if the pH value is higher than the pH,,. (7.2) and could
then interact with the positively formed MET at pH < 9.7. The
pH value thus plays a very significant role in the adsorption of
the analyte ions, as it affects the protonation and deprotonation
of the functional groups in the nanocomposite and analyte
present in acidic-basic environments. This work found that the
optimal pH for the sample solution was 9.

Moreover, the quantity of adsorbent employed is a signifi-
cant determinant in assessing the level of adsorption. In the
present study, to test the effect of the amount of NCA agent on
the quantitative preconcentration of MET, the extraction was
carried out by varying the amounts of the sorbent from 2.5 to
20 mg. The results showed that the adsorption increased when
increasing the amount of NCA, reaching a plateau at 5.0 mg. As
the adsorbent amount increased to 5.0 mg, the adsorbent
accessible sites for MET also increased, and subsequently
superior adsorption took place. The recovery kept constant for
amounts greater than 5.0 mg of the adsorbent, which indicated
that 5.0 mg was adequate for 1.0 pg mL™" of MET.

3.4. Interference study

To demonstrate the selectivity of the developed strategy for MET
detection, the impact of various possible co-administrated

© 2023 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra03883a

Open Access Article. Published on 18 October 2023. Downloaded on 4/12/2026 1:41:31 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

View Article Online

RSC Advances

Table 2 Comparison of the analytical characteristics of this method with other reported methods in the literature

LOD (ug

Type of method Adsorbent Sample mL™Y) Linear range (g mL™") Ref.
UPLC-UV — Plasma 0.0017 0.005-0.3 47
Spectrofluorometry — Plasma 0.0165 0.05-0.55 48
Fourier-transform ion cyclotron Nano silver-functionalized Plasma 3.5-6.8 x  0.05-20 5
resonance mass spectrometry magnetic nanoparticles with an 107°

interlayer of poly(3,4-

dihydroxyphenylalanine)
Ultrahigh-performance liquid IL@SiO,@Fe;0,4 Plasma 0.62 x 10°® 0.002-10 49
chromatography with mass
spectrometry
Gas chromatography Fe;0, nanoparticles modified Plasma and urine 0.01 0.05-0.5 50

with polyamidoamine

dendrimers
Spectrofluorimetry Magnetic iron oxide nanoparticles Plasma, urine and 2.1-3.4 x  Plasma: 6-100 x 10> urine, EBC 11

EBC 107° and water: 5-100 x 10~°

Micellar LC-UV with UV and — Plasma 0.016 0.1-0.8 10
fluorometric detectors
Spectrofluorometry Fe;0,@GO0O/agarose EBC 0.003 0.005-2.0 This

nanocomposite aerogel work
Table 3 Determination of MET in EBC samples of patients 3.5. Analytical figures of merit

MET in EBc  The calibration curve in the direct determination of MET

No. Gender Age Daily dose (mg) (ng mL™ %)
1 Male 58 47.5 (1 per day) 0.009
2 Female 66 50 (2 per day) 0.012
3 Female 69 95 (1 per day) 0.010
4 Female 60 50 (2 per day) 0.008
5 Female 59 50 (2 per day) 0.009

drugs with MET was investigated under the optimum condi-
tions. The responses were measured based on the presence of
potentially interfering substances in EBC, including ibuprofen,
caffeine, chlordiazepoxide, clonazepam, phenobarbital, aspirin,
diazepam, propranolol, sotalol, diclofenac, enalapril, carvedi-
lol, amlodipine, and losartan. The responses were assessed for
an MET concentration of 1.0 pg mL™" and the concentration of
all the interfering substances was just the same as the amount
of MET. As shown in Fig. 8, the cumulative addition of the
interferences from ibuprofen, caffeine, clonazepam, pheno-
barbital, aspirin, diazepam, propranolol, enalapril, carvedilol,
and amlodipine had a negligible effect on the extraction/
determination of MET. However, among the possible co-
prescribed drugs, chlordiazepoxide, sotalol, diclofenac, carve-
dilol, and losartan showed interferences with MET. The inter-
ference between MET and sotalol was due to its structural
similarity with MET, whereas chlordiazepoxide (absorption
wavelength = 285 nm), losartan (lex = 248 nm and Aep, = 410
nm), diclofenac (1x = 287 nm and A., = 362 nm), and carve-
dilol (Aex = 285 nm and A, = 345 nm) had an overlap in the
excitation/emission or absorption wavelength with MET (Aex =
274 nm and A.;,, = 310 nm). Therefore, it is proposed that this
method could be best performed for MET tracing in the EBC of
patients not receiving these drugs.

© 2023 The Author(s). Published by the Royal Society of Chemistry

(without the preconcentration step) in the absence of NCA was
linear at 0.1-2.0 pg mL " with a detection limit of 0.05 ug mL ™.
The equation for the regression line was y = 119.79x + 9.6097,
where y is the fluorescence intensity in arbitrary units, and x is
the concentration of MET expressed in pg mL~ . The calibration
graph after preconcentration with the Fe;O,@rGO/agarose
aerogel was linear from 0.005-2.0 pg mL~" with the equation
y = 144.09x + 16.846, with a detection limit of 0.003 pg mL "
(Fig. 9). According to these results, the linear range of MET
concentration was improved from 0.1-2.0 pg mL™" to 0.005-2.0
pug mL™"' after preconcentration with the investigated adsor-
bent. Additionally, an improvement in the detection limit from
0.05 to 0.003 pg mL ™" was observed. In order to measure the
precision of the method, the analysis was repeated on the same
day and inter-day relative standard deviations (RSD) were ob-
tained as 1.68% and 2.22% for 0.01, 2.37% and 3.95% for 0.05,
and 1.33% and 2.82% for 0.1 pg mL~' MET, respectively. A
comparison of the current procedure with other systems
described in other works in the literature is summarized in
Table 2. The results showed that the validated method is
respectable and comparable with other methods for MET
detection.

3.6. Real samples analysis

MET determination was accomplished in five EBC samples
taken from patients receiving MET to verify the analytical
applicability and feasibility of the proposed Fe;O0,@rGO/
agarose nanocomposite aerogel with real samples. The stan-
dard addition method was used for the patient sample deter-
mination. Table 3 presents the results of the real samples
analysis. The concentrations of MET in the five EBC real
samples were 1.19-2.83 ug mL™". It should be noted that all the

RSC Adv, 2023, 13, 30562-30574 | 30571
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optimization and validation procedures were performed in
healthy subjects’ EBC samples, who were not administered
MET, and no matrix interference was observed. However, for
further study of the reliability, the procedure was performed on
a blank EBC sample of a healthy subject without any MET spike
and negative control samples, ie., a patient who was not
administered MET, and the results are given in Fig. 1S in the
ESI,T with the results confirming the method accuracy.

4. Conclusion

To the best of our knowledge, this is the first application of the
synthesized Fe;0,@rGO/agarose aerogel nanocomposite as
a highly selective separation agent for the trace analysis and
preconcentration of MET in EBC. The achieved results showed
that MET was quantitatively adsorbed on the sorbent and,
subsequently, could be easily stripped with MeOH/HAC as an
eluent. The main advantages of the presented procedure
include a low detection limit, high dispersity, good adsorption
capacity, excellent accuracy, and good precision. Looking into
the future, the sorbent based on agarose nanocomposite aero-
gel could find new opportunities in a wide range of applications
by using different nanofillers, thus opening a broad scope for
the construction of unique probes in the pharmaceutical field.
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