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a b-cyclodextrin-modified gold
nanoparticle-assisted electromembrane extraction
method followed by capillary electrophoresis for
methadone determination in plasma

Mir Saleh Hoseininezhad-Namin,ab Sibel Aysil Ozkan,c Elaheh Rahimpour *bd

and Abolghasem Jouyban be

In this study, gold nanoparticles (AuNPs) modified with b-cyclodextrin (b-CD) were used to assist with

electromembrane extraction (EME) and were coupled with capillary electrophoresis (CE) and ultraviolet

(UV) detection (CE-UV) for the extraction and measurement of methadone from plasma samples. A b-

CD-modified AuNP-reinforced hollow fiber (HF) was utilized in this work. The b-CD-modified AuNPs act

as an absorbent and provide an extra pathway for the analyte extraction. For obtaining the effect of the

presence of b-CD-modified AuNPs in the HF pores, the extraction efficiency of the EME and b-CD-

modified AuNPs/EME techniques were compared. Different parameters influencing the extraction

efficacy of the EME and b-CD-modified AuNPs/EME methods were optimized. Optimal extractions were

performed with 1-octanol as the organic solvent in the supported liquid membrane (SLM), with an

applied voltage of 10 V as the driving force across the SLM, and with pH 7.0 in the donor solutions with

a stirring speed of 1000 rpm after 20 min and 25 min for the b-CD-modified AuNPs/EME and EME

methods, respectively. Under optimal conditions, compared with the EME method, the b-CD-modified

AuNPs/EME method exhibited increased extraction efficacy in a short time. The b-CD-modified AuNPs/

EME technique demonstrated a lower limit of detection (5.0 ng mL−1), higher extraction recovery (68%),

and a more optimal preconcentration factor (135). Furthermore, this method was successfully utilized for

measuring methadone in real plasma samples.
1 Introduction

Opioid maintenance treatment (OMT) drugs can be used for the
treatment of opioid addiction.1,2 Methadone is an OMT drug
used primarily for addiction and pain treatment (Fig. 1).
Nevertheless, it is an addictive drug that can be abused. More-
over, the overdose and nonmedical use of methadone can result
in death.3,4 Thus, developing a reliable and practical method for
measuring its concentration in biological samples is essential.

Various techniques, including high-performance liquid
chromatography-tandem mass spectrometry (HPLC-MS/MS),5

gas chromatography-mass spectrometry (GC-MS),6 gas
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chromatography-ame ionization detector (GC-FID),7 ow-
injection analysis,8 capillary electrophoresis (CE),9 and
HPLC-UV10 have been used for methadone identication.
There are many problems associated with drug analysis of
biological samples due to the complexities of biological
Fig. 1 Chemical structure of methadone.
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matrices. They contain salts, different proteins, and other
components that can interfere with the analytical method.11

Thus, sample pre-treatment before analysis is essential in
bioanalytical chemistry.

In the last few decades, scientists focused on miniaturiza-
tion, efficiency, sensitivity, and environmentally friendly pre-
treatment techniques such as solid-phase extraction (SPE),
solvent bar microextraction, headspace solid-phase micro-
extraction, liquid-phase microextraction, and electromembrane
extraction (EME).12,13 Among these emerging techniques, fast,
excellent sample clean-up and highly selective extraction can be
obtained with EME.14 With this method, charged analytes are
extracted across a supported liquid membrane (SLM) on
a microporous polypropylene hollow ber (HF) based on elec-
trokinetic migration. The use of an electrical eld over the SLM
increases the extraction efficacy.15 In the EME method, the ux
of analytes across an SLM is described by the modied Nernst–
Planck equation. Based on this equation, the magnitude of the
applied potential inuences the ux of the analyte.14 Using
EME, clean extracts have been obtained from biological
samples such as whole blood,16 saliva,17 urine,18 breast milk,19

and plasma.18 This method has been developed for different
types of acidic and basic drug extraction.20–22

Recently, nanostructures such as carbon nanotubes, silver
nanoparticles, maghemite nanoparticles, copper nanoparticles,
and titanium dioxide nanoparticles have been utilized in the
SLM to increase the efficacy of the EME method.23–26 Gold
nanoparticles (AuNPs) are used widely in diagnosis, medical
investigations, and analytical chemistry.27,28 Functionalization
can be utilized to produce stable, smaller, efficient, and highly
active nanoparticles. Thiols, mercaptans, citrates, polymers,
and amines are some capping agents that can increase the
efficacy of nanoparticles and prevent their aggregation.29,30 b-
Cyclodextrin (b-CD) is a known functionalizing agent that is
utilized for self-assembly and surface modication of
AuNPs.31,32 Modication with b-CD enhances the chemical and
physical stability of AuNPs and prevents their aggregation. The
functionalization of nanoparticles leads to ease in
biofunctionalization.33,34

In the current work, a novel strategy was developed to
promote the EME method for the extraction of methadone by
inserting b-CD-modied AuNPs into the pores of a HF. The
presence of b-CD-modied AuNPs in the HF wall can enhance
the surface area and increase the analyte migration. Herein, the
b-CD-modied AuNP-assisted EME method coupled with
capillary electrophoresis was fully validated for the determina-
tion of methadone in a plasma sample, and its efficiency was
compared with an unmodied EME method for methadone
extraction.

2 Materials and methods
2.1 Chemicals and reagents

Methadone was kindly supplied by Togh Daru Pharmaceutical
Company (Tehran, Iran). All chemicals utilized in this study
were of analytical grade. HCl, NaOH, and potassium dihydrogen
phosphate (KH2PO4) were supplied from Merck (Darmstadt,
© 2022 The Author(s). Published by the Royal Society of Chemistry
Germany). 1-Heptanol, nitrobenzene, 1-octanol, and dihexyl
ether were purchased from Fluka (Buchs, Switzerland). Deion-
ized (DI) water was supplied from Shahid Ghazi Pharmaceutical
Company (Tabriz, Iran).

2.2 Stock solution

The methadone stock solution was prepared at 5000 ng mL−1 in
methanol. The stock solution was stored at 4 °C and protected
from light. Sample solutions were freshly prepared from the
stock solution every day.

2.3 Capillary electrophoresis conditions

An Agilent Technologies 7100 (Waldbronn, Germany) capillary
electrophoresis system equipped with diode-array detection
(190–600 nm) was utilized for analyses. The separation was
performed on a 48.5 cm bare fused silica capillary with a 40 cm
effective length and an internal diameter of 50 mm (Agilent). The
background electrolyte (BGE) solution was a 100 mmol L−1

borate buffer adjusted to pH 3.0. Before using the CE device, the
capillary was washed for 30 min with 1 mol L−1 sodium
hydroxide. Then, DI water was used for 30 min, and aer that,
the capillary was washed for 30 min with BGE solution.35

Before beginning electrophoresis every day, the capillary was
ushed with 0.1 mol L−1 sodium hydroxide (10 min), DI water
(10 min), and BGE solution (10 min). Between analyses, the
capillary was washed using 0.1 mol L−1 sodium hydroxide for
3 min, DI water for 3 min, and BGE for 5 min. All samples and
BGE were ltered with a polytetrauoroethylene (PTFE) syringe
lter (0.20 mm pore size). Hydrodynamic injection at a pressure
of 0.5 psi for 10 s was used for all samples. The constant voltage
and capillary temperature were set at 20 kV and 25 °C, respec-
tively. The detection of methadone was accomplished at
195 nm.

2.4 Equipment for EME

A screw-capped homemade glass sample compartment was
used with a volume of 7 mL (internal diameter 1 cm and height
7 cm). A porous HF with 0.2 mm wall thickness, 0.6 mm
internal diameter, and a pore size of 0.2 mmwas utilized for the
acceptor solution (PP Q3/2 polypropylene HF (Membrana,
Wuppertal, Germany)). For two donor and acceptor solution
electrodes, platinum wires were used with a 3 mm interelec-
trode distance and a diameter of 0.2 mm.36 These electrodes
were coupled to a power supply with a programmable voltage
range of 0 to 300 V and current range of 0 to 1000 mA (model
PS858, S.KAR, Tabriz, Iran). A multimeter was applied to
monitor the current during extraction (Zhangzhou Weihua
Electronic Co., Ltd. China, Model M890C+). The EME system
was stirred using a magnetic bar with a heater-magnetic stirrer
during the extraction (model RCT basic from IKA Company,
Staufen im Breisgau, Germany).

2.5 Synthesis of b-CD-modied AuNPs

b-CD-modied Au NPs were synthesized by adding 0.023 g of
b-CD and 200 mL of HAuCl4 50 mmol L−1 to a beaker
RSC Adv., 2022, 12, 33936–33944 | 33937
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containing 30 mL deionized water. The mixture was stirred
until complete dissolution of reagents occurred. Then, the
solution was heated to 100 °C, and 2–3 drops of NaOH (0.07 g
mL−1) solution was added. Approximately 8 minutes later,
a cherry red solution was formed, conrming the synthesis of
AuNPs.37 The synthesized nanoparticles were stored in dark-
ness at 4 °C.
2.6 Procedure for b-CD-modied AuNPs/EME

The HF was cut into 4 cm parts to prepare the nanoparticle-
immobilized membrane. b-CD-modied AuNPs were
dispersed in the 1-octanol organic solvent. Then, the contents
of the HPLC syringe were gently injected into the HF. The SLM
(HF lled with the b-CD-modied AuNPs and 1-octanol
mixture) was sonicated until the mixture spread and
dispersed within the HF pores. The excess solvent in the HF
was removed by blowing with the medical syringe. Then,
utilizing the micro-syringe, 20 mL of HCl with pH of 1
(acceptor solution) was added to the lumen of the HF. Aer
that, the end of the HF was closed by nonconductive plastic.
Then, 1 mL of plasma sample diluted with 3 mL of water with
a pH of 7.2 was utilized as a donor solution. Positive and
negative electrodes were inserted into the donor and acceptor
solution. The positive and negative electrodes were connected
to a DC power supply, and the EME system was placed on the
stirrer.

Aer the extraction process, with the micro-syringe, the
acceptor phase was collected and transferred to a micro-vial,
followed by CE. The principle of the EME method is shown in
Fig. 2. The desired compounds were extracted from a donor,
using an SLM, into an acceptor phase. This mass transfer is
affected by electrokinetic migration through a stable external
electric eld in the SLM. The SLM includes an organic solvent
(1-octanol and b-CD-modied AuNPs) xed on the pores of
a porous polymeric membrane.
Fig. 2 Principle of EME.

33938 | RSC Adv., 2022, 12, 33936–33944
2.7 Calculation of extraction recovery, preconcentration
factor, and relative recovery

The extraction recovery (ER%) of methadone from the plasma
samples was calculated according to eqn (1):

ER ¼ na;final

ns;initial
� 100 ¼

�
Va

Vs

��
Ca;final

Cs;initial

�
� 100 (1)

where ns,initial, and na,nal denote the number of moles of
methadone present in the sample solution (donor phase) and
the number of moles of methadone present in the acceptor
solution aer extraction, respectively. Cs,initial and Ca,nal denote
the initial and nal methadone concentration in the donor and
acceptor solutions, respectively, whereas Vs and Va denote the
donor and acceptor volumes, respectively. The preconcentra-
tion factor (PF) was obtained utilizing eqn (2):

PF ¼ Ca;final

Cs;initial

(2)

Percent relative recovery (% RR) was calculated with eqn (3):

RR ¼ Cfound � Creal

Cadded

� 100 (3)

where Cadded, Creal, and Cfound denote the concentration of the
known amount of the standard added to the real plasma
sample, the concentration of methadone in the real plasma
sample, and the concentration of methadone following the
addition of a known amount of the standard into the real
plasma sample, respectively.

2.8 Ethical considerations

The sample donors signed a consent form approved by the
Ethics Committee at Tabriz University of Medical Sciences (code
of ethics committee: IR.TBZMED.REC.1400.426).

3 Results and discussion
3.1 Characterization of b-CD-modied Au NPs

TEM analysis was used to investigate the size and morphology
of the prepared nanoparticles. Fig. 3A shows that the b-CD-
modied Au NPs possess a spherical morphology with an
average size of <30 nm that was conrmed by dynamic light
scattering (DLS) measurement (Fig. 3B).

3.2 Optimization of EME and b-CD-modied AuNPs/EME
conditions

Different parameters affecting the extraction process were
optimized to establish excellent extraction. The initial experi-
mental conditions during the optimization were (1) 100 ng
mL−1 of methadone, 750 rpm as the stirring rate, voltage of
15 V, 15 min extraction time, donor solution pH of 7.0, and 300
mL of b-CD-modied AuNPs for effect of the SLM composition
on the EME and b-CD-modied AuNPs/EME methods; (condi-
tion), (2) 100 ng mL−1 of methadone, 750 rpm as the stirring
rate, 15 min extraction time, donor solution pH of 7.0, and 300
mL of b-CD-modied AuNPs for effect of applied voltage, (3) 100
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (A) TEM image and (B) DLS analysis of b-CD-modified AuNPs.

Fig. 4 (A) Effect of the SLM composition on the EME and b-CD-
modified AuNPs/EME methods; (condition: 100 ng mL−1 of metha-
done, 750 rpm as the stirring rate, voltage of 15 V, 15 min extraction
time, donor solution pH of 7.0, and 300 mL of b-CD-modified AuNPs),
(B) effect of applied voltage; (condition: 100 ng mL−1 of methadone,
750 rpm as the stirring rate, 15 min extraction time, donor solution pH
of 7.0, and 300 mL of b-CD-modified AuNPs), (C) effect of stirring rate;
(condition: 100 ng mL−1 of methadone, voltage of 10 V, 15 min
extraction time, donor solution pH of 7.0, and 300 mL of b-CD-
modified AuNPs), (D) effect of extraction time; (condition: 100 ngmL−1

of methadone, voltage of 10 V, 1000 rpm as the stirring rate, donor
solution pH of 7.0, and 300 mL of b-CD-modified AuNPs), (E) effect of
donor solution pH; (condition: 100 ng mL−1 of methadone, voltage of
10 V, 1000 rpm as the stirring rate, 20 min extraction time for the b-
CD-modified AuNPs/EME method and 25 min extraction time for the
EME method, and 300 mL of b-CD-modified AuNPs). (F) Effect of b-
CD-modified AuNP concentration; (condition: 100 ng mL−1 of
methadone, voltage of 10 V, 1000 rpm as the stirring rate, 20 min
extraction time for the b-CD-modified AuNPs/EME method and
25 min extraction time for the EME method, and solution pH of 7.0).
The red color indicates the EME method parameters, and the blue
color indicates the b-CD-modified AuNP method.
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ng mL−1 of methadone, voltage of 10 V, 15 min extraction time,
donor solution pH of 7.0, and 300 mL of b-CD-modied AuNPs
for effect of stirring rate, (4) 100 ng mL−1 of methadone, voltage
of 10 V, 1000 rpm as the stirring rate, donor solution pH of 7.0,
and 300 mL of b-CD-modied AuNPs for effect of extraction
time, (5) 100 ng mL−1 of methadone, voltage of 10 V, 1000 rpm
as the stirring rate, 20 min extraction time for the b-CD-
modied AuNPs/EME method and 25 min extraction time for
the EME method, and 300 mL of b-CD-modied AuNPs for effect
of donor solution pH, (6) 100 ng mL−1 of methadone, voltage of
10 V, 1000 rpm as the stirring rate, 20 min extraction time for
the b-CD-modied AuNPs/EME method and 25 min extraction
time for the EME method, and solution pH of 7.0 for effect of b-
CD-modied AuNP concentration.

3.2.1 Selection of the SLM organic solvent. During the
optimization process, the rst parameter is the type of organic
solvent utilized in the SLM for electrokinetic migration across
the membrane. The solvent should have electrical conductivity
to establish the electric eld between the donor and acceptor
phases. To prevent solvent loss in the extraction process, the
organic solvent vapor pressure must be low.38 Furthermore, the
analyte tendency should be higher in the distribution into the
SLM compared with the donor phase for the transfer of the
© 2022 The Author(s). Published by the Royal Society of Chemistry
analyte to the acceptor phase. Moreover, the b-CD-modied Au
NPs must be well dispersed in the organic solvent when using
the b-CD-modied AuNPs/EME method.

In this work, we used solvents tested in previous works for
extracting methadone and opioids with the EME method.7,39 To
determine the most optimal organic solvent, 1-heptanol,
nitrobenzene, 1-octanol, and dihexyl ether were investigated for
extraction efficiency using both methods. The results are shown
in Fig. 4A, and they indicate that the greatest efficiency was
obtained with 1-octanol. 1-Octanol showed the greatest extrac-
tion recovery with effective extraction of the analyte. Thus, in
this work, 1-octanol was chosen for further experiments.

3.2.2 Effect of voltage on EME. The applied voltage is the
driving force for the electrokinetic migration of analytes in the
EME technique. Therefore, various voltages were used to
RSC Adv., 2022, 12, 33936–33944 | 33939
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investigate the optimum condition (between 5 to 30 V). Fig. 4B
shows that the peak area increases with increasing voltage up to
10 V for the EME and b-CD-modied AuNPs/EME methods.
However, a decrease in signal was observed when 10 V was
exceeded. Two theories can illustrate this. First, electrolysis of
water in the negative electrode occurred by increasing the voltage.
Thus, hydronium ions increase in the acceptor solution, and the
pH of the acceptor solution gently rises.40 Second, bubbles formed
in the SLM at high voltages, which can hinder analyte migration.41

Therefore, 10 V as an optimum voltage was chosen.
3.2.3 Effect of stirring rate. Stirring decreases the time

until thermodynamic equilibrium and increases mass trans-
fer.42 Thus, stirring rates between 500 and 1500 rpm were
studied. The extraction signal increased until 1000 rpm due to
convection effects and then remained constant. These results
indicated that 1000 rpm is an excellent stirring rate for the
extraction of methadone using both methods (Fig. 4C).

3.2.4 Effect of extraction time. Another parameter that can
affect the mass transfer is extraction time. Thus, extraction
times of 5–30 min were studied to investigate the migration of
the analyte to the acceptor solution. As shown in Fig. 4D, the
extraction signal increased at 20 and 25 min for the EME and b-
CD-modied AuNPs/EME methods, respectively, and then it
decreased. A decrease in efficiency at extraction times longer
than 20 and 25 min may be due to the Joule heating phenom-
enon, which can result in the evaporation or dissolution of the
organic phase in the sample solution. This effect can be
attributed to the destabilization of the transport of the analyte
or can result in the back-extraction of target analytes to the
SLM.43 Finally, 25 and 20 min were selected as optimal extrac-
tion times for these methods, respectively.

3.2.5 Effect of sample pH. In the next step, the sample
solution pH was optimized. The ionic concentration of the
analyte should be high to achieve electrokinetic migration.
Thus, different sample solution pH values (from 1 to 10) were
studied to achieve optimum conditions. As indicated in Fig. 4E,
pH 7.0 is more efficient for extracting methadone from the
plasma in the sample solution. As is clear, the maximum peak
area was achieved for the highest ion concentration in the
acceptor phase in comparison with the donor phase. In the
donor phase, potent ionization of the basic methadone drug
(pKa = 9.05) is necessary for reliable electrokinetic migration
through the SLM. Due to the presence of tertiary amine, at pH 7,
it almost completely ionizes (near 100%) and gives a positive
charge. Raising the pH increases the competition between
hydronium and analyte ions, and thus decreases the extraction
performance.44 Thus, pH 7.4 (physiological pH) was chosen for
further investigations of both systems.
Table 1 Analytical characteristics of the proposed methods

Method Calibration equation Linear ra

EME Y = 1832.9Xm + 27.02 10–1000
b-CD-modied AuNPs/EME Y = 2244Xm + 0.16 5–1000

a ng mL−1. b Pre-concentration factor. c Extraction recovery.

33940 | RSC Adv., 2022, 12, 33936–33944
The pH of the acceptor phase was also optimized by the same
method to investigate the effect of pH in the acceptor phase on
recovery percentage. The results indicated that extraction
performance decreases with an increase in the pH. Thus, a pH
value of 1.0 was required for the acceptor phase to obtain
effective extraction.

3.2.6 Effect of b-CD-modied AuNP concentration. To
investigate the inuence of the b-CD-modied AuNP concen-
tration on the extraction efficiency, the range of 100 to 500 mL of
nanoparticles in 4.0 mL of 1-octanol was investigated. The
results indicated that 300 mL is an optimum concentration for
the b-CD-modied AuNPs in 1-octanol (Fig. 4F). The b-CD-
modied Au NPs act as a nanoscale solid-phase extracting
agent with a high surface area. They provide sites where the
analyte molecules can transfer from the donor to the acceptor
phase. The analytes were adsorbed on the surface of the b-CD-
modied Au NPs, and were desorbed to the organic solvent in
the acceptor phase. At concentrations higher than 300 mL for the
b-CD-modied Au NPs, the analytes were not desorbed
completely from the surface of the b-CD-modied Au NPs.
Therefore, recoveries decreased. Also, if the concentration of
the b-CD-modied Au NPs is very high, accumulation will occur
that will close the pores of the HF.
3.3 Analytical performance

In the following, the obtained optimization conditions were used
to validate the EME and b-CD-modied AuNPs/EME techniques
for determining and extracting methadone from plasma samples
with CE-diode array detector (DAD). It should be noted that FDA
guidelines were utilized to validate the method.

3.3.1 Linearity and calibration curves. Table 1 shows line-
arity ranges obtained from 10–1000 ng mL−1 and 5–1000 ng
mL−1 for the proposed EME and b-CD-modied AuNPs/EME
methods in the plasma matrix. The equations of representa-
tive regression for the EME and b-CD-modied AuNPs/EME
methods were calculated as Y = 1832Xm + 26.32 with R2 of
0.9997 and Y = 2244Xm + 0.16 with R2 of 0.9998, respectively.
The limit of detection (LOD) for methadone was obtained based
on a signal-to-noise (S/N) ratio of 3 and was at 3.3 and 1.5 ng
mL−1 for the EME and b-CD-modied AuNPs/EME methods,
respectively. The upper limits of quantication (ULOQ) and
lower limits of quantication (LLOQ) are the highest and lowest
calibration curve points with acceptable uncertainty (precision
within ±20%) for both methods. The PF and ER% values were
obtained from eqn (1) and (2), respectively. The PF (ER%) values
for the EME and b-CD-modied AuNPs/EME methods were
calculated to be 107 (53%) and 135 (68%), respectively.
ngea R2 LODa LOQa PFb % ERc

0.9997 3.3 10 107 53
0.9998 1.5 5 135 68

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Investigation of the method's accuracy using relative
recovery values for the different added concentrations of methadone

Cadded (ng mL−1) Cfound (ng mL−1) RR (%)

15 14.6 97.3
100 92.4 92.4
500 511.0 102.2

Table 4 Stability tests of the proposed b-CD-modified AuNPs/EME
method in plasma samples

Added concentration (ng mL−1) RE (%) RSD (%)

Freeze-thaw stability (cycle 1)
15 −7.67 8.30
500 −5.90 6.11

Freeze-thaw stability (cycle 2)
15 −1.72 9.19
500 3.02 5.58

Freeze-thaw stability (cycle 3)
15 −4.70 11.01
500 7.20 5.91

Stock solution (aer 4 weeks at 4 °C)
15 −10.91 6.84
500 8.07 7.04

Bench-top stability (aer 6 h at room temperature)
15 −7.64 5.76
500 5.99 5.62
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3.3.2 Comparison of the EME and b-CD-modied AuNPs/
EME methods. To investigate the effect of b-CD-modied
AuNPs in the HF pores for extraction of methadone, the
results of the EME and b-CD-modied AuNPs/EME methods
were compared. The EME and b-CD-modied AuNPs/EME
methods were investigated under similar conditions. As indi-
cated in Table 1, there was increased efficacy for the b-CD-
modied AuNPs/EME method (low LOD, high PF, and high %
ER) for extraction in a shorter time. Furthermore, this method
indicated excellent linear response and repeatability. In
contrast, the EME method may not be able to measure low
concentrations of methadone.

It can be concluded that the presence of b-CD-modied
AuNPs increased the surface area, increased the analyte
migration, and consequently increased the extraction efficiency.
Moreover, the b-CD-modied AuNPs/EME method is not very
complicated, and the method can be developed by adding
a certain amount of nanostructure to the organic solvent. Thus,
continuous precision, accuracy, recovery, and stability param-
eters were investigated for the b-CD-modied AuNPs/EME
method.

3.3.3 Precision and accuracy. Precision and accuracy are
utilized to gauge a technique's repeatability and closeness of the
obtained values to the nominal (actual) values. The index of
precision is the relative standard deviation (% RSD), and the
index of accuracy is the relative error (% RE). The concentration
levels should be in the range of ±15% for RSD% and RE%
values, and this range for the LLOQ level should be ±20%. For
the validation of the technique, the intra-day and inter-day
assays were measured utilizing LLOQ, low, middle, and high
concentrations in the calibration range. There were ve quality
control (QC) replicates to determine the amount of methadone
in plasma samples. As indicated in Table 2, the accuracy and
precision values are in acceptable ranges.

3.3.4 Recovery. According to eqn (3), recovery is shown as
a percent of the added drug found. The methadone was added
at low, middle, and high concentrations of the calibration range
to blank plasma samples and subjected to the selected method.
The Creal should be zero when we used the blank sample. Table
3 indicates that the recovery values were between 92.4 and
102.2%. Thus, the results show that this technique is reliable
for methadone analysis in plasma samples.
Table 2 Precision and accuracy of the proposed b-CD-modified
AuNPs/EME method for quantification of methadone in plasma
samples

Added concentration
(ng mL−1)

Intra-day assay
(n = 5)a

Inter-day assay
(n = 5)

RSDb (%) REc (%) RSD (%) RE (%)

5 7.81 8.83 8.71 7.51
15 5.01 −3.42 6.11 −5.73
100 1.77 8.04 2.41 8.31
500 6.01 8.79 11.21 −2.72

a Number of replicates. b Relative standard deviation. c Relative error.

© 2022 The Author(s). Published by the Royal Society of Chemistry
3.3.5 Stability. The freeze/thaw process, stock solution, and
bench-top stability are the stability examination parameters
indicated in Table 4. The results showed that the accuracies and
precisions of stability examination parameters were within the
acceptable range (±15%) of FDA guidelines.

3.3.6 Specicity. The main aims for an EME procedure
such as other extraction methods are (1) extraction of the ana-
lyte from the matrix to remove the matrix or interference effects
and/or (2) analyte pre-concentration to reach a low detection
limit. Herein, a b-CD-modied AuNPs/EME method was used
for both purposes. A pre-concentration process with PF of 135
was performed on methadone, and it was extracted from
plasma samples with complicated matrices. However, to
investigate possible interference from other co-administered
drugs, interference studies were performed. The specicity
parameters for the b-CD-modied AuNPs/EME method were
obtained using ten drugs (alprazolam, acetaminophen, clona-
zepam, chlordiazepoxide, diazepam, codeine, tramadol, dex-
tromethorphan, morphine, and oxazepam) for corroborating
the quantitation of methadone to develop the method in the
presence of other drugs. To examine the specicity of the
technique in the presence of co-administered drugs (5-fold
higher than the biological concentrations), the b-CD-modied
AuNPs/EME method was employed. At the migration time for
methadone, no interfering peaks and no signicant overlap
peaks were observed.
RSC Adv., 2022, 12, 33936–33944 | 33941
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Fig. 5 Electropherograms of a blank plasma sample, plasma samples
with added amounts of methadone, and real plasma samples of
patients after b-CD-modified AuNPs/EME under optimal conditions.
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3.4 Real sample analysis

To examine the method's efficacy in detecting real samples, the
b-CD-modied AuNPs/EME method was used for the extraction
and detection of methadone from plasma samples of three
Table 5 Details of patients and concentrations of methadone in
plasma samples

No. Gender
Age
(year)

Interval between
sampling and
drug administration
(hours)

Daily
dose (g)

Methadone in
plasma
(ng mL−1)

1 Male 42 5 0.1 164 � 0.2
2 Male 46 4 0.2 181 � 0.2
3 Male 44 5 0.05 144 � 0.1

Table 6 Comparison of the b-CD-modified AuNPs/EME method with o

Method Sample preparation Sample type LOD (ng m

CE-UV EME Urine —
GC-FID CNTs-EME Plasma 3
LC-MS EME Plasma 0.4
GC-FID SA-PEMEa Water 0.6
CD-IMSb EME-SFMEc Plasma 2
HPLC-UV LV-ESSM-LLMEd Plasma 2
CE-UV LV-EMEe Plasma —
CE-UV b-CD-modied AuNPs/EME Plasma 1.5

a Surfactant-assisted pulsed two-phase electromembrane extraction. b Cor
and slug ow microextraction. d Low-voltage electrically stimulated stir me
low voltage.

33942 | RSC Adv., 2022, 12, 33936–33944
patients. First, 1.0 mL of plasma was diluted with 3.0 mL of DI
water. For this purpose, b-CD-modied AuNPs/EME was used
under optimum conditions. Then, the acceptor solution ob-
tained from the b-CD-modied AuNPs/EME method was injec-
ted for CE, and the electropherograms of the results are
indicated in Fig. 5. Table 5 provides patient details, the
administration of the dose, and the concentration of metha-
done in the plasma samples. The concentrations of methadone
in the three real plasma samples were 164 ± 0.2, 181 ± 0.2, and
144 ± 0.1 ng mL−1. Furthermore, to determine the method's
accuracy for the investigation of methadone in real plasma
samples with consideration of the matrix effect, the recovery
test was performed by the addition of a known amount of
methadone (100 ng mL−1). The obtained recovery was between
96.0 to 102.0%, which is in the appropriate range.
3.5 Comparison with other methods

Based on Table 6, the b-CD-modied AuNPs/EME method was
compared with other methods used for the determination of
methadone. The results indicated that the current method has
lower detection limits than previously used methods, such as
EME/CE-UV,45 CNTs-EME/GC-FID,39 EME-SFME/CD-IMS,46 LV-
ESSM-LLME/HPLC-UV,47 and LV-EME/CE-UV.48 Furthermore,
some instruments used to determine methadone (such as LC-
MS and GC-FID) are relatively complicated and expensive.
However, the b-CD-modied AuNPs/EME-CE method could
provide the same results or better for methadone analysis.
4 Conclusions

EME has been introduced as an effective research eld since
2006, and its applicability is rapidly increasing due to the
numerous superior features of EME. Most signicantly, the
sensitivity and selectivity can be adjusted by the modied
chemical properties of the SLM, for example, by modifying the
SLM with nanostructures. The presence of nanostructures in
the SLM results in a more effective surface area and enhances
the total partition coefficient of the desired analytes.

In this work, b-CD-modied AuNPs/EME as a modied
approach of the EME method coupled with CE-UV was applied
ther methods for extraction of methadone

L−1)
Linear range
(ng mL−1) RSD (%) PF % ER Ref.

15–500 7.5 130 — 45
10–1000 4.4 255 — 39
— 9.0–10.0 — — 49
2–1000 12.7 — — 7
8–750 10.2–10.9 406.1 63.9 46
10–800 6.5 21.5 57 47
25–1000 2.9–18.7 4.1 10 48
5–1000 1.8–11.2 135 68 This study

ona discharge-ion mobility spectrometry. c Electromembrane extraction
mbrane liquid–liquid microextraction. e Electromembrane extraction at

© 2022 The Author(s). Published by the Royal Society of Chemistry
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for monitoring the methadone in plasma samples. A compar-
ison of the b-CD-modied AuNPs/EME method with the EME
method showed that the former was the more optimal tech-
nique for enhancing the methadone extraction efficacy. This
technique exhibits excellent outcomes (lower LOD, higher %
ER, and higher PF) in a shorter time, and can be considered an
alternative to existing methods. A comparison of this method
with previous methods showed that the b-CD-modied AuNPs/
EME-CE method provided more optimal results. Finally, the
validated technique was successfully utilized for monitoring
methadone in real plasma samples. This method with different
nanostructural modiers such as CNTs, GO, RGO, ND-G,
AgNPs, CuNPs, and maghemite nanoparticles can be
employed for other analytes in samples of different matrices
(such as urine or exhaled breath condensate) in future studies.
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