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UiO-66-based metal—organic framework for
dispersive solid-phase extraction of
vanillylmandelic acid from urine before analysis by
capillary electrophoresis
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Dispersive solid-phase extraction (DSPE) was developed for the extraction of vanillylmandelic acid (VMA) in
urine samples prior to capillary electrophoresis with diode array detection (CE-DAD). Extraction of VMA by
DSPE was carried out by direct addition of 7.5 mg of synthesized amino-functionalized UiO-66 (Zr) metal-
organic framework adsorbent into the 5 mL sample solution (pH 4.0), followed by sonication and
centrifugation. The supernatant layer was discarded, then the sedimented adsorbent was eluted using
borate buffer (75 mM, pH 10). Effective extraction parameters including the amount of adsorbent, sample
pH, adsorption and desorption time, type, volume and pH of eluent, and type of adsorbent dispersion
method were systematically investigated. Under the optimized conditions, linearity of the method was
from 40 to 2000 pg L™ with a correlation coefficient over 0.9948. The method detection and
quantification limits were 12 and 40 pg L™, respectively. The relative standard deviations for intra-and
inter-day precision were 2.4 and 2.8% (n = 5), respectively. The extraction recovery and enrichment
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1. Introduction

Vanillylmandelic acid (VMA) is the end product of epinephrine
and norepinephrine metabolism in the human body.' The
concentration of VMA increases during some neurological or
metabolic diseases such as autism,”> pheochromocytoma,’
neuroblastoma,* and tumors of the neural crest.® Therefore, its
determination from body fluids might be useful in assessing
these diseases. Various analytical techniques such as high-
performance liquid chromatography (HPLC),** gas chromatog-
raphy,””” immunoassay techniques,”** and electrochemical
methods*>° have been reported for the determination of VMA.
HPLC used for quantification of VMA has the drawbacks of slow
separation, low resolving power, and large sample volume.** GC
offers high resolution, but the time-consuming derivatization
step is required for the analyte to become volatile and stable.**
Capillary electrophoresis (CE) has been developed to determine
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factor values were 90% and 9.0 respectively.

VMA in human urine.**** CE has attracted increased interest
because of its high separation efficiency, short analysis time,
small sample volume, and low reagent consumption which
makes it an attractive alternative to HPLC.** Commercial CE
instruments are equipped with UV absorbance detectors due to
their low cost and simplicity of instrumentation. As previously
reported, direct injection of urine samples into CE is possible.***
However, the presence of a large number of different endogenous
compounds can impair resolution. In addition, under such
conditions, when solutes are monitored using a UV detector, peak
identification can be difficult, especially in complex matrices
such as plasma and urine samples. On the other hand, urine
samples are often diluted for direct injection, which reduces the
concentration in real samples. For example, Shirao et al*®
described the method of CE with UV detection to determine VMA,
but the developed method can not quantify the content of VMA in
the urine of healthy individuals due to the high limit of detection
(LOD). Due to the poor sensitivity of the CE-UV as the result of
short optical path length and low injection volume, preconcen-
tration should also be considered. Consequently, before CE-UV
analysis, the sample preparation step is usually needed for the
selective extraction of analytes of interest from biological samples
and to clean up the sample matrix and concentrate the analyte.
Solid-phase extraction (SPE)*>** and liquid-liquid extraction
(LLE)***** methods are usually used to treat urine samples prior

© 2022 The Author(s). Published by the Royal Society of Chemistry
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to the analysis of VMA. Straightforward methods such as dilu-
tion,* protein precipitation,*”** and filtration have also been re-
ported to clean up urine samples prior to injection to CE,***** but
interfering compounds hamper the identification of the analyte
of interest and also reduce the selectivity of the method. Besides,
separation column performance diminishes under the influence
of unremoved compounds. Dispersive-solid phase extraction
(DSPE) as a miniaturized sample preparation technique is
a modified arrangement of SPE in which the sorbent particles are
dispersed into the sample solution instead of being packed in
a cartridge. In this case, due to the high contact surface between
the analyte and the sorbent, the sorption kinetics increase, which
increases the extraction efficiency and reduces the extraction
time.” The use of an appropriate adsorbent for the efficient
extraction of analytes is crucial in DSPE. Metal-organic frame-
works (MOFs) with a large surface area and excellent adsorption
capacity have received growing attention as novel solid adsor-
bents in DSPE. MOFs are crystalline porous materials composed
of positively charged metal ions or clusters coordinated to organic
linkers. However, some MOFs are hydrolyzed in the presence of
water, which destroys the porous structure and hinders their use
in aqueous samples.”® UiO-66 is a MOF made up of [Zrs0,(OH),]
clusters with 1,4-benzodicarboxylic acid linkers. UiO-66 exhibits
good chemical resistance against water because of the strong
coordination bonds between the Zr(iv) atoms and carboxylate
oxygens.” Modification of organic ligands with different func-
tional groups is a common way to improve extraction perfor-
mance. The amino-functionalized UiO-66-NH, offers satisfactory
selectivity to acidic analytes.*®

Therefore, the main goal of the present study was to utilize
the amino-functionalized UiO-66-NH, as a sorbent of DSPE for
selective extraction of VMA from urine samples and then fol-
lowed by CE separation and UV detection by diode array
detector (DAD). For this purpose, the effects of various experi-
mental parameters, such as the amount of adsorbent, the type
and volume of the eluent solvent, adsorption and desorption
time, pH and salt effect, and type of sample agitation were
investigated.

2. Experimental

2.1. Chemicals

VMA (purity = 98%) was purchased from Sigma-Aldrich (St.
Louis, MO, USA). Sodium hydroxide (NaOH), sodium chloride
(NaCl), sodium tetraborate decahydrate (borax), acetonitrile
(ACN), ethanol, and methanol (MeOH), zirconium nitrate
(zZrNO3), 2-aminoterephthalate (H,ATA), and N,N-dime-
thylformamide (DMF) were purchased from Merck (Darmstadt,
Germany). All chemicals were of analytical grade and used
without further purification. Deionized (DI) water was supplied
by Shahid Ghazi Pharmaceutical Co. (Tabriz, Iran).

2.2. Standard solutions and biological matrices

The stock solution of VMA (100 mg mL™ ') was prepared in
ethanol and used for the preparation of calibration standards.
All required working standard solutions were prepared daily by
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dilution of the stock solution in the water. Urine samples were
collected from healthy individuals and were extracted by the
developed DSPE method under optimized conditions (see
section DSPE procedure).

2.3. Preparation of amino-functionalized UiO-66(Zr)

The amino-functionalized UiO-66(Zr) was prepared by the
procedures reported in the literature.”” In brief, 0.186 g of
H,ATA (1.029 mmol) and 0.349 g of Zr(NOj3), (1.029 mmol) were
mixed in 60 mL of anhydrous DMF. After the addition of
0.19 mL of deionized water, the mixture was stirred for 5 min
(24 x g) at room temperature and then transferred to a Teflon
liner stainless steel autoclaves (100 mL) and reacted at 120 °C
for 24 h in an oven. Finally, the resulting product was harvested
by centrifugation (9000 x g for 10 min) and washed with DMF
and methanol three times (activation), respectively. The powder
was then soaked in methanol for two days. Finally, yellow
powder of UiO-66(Zr)-NH, was obtained after thoroughly drying
at 100 °C under a vacuum overnight.

2.4. DSPE procedure

Firstly, 7.5 mg UiO-66(Zr)-NH, powder was added into a 5 mL
aqueous solution containing 1 mg L ™" of VMA adjusted at pH 4
using acetate buffer (¢ = 0.5 M). The mixture was then sonicated
for 1 min for analyte sorption. Then the adsorbent was sepa-
rated from the solution by centrifugation at 1075 x g for 5 min.
Subsequently, the supernatant was discarded and 500 puL borate
buffer (75 mM, pH 10; elution solvent) was added to the
centrifuge tube and was ultrasonicated for 3 min to desorb the
analyte from the adsorbent particles. After centrifugation for
5 min at 1075 x g, an aliquot of 50 pL of elution solvent was
collected using a microsyringe and transferred to a CE microvial
to further analysis by CE.

2.5. Instrumentation

CE analyses were carried out using a HP 3D CE device (Hewlett-
Packard, Palo Alto, CA, USA), equipped with a DAD detector.
Instrumental control and data acquisition were performed
using ChemsStation (Agilent Technologies, Waldbronn, Ger-
many). The capillary used was from Agilent Technology (Wald-
bronn, Germany) 50 um i.d. x 40 cm (31.5 cm to the detection
window). The new capillary was pretreated with 1 M NaOH for
30 min, deionized water for 30 min, and the background elec-
trolyte (BGE) solution for 30 min. The rinsing pressure was 950
mbar in all preconditioning steps. Before each run, the capillary
was flushed with 0.1 M NaOH for 2 min, deionized water for
2 min, and BGE solution for 4 min. The optimized conditions of
electrophoretic separation were: the BGE solution was 100 mM
borate buffer at pH 9.3. The sample was injected by hydrody-
namic pressure at 50 mBar for 10 s. The separation voltage was
+25 kv and the capillary was thermostatted at 25 °C. The
detection wavelength was 200 nm. BGE solution was sonicated
and filtered through a 0.20 pm pore size PTFE syringe filter
(Chromafil, Germany). Brunauer-Emmett-Teller (BET) analysis
based on nitrogen adsorption/desorption method at a temper-
ature of 77 K was used to access information about the surface
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properties of the sorbent such as specific surface area and
average pores diameter. In the current survey, BET analysis was
performed using BELSORP mini II analyzer (BEL, Japan).
Infrared spectra were recorded using a Fourier transform
infrared (FT-IR) spectrophotometer (Bruker, Billerica, USA). A
Cary-100 UV-Vis Spectrophotometer was used for recording the
UV-Vis spectrum. A D500 diffractometer (Siemens, Karlsruhe,
Germany) was used for obtaining X-ray diffraction (XRD)
pattern operating at a voltage of 35 kV at room temperature.

3. Results and discussion

3.1. Characterization of sorbent

The SEM images were recorded for the morphology investiga-
tion of MOF structures and the particle sizes of the MOF were
ranged under 500 nm, which is sufficiently small for these
particles to be used in extraction.”” BET analysis was performed
through measuring the nitrogen adsorption isotherms (Fig. 1a).
Considering the data, the specific surface area and mean pores
diameter (d) of the utilized MOF were 60.15 m”* g~ ' and 73.9 nm,
respectively. According to the fact that d is between 2 and
50 nm, the particles are mesopore in nature. The UV-Vis
absorption spectrum of the MOF was depicted in Fig. 1b. The
absorption peaks at 250 and 325 nm are related to the light
absorption of Zrg clusters, the amine group of the MOF ligand,
respectively. The XRD pattern (Fig. 1c) represents typical Bragg
peaks positioned at 26 = 7.4°, 8.4°, 26.7°, and 35.9° related to
111, 002, 006, and 116 spacing of the MOF, respectively. These
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peaks confirm successful synthesis of MOF. Based on FTIR
spectrum (Fig. 1d), the wide band on 3429 cm ™" can be attrib-
uted to the stretch vibration of the single bond NH, group. The
presence of the single bond NH, group is corroborated by the
N-H bending vibration, observed at 1680 cm ™" in the MOF. The
bands at 1571 and 1430 cm™ " are corresponded to the asym-
metric and symmetric stretching vibrations of the carboxylate
groups from terephthalic ligand. The vibration peaks around
664 and 491 cm™ " are related to the stretching vibration of Zr-O
of the Zr, cluster. All of the data are compatible with the results
reported in literature.””

3.2. Optimization of the DSPE procedure

Sample pH plays a vital role in the extraction of ionizable ana-
Iytes because the interaction between adsorbent and analyte has
a close relationship with the existing form of the analyte. The
effect of sample pH on extraction efficiency was investigated in
the range of 2.0-10.0. It can be seen from Fig. 2A, the method
efficiency increases by increasing the sample solution pH to 4
and then decreases. Based on the pkK, value of VMA (3.1),
decreasing the method efficiency can be related to the forma-
tion of carboxylate ions of VMA and increasing its solubility in
the sample solution. It must be noted that decreasing the
method performance at acidic pHs (pH = 2.0) can be related to
the ionization of -NH, groups of the MOF and its instability in
the solution. So, the sample solution pH was adjusted at 4.0
using acetate buffer (0.5 M).
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(a) Nitrogen adsorption/desorption isotherm (b) UV-vis spectrum, (c) XRD pattern, and (d) FTIR spectrum of the MOF.
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Fig.2 The effect of affective variables in the adsorption step on DSPE of VMA; effects of sample pH, (A) adsorbent amount, (B) sample agitation
type, (C) adsorption time, (D) and salt addition. (E) The error bars indicate minimum and maximum values of three independent determinations.

To obtain maximum extraction recovery, the amount of
adsorbent was studied in the range of 2.5-12.5 mg. As can be
seen from Fig. 2B, there was an increase in extraction recovery
with the increase of adsorbent amount from 2.5 to 7.5. At high
values, the recovery was reduced, which was probably due to the
insufficiency of the elution solvent for eluting the whole ana-
lyte.*” In addition, analysis of the sample solution after the
sorption step showed that 7.5 mg is enough to isolate whole the
analyte. So, 7.5 mg adsorbent was selected for further studies.

In DSPE, the adsorption and desorption of analyte to the
adsorbent is accelerated by vortex or ultrasonic. The effect of
these dispersion methods on the efficiency of adsorption and
desorption steps was investigated. The results (Fig. 2C and 3A)
showed that at the same time, the performance of sonication
was better than vortex in both adsorption and desorption steps.
Therefore, the rest of the experiments were performed using
ultrasonication.

© 2022 The Author(s). Published by the Royal Society of Chemistry

The influence of adsorption and desorption times was
investigated within 0-7 min. According to the results, the 1 min
of adsorption time was sufficient for high extraction recovery,
however, at longer times the amount of recovery is reduced,
which can be due to back extraction (Fig. 2D). In the case of
desorption time, as can be seen from Fig. 3B, extraction recovery
rises up to 3.0 min and then remains almost constant. Subse-
quently, 1 and 3 min were considered as the optimum times for
adsorption and desorption, respectively.

The solubility of analytes alters with the change in ionic
strength of the solution. Adding salt can be the most straight-
forward way to increase the ionic strength of the solution, which
reduces the solubility of the analyte by the salting-out effect,
thus increasing the analyte extraction efficiency. To study the
effect of salt addition on extraction recovery, different concen-
trations of NaCl were used (0-12.5% w/v). Results showed
(Fig. 2E) that there was a slight increase in extraction recovery

RSC Adv, 2022, 12, 28728-28737 | 28731
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determinations.

with the increase of NaCl concentration from 0 to 7.5% w/v. No
change was observed at high salt concentrations, so 7.5% was
selected as the optimal value.

They kind of elution solvent for desorption of the analytes
from the MOF is key effect on the method efficiency. The
preliminary tests confirmed that nearly 100% of the analyte was
adsorbed onto the sorbent by analyzing the sample solution
after extraction of the analytes with the MOF particles. Thus, the
analyte must be eluted effectively from the sorbent surface. To
select the proper elution solvent, a series of experiments were
done with different organic solvents consist of ethanol, ACN,
chloroform, and n-hexane, independently. For this purpose, 100

28732 | RSC Adv, 2022, 12, 28728-28737

uL of each pure solvent was added onto the separated MOF
(after centrifugation and discarding the supernatant) to desorb
the analyte. After evaporating and reconstituting, the obtained
solution was injected into the CE, no peak was observed for any
of the solvents, indicating the inability of the solvents to desorb
the analyte. In the following, due to acidic nature of VMA, its
elution from the sorbent surface was tested by using different
buffers including borate, ammonia, and acetate and sodium
hydroxide solutions adjusted at pH = 9.0. The elution solvent
concentration was 100 mM. According to the data (Fig. 3C), the
highest extraction recovery was obtained using borate buffer. It

© 2022 The Author(s). Published by the Royal Society of Chemistry
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is well established that borate can form complexes with polyol
compounds,®*® so borate was used in the subsequent steps.

The effect of elution solvent (buffer solution) volume,
concentration, and pH on the method efficiency was investi-
gated. The results showed (Fig. 3D) that with increasing the
volume of borate buffer up to 500 pL, recovery increases but
decreased with further increment in borate buffer volume. It
indicated 500 pL borate buffer could effectively desorb the VMA
with the desired enrichment factor.

Therefore, 500 pL was selected for the next experiments.
From Fig. 3E, it can be seen that with increasing buffer
concentration up to 75 mM recovery increases but after that, it
decreased. As the concentration of buffer increases up to
75 mM, the recovery increases due to the complex formation
between the borate and the VMA, but at high concentrations of
buffer due to the salting-out effect, the VMA may be eluted into
the buffer in smaller amounts. Therefore, the 75 mM buffer was
chosen for further studies. Finally, the effect of buffer borate pH
on desorption was studied within 9.0-11.0. It was found that pH
10 is more suitable for desorption (data not shown).

Based on the findings of the optimization of the DSPE
method, the mechanism of adsorption and desorption of the
VMA with the UiO-66(Zr)-NH, can be explained as follows. In the
adsorption step under basic conditions, the negatively charged
VMA is electrostatically interacted with the positive charge of
the adsorbent surface and is extracted using the ion-pair
mechanism. In the desorption step under basic conditions,
the negatively charged analyte is exchanged by negative ions of
the elution buffer, consequently desorbed from the adsorbent
surface by the ion exchange mechanism.

3.3. Method validation and analytical parameters

To investigate the analytical performance of the proposed
method, several main parameters were determined including
LOD, the limit of quantification (LOQ), linear range, intra-and
inter-day precision, recovery, enrichment factor (EF), and
extraction recovery. An eight-point calibration curve was used to
check the linearity of response for standards of VMA at
concentrations ranging from 40 to 2000 pg L™ . The linearity
was assessed by plotting the peak area of VMA versus the cor-
responding concentrations. The obtained calibration curve
equation was y = 32.178x + 0.55 and good linearity was achieved
for VMA over the studied concentration range with a correlation
coefficient higher than 0.994. The LOD and LOQ were deter-
mined based on signal-to-noise ratios of 3 and 10, respectively.
The LOD and LOQ were 12 and 40 pg L™". According to litera-
ture®* the normal concentration range of VMA in urine is 11.6 to
28.7 uM (or 2.3 to 5.7 ug mL %), thus the analyzed urine samples
must be diluted before performing the established method on
the samples. The repeatability of the method was carried out by
performing the method on aqueous solutions containing the
analyte at the concentrations of 100, 500 and 1000 ug L™" in
a same day (n = 5) and different days (n = 3). The repeatability
was expressed as relative standard deviation (RSD). RSDs for
intra-and inter-day precisions were 2.4 and 2.8% in all studied
concentrations, respectively. The recovery experiments were

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Recovery for VMA determined in spiked urines to check the
matrix effect. The initial concentration of the analyte was subtracted

Added Found Mean relative recovery + standard
Sample  (ugL™") (ugL™")  deviation (n = 3, %)
Urine 1 50 44.5 89 + 5.1

100 93.0 93 £ 4.6

250 254.1 101.6 + 3.5
Urine 2 50 43.8 87.6 = 3.8

100 91.6 91.6 + 4.2

250 249.2 99.7 + 4.8

accomplished to investigate the accuracy of the method.
Recovery (trueness) of VMA was measured by a standard addi-
tion method in the real urine samples that were spiked at three
separate concentrations (Table 1). VMA concentrations in
spiked urines were measured by the developed method and
recovery was estimated by comparing the values found, with
those of the standards. The recovery results are summarized in
Table 1. The average recoveries were within the ranges of 87.6-
101.6%. It can be seen that the obtained values are in the
acceptable range (between 80 and 120%). The EF value was
calculated using the ratio of the VMA concentration in the
elution solvent to the initial sample concentration. ER and EF
for the VMA were 90% and 9.0 respectively. The high surface
area of the UiO-66-NH, and its functionalized surface lead to
extraction with high recovery and selectivity.

3.4. Real samples analysis

Under optimized conditions, the proposed DSPE-CE-DAD
method was used to determine VMA in the urine samples from
healthy volunteers. Since the normal concentration of the VMA
in healthy individuals is higher than the linear range of the
method, urine samples were extracted after 10-fold dilutions.
VMA concentrations in real samples were found 13 and
8.2 mg L~ ". The sample donors signed a consent form registered
by the Tabriz University of Medical Sciences Ethical Committee
(approval code, IR. TBZMED.VCR.REC.1401.162). A typical elec-
tropherogram of a urine sample is shown in Fig. 4. It is observed
that due to dilution, the concentration of other endogenous
compounds decreases, which leads to clean electropherograms.
In the following, to acquire data about matrix effect of the
investigated samples, added-found method was utilized. For this
purpose, two urine samples were spiked with the analyte (50, 100,
and 250 pg L") and then quantified using the suggested
approach. The initial concentration in the spiked samples were
divided to the found concentration and multiplied by 100. The
results are reported as mean relative recoveries in Table 1. Based
on outcomes, the matrices of the samples have a negligible effect
on the applicability of the developed approach.

3.5. Comparison with other reported methods

The performance of the developed DSPE-CE-DAD method for
the extraction and determination of VMA was compared with
other reported CE-UV-based methods. The methods were
compared from the viewpoint of LOD, LOQ, linearity, and RSD.
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Fig. 4 Typical electropherogram of urine #1 sample (a) before and (b) after spike with 100 pg L™* of VMA.
Table 2 Comparison of the developed method with other reported methods for the extraction and determination of the VMA®
Analysis LOD LOQ LR Method imprecision
method Sample treatment/reagent (ng mL™h) (ng mL ™) (ng mL ™) (RSD, %) Ref.
CE-DAD Centrifugation and filtration 0.001 0.025 — — 35
CE-ECD LLE/ether; agitation by vortex 0.16 1.0 1.0-100 4.9 31
CE-UV PP/1 mM formic acid containing 20% 0.062 — — 3.1 37
ACN and dilution (10 times)
CE-ECD Centrifugation, filtration and dilution 0.005 0.01 0.01-5.0 34 38
CE-DAD LLE/diethyl ether; agitation by vortex 0.10 0.50 0.50-50 =9.1 39
CE-UV Centrifugation and dilution (1 time) 0.006 0.60 0.60-19.5 7.0 33
CE-DAD DSPE/UiO-66-NH, MOF 0.012 0.04 0.04-2.0 2.8 This work

% ECD - electrochemical detection, UV - ultraviolet, DAD - diode array detection, CE - capillary electrophoresis, LLE - liquid-liquid extraction, SPE -
solid-phase extraction, PP - protein precipitation, LR - linear range, LOD - limit of detection, LOQ - limit of quantification. DSPE - dispersive solid-

phase extraction.

The comparison results are summarized in Table 2. It can be
seen that the proposed method is more precise than other
methods. Also, the wide linear range is an advantage of this
method over other methods. However, the LOD and LOQ of
some methods are better than the proposed method.

4. Conclusions

In conclusion, the amino-functionalized UiO-66 was firstly used
as a DSPE adsorbent for the extraction and enrichment of VMA.
The developed method of DSPE-CE-DAD offers sound analytical
performances with good sensitivity, high extraction recovery, and
short separation time. The results reveal that the adsorption and
desorption mechanisms in this method are ion-pair and ion
exchange, respectively. Under optimal conditions, these two
mechanisms lead to selective and clean extraction of the VMA
from the urine sample. Since no organic solvent was used in the
VMA desorption step and also the separations performed by CE
did not use any organic solvent, this method is a green and
environmentally friendly method. The developed method would

28734 | RSC Adv, 2022, 12, 28728-28737

have a significant application potential for the isolation of other
endogenous compounds in different biological fluids.
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VMA Vanillylmandelic acid
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EF Enrichment factor

ER Extraction recovery

LOD Limit of detection

LOQ Limit of quantification
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