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g r a p h i c a l a b s t r a c t
� Disperser solvent and centrifugation
step were eliminated in the proposed
method.

� Magnetic carbon nanotube-nickel
hybrid was synthesized by one-step
approach of spray pyrolysis.

� Magnetic carbon nanotube as an
adsorbent and 1-undecanol as
organic solvent were participated in
the procedure.

� The solid phase enhance extraction
efficiency, and easy collection of
dispersed solvent droplets.
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A specific technique is introduced to overcome limitations of classical solidification of floating organic
drop microextraction, such as tedious and time-consuming centrifuge step and using disperser solvent,
by facile and efficient participation of solid and liquid phases. In this proposed method of stirring-
controlled solidified floating solid-liquid drop microextraction (SC-SF-SLDME), magnetic carbon
nanotube-nickel hybrid (MNi-CNT) as a solid part of the extractors are dispersed ultrasonically in sample
solution, and the procedure followed by dispersion of liquid phase (1-undecanol) through high-rate
stirring and easily recollection of MNi-CNT in organic solvent droplets through hydrophobic force.
With the reduction in speed of stirring, one solid-liquid drop is formed on top of the solution. MNi-CNT
acts as both extractor and the coalescence helper between organic droplets for a facile recollection. MNi-
CNT was prepared by spray pyrolysis of nickel oleate/toluene mixture at 1000 �C. Four tyrosine kinase
inhibitors were selected as model analytes and the effecting parameters were investigated. The results
confirmed that magnetic nanoadsorbent has an important role in the procedure and complete collection
of dispersed solvent is not achieved in the absence of the solid phase. Also, short extraction time
exhibited success of the proposed method and effect of dispersed solid/liquid phases. The limits of
quantification (LOQs) for imatinib, sunitinib, erlotinib, and nilotinib were determined to be as low as 0.7,
1.7, 0.6, and 1.0 mg L�1, respectively. The intra-day precisions (RSDs) were lower than 4.5%. Method
usavi).
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performance was investigated by determination of mentioned tyrosine kinase inhibitors (TKIs) in human
serum and cerebrospinal fluid samples with good recoveries in the range of 93e98%.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

Simple and miniaturized sample treatment by reducing organic
solvent or solid phase to donor phase ratio has been tried by
microextraction approaches of drop-to-drop technique [1], single
drop microextraction (SDME) [2,3], solid-phase microextraction
(SPME) [4,5], dispersive liquideliquid microextraction (DLLME)
[6,7], solidified floating organic drop microextraction (SFODME)
[8], and dispersive micro solid phase extraction (DmSPE) [9]; each of
which has a special property (useful for a specific application) [10].
Among all the available approaches, rapid and efficient techniques
are based on dispersion of extraction phase (sorbent or solvent) in
sample solution by dispersive force [11]. Effective dispersion of the
extractor phase into the sample solution facilitates the process as it
maximizes the contact surface between the extractant and the
sample and also enhances the mass transfer and the extraction
kinetics [12]. Dispersion of liquid extractor can be accomplished by
a chemical solvent or via physical force such as, mechanical stirring
[13], ultrasound [14], and heating [15]. Chemical dispersion usually
participates in the partition distribution of the analytes so that it
increases solubility of the analytes in the aqueous phase and re-
duces the potential efficacy of the method.

Recently introduced solidified floating organic drop micro-
extraction (SFODME) by Zanjani et al. addresses the difficulties in
collection of the small microdrops by solidification of extraction
solvent [16], and also has several advantages such as low con-
sumption of organic solvent, achievement of high enrichment
factor, and compatibility with reversed-phase chromatography
[17,18]. Different approaches have been employed to increase the
mass transfer rate in the SFODME procedure, including using
disperser solvent (DLLME-SFO) [19], ultrasound energy (USAE-
SFODME) [20], vortex mixing (VA-SFODME) [21], manual shaking
[22], or using surfactants (SA-SFODME) [23]. Ultrasound-assisted
solidified floating organic drop microextraction (US-SFODME) has
been introduced to overcome thementioned limitation by applying
ultrasound wave as a dispersion force [24]. However, after applying
these methods centrifugation step is mandatory to collect extrac-
tion phase that prolongs the overall extraction procedure duration
and impeding its automation [25].

Introducing magnetic nanoparticles, with exclusive properties,
in liquid phase microextraction (LPME) modes can solve such
problems [26]. After the classical LPME procedure, a magnetic
nanoadsorbent can be utilized to collect solid and liquid phases by
an external magnetic force [27]. In contrast to the present research,
magnetic nanoadsorbents have been only used for easy separation
of extraction solvent without centrifugation step.

Cancer treatment is constantly being developed and new drugs
with highmolecular activity and pharmacodynamics are constantly
advancing. For instance, chronic myeloid leukemia, gastrointestinal
stromal tumors, advanced renal cell carcinoma, primary brain tu-
mors, and non-small cell lung cancer are being treated by different
selective tyrosine kinase inhibitors (TKIs) of imatinib, nilotinib,
erlotinib, and sunitinib [28e31]. No therapeutic window has been
clearly defined for the imatinib, erlotinib and nilotinib, but suniti-
nib therapeutic limit is in the range of 20e200 ng mL�1 [32,33].
Nevertheless, they suffer from poor pharmacokinetic characteris-
tics as most of these molecules are metabolized by the internal
body enzymes and generate inactive metabolites [34]. Extensive
bounding (>95%) of TKIs to plasma and tissue proteins is another
drawback that highly limits their penetration into the target cells
before performing their pharmacological action [35]. In addition,
trace amount of TKIs can pass the blood brain barrier (BBB) and
enter the central nervous system (CNS). Concentration of TKIs in
cerebrospinal fluid (CSF) can be two orders of magnitude lower
than its concentration in plasma [36e38]. To determine low con-
centrations of free TKIs in plasma and CSF as an essential tool for
cancer monitoring facilitates investigation of treatment efficacy
and drug-related adverse effects [39]. Introducing sensitive, fast,
efficient, and economical sample preparation methods are highly
demanded in clinical trials [40].

To eradicate the aforementioned list of the remaining challenges
in LPME modes, an advanced technique is described in this report
as a serviceable sample treatment approach. Stirring-controlled
solidified floating solid-liquid drop microextraction (SC-SF-
SLDME) firstly makes use of by high speed stirring to disperse the
solidified solvent in the sample solution. Simultaneously with
stirring, the ultrasonically dispersed nanoadsorbent is collected in
solvent drops and then with decreasing stirring rate droplets of
solvent are gathered to make a one solid-liquid drop in surface of
the sample solution. In order to develop the method, the proposed
SC-SF-SLDME procedure was applied for extraction and pre-
concentration of four tyrosine kinas inhibitors, as model analytes,
in human serum and cerebrospinal fluid sample and effecting pa-
rameters were investigated.

2. Experimental

2.1. Reagents and materials

Analytical grade of imatinib mesilate, nilotinib, erlotinib and
sunitinib maleate were provided friendly by Parsian Pharmaceuti-
cals Company (Tehran, Iran, parsian-pharma. co). HPLC grade
acetonitrile, methanol and water were purchased from Ameretat
Shimi (Tehran, Iran, http://www.ameretatco.com). Acetic acid
(glacial), ammonium hydroxide (25%), ammonium acetate (�98%),
nitric acid (65%), sodium hydroxide (�99%), sodium chloride
(�99.5%), toluene (�99.9%), ethanol (�99.9%) and nickel nitrate
(99%) were prepared from Merck (Darmstadt, Germany; http://
www.merckgroup.com). 1-dodecanol (98%), 2-dodecanol (99%), 1-
undecanol (99%) and oleic acid (�99%) were purchased from
Sigma-Aldrich Chemie GmbH (Steinheim, Germany). Nitrogen as a
carrier gas was usedwith high purity (99.999%). The stock solutions
of four TKIs were prepared by dissolving appropriate amount of
them in HPLC-grade methanol at 1000 mg L�1 and stored in the
dark at 4 �C. Theworking standard solutions were prepared daily by
dilution of their stock standard solutions with HPLC-grade water.
Drug-free (blank) human serum and cerebrospinal fluid samples
from healthy donors were obtained from the Baqiyatallah Hospital
(Tehran, Iran) and transferred into polypropylene test tubes before
storage at �20 �C until analysis.

2.2. Instrumental and analytical conditions

Separation and determination of four mentioned TKIs were

http://www.ameretatco.com
http://www.merckgroup.com
http://www.merckgroup.com
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performed using a Knauer HPLC system (Berlin, Germany) equip-
ped with a K-1001 HPLC pump, D-14163 online degasser, K-1500
solvent organizer, and a K-2600 UV detector. Chromatographic
separationwas performed at ambient temperature on Inertsil ODS-
3 5 mm column 250 mm � 4.6 mm (GL Science; Tokyo, Japan),
protected by a Guard column with Inertsustain C18
(4.0 mm � 3.0 mm) cartridge (GL Science; Tokyo, Japan). The pH of
solution was measured by a PHS-3BW model pH-meter (Bell, Italy)
and dispersion of magnetic nanoadsorbent was performedwith the
aid of ultrasonic waves by 50/60 KHz ultrasonic water bath (SW3,
Switzerland). Centrifugation was performed by a Hettich centri-
fuge, model EBA20 (Tuttlingen, Germany), with rotor radius of
50 mm. The CNT-Ni hybrid was synthesized by vertical heating
system consists of an electric heating furnace temperature control
up to 1200 �C, a reaction zone of 120 cm in length, stainless steel
reactor (28 mm inner diameter), and sprayer consisted of two
concentric tubes nozzle with inner diameter of 0.8 and 1.8 mm. The
synthesized nano material was characterized by transmission
electron microscopy (TEM) by Zeiss-EM10C - 80 KV and Raman
spectroscopy by Senterra LX200, Bruker Optics, Germany, and high-
energy laser diodes with excitation wavelength 785 nm. SEM im-
ages were obtained by VEGA//TESCAN-high voltage 15 KV, also
elemental analysis was performed using energy dispersive X-ray
(EDX-attached to SEM). Magnetic properties of the samples were
measured by vibrating sample magnetometer (VSM JDM-13, China)
with a maximal applied field of 10 KOe.

2.3. Sample preparation

Preparation of serum samples before SC-SF-SLDME method in
order to determine total TKIs (bonded and free) was based on
protein precipitation with aid of acetonitrile. In this regard,
appropriate volume of TKIs standard solutions were spiked to
2.0 mL serum sample and shaken for 15 min, then 3.0 mL aceto-
nitrile was added to the sample and vortex for 60 s. Then, this
mixture was centrifuged for 15 min at 2016 � g at room temper-
ature and the supernatant was transferred into a glass tube and
evaporated to dryness at 40 �C under nitrogen stream. The residual
was dissolved in 2.0 mL deionized water and SC-SF-SLDMEmethod
was done on the final solution.

In order to determine free TKIs in the serum sample, after
adding TKIs standard solution and shaking for 20 min for allowing
to bind to proteins [41], serum sample was placed in centrifuge
filter tube and centrifuged for 10 min at 2016 � g. Bonded TKIs
remained in upper part and free TKIs passed thought the filter and
collected in lower part, so the serum sample collected in lower part
was extracted by proposed SC-SF-SLDME method.

Cerebrospinal fluid was applied in proposed method without
protein precipitation.

2.4. Chromatography conditions

The optimum elution for separation of four mentioned TKIs on
the analytical column was attained by a composition mobile phase
of 20 mmol L�1 ammonium acetate (pH¼ 3.45) (A) and acetonitrile
(B) in gradient elution at a flow rate of 1.0 mL min�1. The gradient
elution program was as follows: 0e11 min, 5%e95% B; 11e16 min,
95% B; 16e21 min, 95%e5% B; and allowed the chromatographic
system to reach equilibrium for 5min before the next injection. The
injection volume was 20 mL and TKIs were monitored at 262 nm.

2.5. Synthesis of carbon nanotube-nickel hybrid

The nickel oleate complex was synthesized by mixing oleic acid
and nickel nitrate with molar ratio of 2:1 in the presence of sodium
hydroxide (mole ratio equal to oleic acid). The resultedmixturewas
stirred at 50 �C for 30 min. The synthesized green paste was filtered
and washed with EtOH and H2O, then was dried under reduced
pressure at 70� C for 6 h.

In order to synthesizeMNi-CNT hybrid, a homogeneous solution
containing nickel oleate and toluenewith concentration of 8% (w/v)
was firstly prepared for 15 min via ultrasonication. Nickel oleate
was used as a source of catalyst and toluene, a proper solvent for
nickel oleate, was used as a carbon source. Magnetic nanoadsorbent
was prepared utilizing spray pyrolysis method. In this regard, the
nickel oleate-toluene mixture was sprayed with a flow rate of
2.0 mL min�1 into the reactor at 1000 �C with aid of nitrogen
stream. The pristine synthesized materials contain amorphous
carbon. In order to eliminate amorphous carbon, the synthesized
material was heated at 300 �C for 30 min.

Synthesis procedure of multiwall carbon nanotube was pro-
vided in supporting information.

2.6. Stirring-controlled solidified floating solid-liquid drop
microextraction procedure

A 2.0 mL of double distilled water containing 40e50 mg L�1 four
mentioned TKIs or 2.0 mL of prepared serum and CSF samples
(according to section 2.3) with adjusted pH to 11.0, was placed in a
~3 mL vial. After addition appropriate amount of NaCl with final
concentration 10% w/v, 1.5 mg MNi-CNT hybrid was added and
immersed in an ultrasonic water bath for 30 s. After dispersion of
magnetic nanoadsorbent, 30 mL 1-undecanol was inserted in the
solution and stirred with glass-coated magnet at rate of 600 rpm
for 5 min. After this time, the stirrer speed was decreased to
300 rpm to aggregate solvent drops along with penetration of MNi-
CNT into organic solvent. After 1 min stirring at low speed, the
solid-liquid floating dropwas formed on the surface of the solution.
To easy and complete separation of drop from sample solution, the
vial was transferred to an ice bath and after 2 min, the solidified
solid-liquid drop was moved into conical vial where it melted
immediately. Separation of solid and liquid was performed easily
with the external magnet. Collected and separated organic solvent
respectively from solution and adsorbent was about 22 ± 1 mL 1-
undecanol, remaining volume up to 30 mL was compensated by
eluting of MNi-CNT with appropriate volume of acetonitrile. Then
20 mL of liquid phase without further dilution injected into the
HPLC system for separation and determination. The general pro-
cedure represented in Fig. 1.

2.7. Dispersive liquid-liquid microextraction based on solidification
of floating organic solvent (DLLME-SFO) procedure

The extraction performance of the SC-SF-SLDME technique was
compared with dispersive liquid-liquid microextraction based on
solidification of floating organic drop (DLLME-SFO) for determi-
nation of TKIs. The DLLME-SFO was performed as follows: 2.0 mL
sample solution containing four mentioned TKIs after adjusting pH
to 11.0 was placed in conical tube. A binary solution containing
700 mL acetone and 30 mL 1-undecanol was rapidly injected into the
sample solution. After centrifugation for 6 min at 2016� g, the tube
was transferred into ice bath; the organic solvent was solidified in
5 min. The solidified solvent was transferred to a conical vial, then
melted solvent was injected into HPLC.

3. Results and discussion

3.1. Characterization of MNi-CNT

The morphologies and magnetic properties of MNi-CNT were
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characterized by TEM, SEM, Raman spectroscopy and VSM analysis.
Fig. S2 (Supplementary material) indicates the Raman spectrum of
synthesized hybrid. As can be seen, the D-band and the G-band of
MNi-CNT hybrid have appeared at 1303 cm�1 and 1574 cm�1

respectively. The G-band with its position and shape proved that
CNT has been synthesized [42]. The G-band corresponds to in-plane
vibration of carbon atoms in the graphenewall of CNTs. The D-band
mainly comes from the structure faults in the graphene framework,
as holes and edges. The appearance and intensity of D-band located
at ~1303 cm�1 represents the degree of defects or dangling bonds
that it can be interpreted as the formation of nanometer scale
amorphous carbon in the MWCNTs or creation of defect due to the
presence of nickel nanoparticles within thewalls of the synthesized
structure [43,44].

Fig. 2a illustrates the SEM images of the synthesizedMNi-CNT. It
can be seen that diameter of carbon nanotube varied in a range of
50e100 nm.

The nature of the MNi-CNT hybrid was further confirmed by
EDX analysis (Fig. S3, Supplementary material). The peaks of Ni and
C observed in the EDX image confirmed the existence of nickel and
CNT. The relative contents of Ni in the synthesized MNi-CNT can be
determined by EDX data. The molar ratios of Ni to C was calculated
to be 0.017.

Further structural details of the MNi-CNT were investigated by
TEM. Fig. 2b shows the TEM images of MNi-CNT. As shown in
Fig. 2b, MNi-CNTs have clean and straight tube walls, including
nickel nanoparticles. Typical diameter of MNi-CNT is about 80 nm.
The inner and outer diameters of the MNi-CNT are in the range of
20e30 and 60e90 nm (approximately), respectively. Size of nickel
nanoparticles are about 10 nm. Also, Fig. 2b clearly shows created
defects in the wall of MWCNTs due to the presence of nickel
nanoparticles that confirm obtained results from D-band in Raman
spectra.

The magnetic property of the MNi-CNT was investigated using
vibrating sample magnetometer (VSM) in fields of ±10 KOe at room
temperature. The MNi-CNT hysteresis loops are presented in Fig. S4
(Supplementary material). The value of the saturation magnetiza-
tion (MS) was 740 emu g�1. High saturation magnetization of MNi-
CNT illustrated that a high weight ratio of Ni nanoparticles was
located into CNT.

TEM images indicate that Ni nanoparticles exist inside the wall
of MWCNT, so Ni could not participate in extraction procedure. The
other transition-metals that catalyze CNT growth and having
magnetic properties such as Fe and Co, could be used in the syn-
thesis process. It can be predicted that Fe and Co will not change
extraction efficiency, because the metal in the proposed SC-SF-
SLDME technique does not play a role in the extraction, except
Fig. 1. Schematic of the propose
easy separation by magnetic force.
The batch-to-batch variation of the MNi-CNT was change in Ni

nanoparticle size (10e20 nm), CNT diameters (60e100 nm) and
distribution of Ni nanoparticles in wall of the CNT.

3.2. Optimization of the SC-SF-SLDME conditions

Both of the synthesized MNi-CNT hybrid and 1-undecanol were
applied in the proposed SC-SF-SLDME method as nanoadsorbent
and organic solvent, respectively. In order to investigate necessity
of the presence of each phase and effect of different parameters on
the proposed method, the SC-SF-SLDME procedure was applied for
extraction and determination of four TKIs as model analytes. In this
regard, 2.0 mL sample solution containing imatinib, sunitinib,
erlotinib and nilotinib was used for each investigation steps.

3.2.1. Effect of pH
pH plays key role in extraction of organic compounds with polar

function. In this regard, pH effect on performance of the proposed
method was investigated in the range of 2e12 and the results were
illustrated in Fig. 3a. As could be seen, extraction performance of
four TKIs reached better levels at pH of 11. In lower sample pH
extraction recoveries decreased. These results can be interpreted by
pKa values of these analytes. The pKa values of imatinib, sunitinib,
erlotinib and nilotinib are 8.07, 8.95, 5.42 and 13.47, respectively. So,
in acidic pH, four mentioned drugs are in cationic forms and cannot
penetrate into organic solvent or interact with hydrophobic MNi-
CNT, so extraction recovery decrease. But, these basic drugs in the
solution with pH near or greater than the pKa values exist as mo-
lecular forms and can be extracted by penetrating into organic
solvent or interacting with hydrophobic nanoadsorbent. Based on
these results, the sample pH of 11 was selected for more experi-
ments. Lower recoveries at pH of 12.0 may be due to increase the
solubility of the 1-undecanol in strong basic solution.

3.2.2. Amount of MNi-CNT hybrid
Magnetic nanoadsorbent acts as a solid extraction phase and has

the important role of solvent collection in the proposed SC-SF-
SLDME procedure, so selected nanoadsorbent should have hydro-
phobic surface and magnetic properties. In this goal, magnetic
carbon nanomaterials are the best choice, and so magnetic carbon
nanotube was selected for applying in the proposed method. The
analytes adsorbed on the surface of the synthesized MNi-CNT by
hydrophobic interaction. In this regard, to investigate necessity of
the present and effect of magnetic nanoadsorbent dosage, different
amounts of magnetic MNi-CNT hybrid were examined in the range
of 0e3 mg. According to the results shown in Fig. 3b, extraction
d SC-SF-SLDME procedure.



Fig. 2. (a) SEM and (b) TEM images of MNi-CNT hybrid.
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efficiencies rise with the increase in amount of nanoadsorbent up
to 1.5 mg and reach to highest values close to 100% recovery, and
further increase lead to reduction of extraction recoveries. In
absence of MNi-CNT (zero point in the chart), dispersed organic
solvent droplets by high-speed stirring, cannot be aggregated and
accumulated completely on the top surface of the solution without
centrifugation and the solution remained cloudy. So, very low
extraction recoveries were the result of incomplete solvent gath-
ering and absence of auxiliary extraction phase. This result further
confirmed the necessity of using nanoadsorbent in the designed
SC-SF-SLDME method. On the other hand, larger amount of MNi-
CNT (>1.5 mg) not only made the drop heavier, but also nano-
adsorbent cannot be completely collected by organic solvent, and
the result was a reduction in the extraction recoveries. It should be
added that the excess amount of magnetic nanoadsorbent gener-
ated the solid-liquid drop with high traction toward a magnet, so
the drop was not stable in stirring solution. Therefore, 1.5 mg MNi-
CNT hybrid was selected for subsequent studies.

3.2.3. Type and volume of organic solvent
Type of extraction solvent is an important parameter, and this

part of the extraction phase should have some characteristics; low
toxicity, low volatility, lowwater solubility, near room temperature
melting point (in the range of 10e30 �C), compatiblewith analytical
instrument and good extraction efficiency. So, 1-undecanol, 1-
dodecanol and 2-dodecanol were chosen for investigation. The
results of this study (Table S1) showed that 1-undecanol, despite
higher viscosity, had higher extraction efficiencies. The differences
in extraction efficiencies may be due to higher polarity of 1-
undecanol in compare to 1-dodecanol and 2-dodecanol. Also, 1-
undecanol had better chromatographic behavior and solvent peak
was not interfere with analytes' peak, so that several noise
appeared before coming out of the first analyte and caused unstable
baseline. But, 1-dodecanol and 2-dodecanol had serious interfere.
On the other hand, 1-undecanol has lower melting point (16 �C)
compare to 1-dodecanol (21e24 �C) and 2-dodecanol (19 �C) which
is an advantage when separation was done on column at room
temperature. Consequently, 1-undecanol was used in subsequent
studies. It should be pointed out that the injection of 1-undecanol
to LC is limitation of this method (cause momentary high pres-
sure at time of injection and unstable baseline), but along with
more advantages of the method, it is not serious and can be
neglected.

In the SC-SF-SLDME approach, organic solvent acts as an
extraction phase and solid-phase collector, also after separation
from solid part was injected directly to HPLC. So, volume of 1-



Fig. 3. (a) Effect of sample pH, Conditions: 2.0 mL sample solution containing 50 mg L�1 of each TKIs, 30 mL 1-undecanol, 1.5 mg MNi-CNT, 10% NaCl, extraction time: 10 min; (b)
Effect of MNi-CNT amount, Conditions: 2.0 mL sample solution (pH 11) containing 50 mg L�1 of each TKIs, 30 mL 1-undecanol, 10% NaCl, extraction time: 10 min; (c) Effect of 1-
undecanol volume, Conditions: 2.0 mL sample solution (pH 11) containing 50 mg L�1 of each TKIs, 1.5 mg MNi-CNT, 10% NaCl, extraction time: 10 min; and (d) Effect of salt
amount, Conditions: 2.0 mL sample solution (pH 11) containing 50 mg L�1 of each TKIs, 1.5 mg MNi-CNT, 30 mL 1-undecanol, extraction time: 10 min. (Mean of three
determinations ± standard deviation).

M. Ghazaghi et al. / Analytica Chimica Acta 951 (2017) 78e88 83
undecanol is an effective parameter not only in extraction effi-
ciency, but also in the solid phase collection and enrichment factor.
In this regard, different volumes of 1-undecanol in the range of
20e50 mL were investigated and the results are presented in Fig. 3c.
The lowest volumewas limited to the required volume for injection
to HPLC for analysis, so 20 mL was selected as lowest volume for
investigating. Maximum extraction efficiencies were obtained by
30 mL 1-undecanol and remained constant with further increase.
According to the results appropriate volume for quantitative
extraction of analytes was 30 mL, and lower volumes were not
sufficient for collecting the solid phase and trapping the analytes
from solution. Higher volumes lead to unnecessary dilution of
analytes.
3.2.4. Salt effect
Commonly, salt addition improves the extraction recoveries of

the relatively polar analytes as a result of the salting-out effect. So,
the effect of salt addition (NaCl) on extraction recoveries of the four
TKIs by the proposed method was investigated over the range of
0e25% and the results are presented in Fig. 3d. Increasing the
amount of NaCl from 0 to 10%, increased the extraction recoveries.
Salting out phenomenon can interpret this increase in recovery by
decreasing the solubility of the TKIs and improving the analytes
transfer to the liquid phase. On the other hand, further increase in
concentration of salt reduced the extraction recoveries. This can be
explained by the salting in event. At high concentration of NaCl,
sample viscosity increases and prevents the transport of the ana-
lytes to the extracting solvent, so, the more concentrated of salt, the
more difficult diffusion of the analytes. Also, solubility of the 1-
undecanol increases with increasing concentration of salt. There-
fore, 10% NaCl was chosen for further studies.
3.2.5. Extraction time and temperature
Exposure time guarantees the equilibrium between aqueous

and organic phases, so increases the precision and sensitivity. In the
SC-SF-SLDME method extraction time was defined as the time of
high-speed stirring. To select an optimum exposure time, a series of
experiments were designed to investigate the effect of time on
extraction recovery over the range of 2e15min. The results showed
that the extraction recoveries increased with the increase of time,
and then reached a plateau after 5 min. So, 5 minwas chosen as the
optimum time for the proposed method. In compare to classical
solidified microextraction methods [45,46], the SC-SF-SLDME
approach is very fast and this may be due to the participation of
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the dispersed MNi-CNT and solvent drops.
Effect of temperature on extraction recoveries was studied in

the range of 20e70 �C. The results indicated that the extraction
efficiencies did not show a significant change up to 70 �C. This may
be due to the participation of the solid phase in extraction pro-
cedure. Therefore, extraction at room temperature was selected.

3.2.6. Role of MNi-CNT and Ni in the SC-SF-SLDME method
The responsibility of the magnetic adsorbent in the proposed

SC-SF-SLDME approach can be divided in two parts, extraction/
adsorption of analytes and implementation of the procedure. In
order to unfold role of magnetic nanoadsorbent in adsorption of
analytes, magnetic dispersive micro solid phase extraction was
performed by applying 1.5 mg the MNi-CNT for 2 mL sample so-
lution at pH 11. Because the MNi-CNT attach to the magnet (inside
the solution) at low-speed stirring and in the absence of solvent
lighter than water, after sonication for dispersion of magnetic
nanoadsorbent, the solution was shaken for 5 min and then sepa-
rated by external magnet. The obtained recoveries were as follows:
45% ± 1.9, 37% ± 2.1, 55% ± 2.2 and 25% ± 1.8 for imatinib, sunitinib,
erlotinib and nilotinib, respectively. These results show that the
MNi-CNT alone is not able to extract four TKIs quantitative and
these analytes have relatively low affinity toward the hydrophobic
surface of the MNi-CNT. However, it is clear that the MNi-CNT
contribute in the extraction of analytes. Obtained results from
section of 3.2.2 can describe the role of magnetic nanoadsorbent in
implementation of the procedure. In the absence of the MNi-CNT,
dispersed solvent cannot recollect completely and so recoveries
decrease effectively. Strings of CNTs with hydrophobic surface
move in sample solution by stirring and dispersed drops of hy-
drophobic solvent attach to these chains, so even very small drops
attach to the MNi-CNT and easily collect. Therefore, the MNi-CNT
acts as a junction between solvent drops or as a strong skeleton
to aggregate organic droplets. In the absence of the MNi-CNT, drops
cannot be separated completely and the solution remained cloudy.

To clarify the importance of Ni in this procedure, MWCNTs (lack
of Ni) was applied in the SC-SF-SLDME procedure instead of the
MNi-CNT. Because of the lack of magnetism adsorbent, centrifu-
gationwas used to separate liquid and solid phases, and also higher
volume of liquid phase (40 mL) was applied to provide sufficient
volume for injection into HPLC. Significant changes were not shown
in extraction efficiencies. Ni nanoparticles play important role in
easy solid-liquid separation step and does not play a role in
extraction, as previously predicted. Due to complete separation of
solid and liquid phases without centrifugation, the low volume of
solvent can be used.

Ni was chosen over the other options (Co, Fe) for synthesizing
magnetic CNT, due to the weaker magnetic properties [47]. Since
the magnetic CNT was applied in solution in the presence of the
glass-coated magnet, strong magnetic nanoparticles attaches to the
magnet in stirring solution instead of dispersing. So, the use of
strong magnetic nanoparticles (Fe-CNT or Co-CNT) is an obstacle to
the implementation of the proposed method. The MNi-CNT remain
dispersed in stirring sample solution by the magnet.

3.3. Analytical performance

The analytical characteristics of the developed method, such as
the limit of detection and quantification, reproducibility, correla-
tion coefficient, linear dynamic ranges (LDRs) and enrichment
factors were determined by processing 2.0 mL standard solution of
imatinib, sunitinib, erlotinib and nilotinib and the results are
summarized in Table 1. The limit of detections were determined as
a signal-to-noise ratio of 3 (S/N ¼ 3) by comparing measured sig-
nals from samples with known low concentrations of TKIs with
those of blank samples, and obtained LODswere as follows: 0.2, 0.5,
0.15 and 0.25 mg L�1 for imatinib, sunitinib, erlotinib and nilotinib,
respectively. Also, limit of quantifications were determined based
on signal-to-noise ratio of 10 (S/N ¼ 10) method, similar to LOD,
and obtained LOQs were 0.7, 1.7, 0.6 and 1.0 mg L�1 for imatinib,
sunitinib, erlotinib and nilotinib, respectively. The corresponding
linear dynamic ranges (LDRs) exhibited high-quality linear re-
lationships over the ranges of 0.7e110 mg L�1 for imatinib,
1.7e190 mg L�1 for sunitinib, 0.6e110 mg L�1 for erlotinib and
1.0e190 mg L�1 for nilotinib with good correlation coefficients
higher than 0.992. To clearly assess sample matrix effects, matrix-
match calibrations (standards added to blank serum and CSF
samples) were statistically compared with calibration curves from
standard solutions. Existence of matrix effect demonstrates in the
calibration equations by changes in the slope and intercept of the
calibration curves. For this purpose, serum and CSF samples free of
TKIs were spiked at different concentration levels. Determination
coefficients (R2) for all the TKIs were obtained higher than 0.99. The
F-test was applied to statistically evaluate the slope differences
between standard and matrix-matched calibration curves. The re-
sults (F2,2 ¼ 0.29e0.87, P ¼ 0.17e0.73) revealed that slope differ-
ences were not considered statistically significant and so
considerable matrix effects did not occur. So, results show that the
two different types of calibration curve, in water and matrix-match
calibration, are identical and calibration curves inwater can be used
for TKIs quantification without the need for any matrix-match
calibration. The repeatability of the presented method was esti-
mated by ten replicated extractions of four TKIs at three concen-
trations of LOQs, 50 and 100 mg L�1, so intraday relative standard
deviations (RSDs) were obtained in the range of 3.6e4.5 for middle
concentration level of 50 mg L�1. As well as, the reproducibility of
the method, inter-day RSDs of five replicates in five different days
were measured and results indicated in Table 1. The specificity of
the proposed extraction method was tested using 6 different blank
human serum samples spiked at 50 mg L�1 of each TKIs and the
results indicated absence of any interfering peaks at the TKIs
retention times and acceptable RSDs in the range of 4.2e4.9% that
confirmed specificity of the method. Characterization factors for
preconcentration method such as enrichment factor (EF) and
consumptive index (CI) were also determined. Enrichment factor
was calculated as the slope ratio of the calibration graph of the SC-
SF-SLDME procedure to that of the calibration graph without pre-
concentration and the consumptive index (CI) was defined as the
sample volume (mL) consumed to reach a unit of enrichment factor
(EF), and calculated by the ratio between the volume of the sample
(mL) and EF (CI ¼Vs (mL)/EF, where Vs is the sample volume).
Obviously, the enrichment factor is considered in conjunction with
the sample volume and CI is a better index for describing pre-
concentration procedure. The lowest consumptive index was ach-
ieved by consuming lowest sample volume to obtain highest
enrichment factor. Low CI amounts obtained for the SC-SF-SLDME
method, confirm capability of this technique to achieve high EF
by using low sample volume.

3.4. Application of SC-SF-SLDME method to biological samples

In order to investigate the matrix effect and accuracy of the
proposed method, the developed SC-SF-SLDME approach was
applied to the simultaneous analysis of four TKIs in human serum
and cerebrospinal fluid samples. Human real samples were spiked
with the four TKIs standard solutions at different concentrations in
corresponding linear ranges. As previously mentioned, protein
binding of TKIs are more than 95%, so determination of free and
total the TKIs in serum samples were performed in a separate
sample preparation procedure presented in section of 2.3, then the



Table 1
Analytical performance of the SC-SF-SLDME technique (mean ± SD, n ¼ 3).

Parameter Imatinib Sunitinib Erlotinib Nilotinib

Enrichment factor 255 134 575 160
Consumptive index (mL) 0.008 0.015 0.003 0.012
Detection limit (mg L�1; n ¼ 10) 0.2 0.5 0.15 0.25
Limit of quantification (mg L�1;

n ¼ 10)
0.7 1.7 0.6 1.0

Intra-day precision (RSD %, n ¼ 10) 7.1 (0.7 mg L�1)a 7.7 (1.7 mg L�1) 6.8 (0.6 mg L�1) 7.3 (1.0 mg L�1)
4.0 (50 mg L�1)b 4.5 (50 mg L�1) 3.6 (50 mg L�1) 4.3 (50 mg L�1)
3.1 (100 mg L�1)c 3.7 (100 mg L�1) 2.9 (100 mg L�1) 3.2 (100 mg L�1)

Inter-day precision (RSD %, n ¼ 5) 12.1 (0.7 mg L�1) 12.7 (1.7 mg L�1) 9.8 (0.6 mg L�1) 13.4 (1.0 mg L�1)
7.0 (50 mg L�1) 7.5 (50 mg L�1) 6.3 (50 mg L�1) 7.2 (50 mg L�1)
5.9 (100 mg L�1) 6.3 (100 mg L�1) 5.1 (100 mg L�1) 6.5 (100 mg L�1)

Linear range (mg L�1) 0.70e110 1.70e190 0.60e110 1.0e190
Correlation coefficient 0.996 0.995 0.999 0.992
Regression equation (mg L�1)

Y ¼ (a±SDa)Xþ(b±SDb)
y ¼ (23,340.153 ± 102)
[ima]�(121.94 ± 8.4)

y ¼ (4121.00 ± 98.3)
[suni]�(317.29 ± 21.3)

y ¼ (45,873.269 ± 865)
[erlo] þ (118.04 ± 9.6)

y ¼ (25,229.678 ± 689)
[nilo]�(169.43 ± 11.4)

SDa, SDb: standard deviation of slop and intercept, respectively.
a Precision at 2 mg L�1.
b Precision at 50 mg L�1.
c Precision at 100 mg L�1.
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SC-SF-SLDME method was applied (n ¼ 3) for extraction and pre-
concentration of mentioned TKIs from serum samples. The results
were listed in Table 2. The recoveries in the range of 85e99%
exhibited that the present method was effective and reliable for the
determination of TKIs in complex matrixes. The typical chromato-
grams of non-spiked and spiked human serum and CSF with four
TKIs are presented in Fig. 4. The chromatograms of non-spiked and
spiked human serum with 2.0 mg L�1 of four TKIs is presented in
Fig. 4a. Also, chromatogram of spiked serum sample at 2.0 mg L�1 of
four TKIs, prepared with protein precipitation and without pre-
concentration, was presented in Fig. 4a for comparing. Fig. 4b
presents the chromatograms of non-spiked and spiked human
serum with 30.0 mg L�1 of four TKIs. The chromatograms of non-
spiked and spiked human CSF sample with 40.0 mg L�1 of four
TKIs is presented in Fig. 4c.

A comparison of the proposed method with the only reported
method for determination of imatinib, sunitinib, erlotinib and
nilotinib can be found in Table 3. As can be seen, the presented
method possesses a wide range of linearity, low detection limit,
high sensitivity, and low consumption of sample volume for
Table 2
Determination of free and whole TKIs in human serum and whole TKIs in cerebrosp
(mean ± SD, n ¼ 3).

Sample Added (mg L�1) Founda (mg L�1)

Ima Suni Erlo Nilo Ima Suni

Human Serum e e e e NDb ND
0.7 1.7 0.6 1.0 0.6 ± 0.05 1.5 ± 0.
50 50 50 50 46.7 ± 2.3 46.8 ± 2
100 100 100 100 94.4 ± 4.0 96.7 ± 4

e 150 e 150 e 142.4 ±

Human CSF e e e e ND ND
0.7 1.7 0.6 1.0 0.65 ± 0.05 1.56 ± 0
50 50 50 50 47.9 ± 2.2 47.8 ± 3
100 100 100 100 97.6 ± 3.4 97.7 ± 4

e 150 e 150 e 143.8 ±

Founda (mg L�1)

Free Ima Free Su

Human Serumc 50 100 50 100 2.9 ± 0.2 4.6 ± 0.
100 150 100 150 4.8 ± 0.4 6.7 ± 0.

a Mean value ± standard deviation based on three replicate measurements.
b Not detected.
c Prepared for determination of free TKIs.
simultaneous extraction of the TKIs. LODs of the SC-SF-SLDME
method were comparable with the reported method only with
the use of 2.0 mL sample solution. Also, higher enrichment factors
obtained with preconcentration of lower sample volume while
having better precision indicate that the presented method is
applicable and reliable for detection of the TKIs. Also in comparing
with other reported method, the SC-SF-SLDME procedure is fast
and easy to do.

To demonstrate the advantages and the ability of the proposed
approach in solving problems of existing methods, extraction per-
formance of the SC-SF-SLDME technique was compared with
dispersive liquid-liquid microextraction based on solidification of
floating organic drop (DLLME-SFO) in the determination of TKIs.
Extraction efficiencies of imatinib, sunitinib, erlotinib and nilotinib
by the SC-SF-SLDME approach were 95 ± 3.8, 93 ± 4.1, 94 ± 4.4 and
97 ± 3.5, respectively. Whereas, Extraction efficiencies by the
DLLME-SFO method were obtained as 60 ± 2.5, 42 ± 2.1, 63 ± 1.9
and 55 ± 2.3 for imatinib, sunitinib, erlotinib and nilotinib,
respectively. Lower extraction recoveries by using the DLLME-SFO
method may be due to using disperser solvent that cause
inal fluid samples by proposed SC-SF-SLDME method under optimum conditions

Recovery (%)

Erlo Nilo Ima Suni Erlo Nilo

ND ND e e e e

1 0.52 ± 0.04 0.84 ± 0.07 85.7 88.2 86.7 84.0
.1 47.8 ± 2.2 48.4 ± 2.9 93.4 93.6 95.6 96.8
.4 97.3 ± 3.8 94.5 ± 4.1 94.4 96.7 97.3 94.5
5.7 e 143.5 ± 5.8 e 94.9 e 95.6

ND ND e e e e

.1 0.54 ± 0.04 0.95 ± 0.08 92.8 91.8 90.0 95.0

.1 48.8 ± 2.5 48.9 ± 2.9 95.8 95.6 97.6 97.8

.0 98.5 ± 4.2 98.5 ± 3.9 97.6 97.7 98.5 98 0.5
5.3 e 144.1 ± 5.7 e 95.9 e 96.1

Protein binding (%)

ni Free Erlo Free Nilo Ima Suni Erlo Nilo

3 1.5 ± 0.1 1.4 ± 0.2 94.2 95.4 97 98.6
4 3.7 ± 0.3 2.3 ± 0.3 95.2 95.4 96.3 98.5



Fig. 4. Representative chromatograms under optimal SC-SF-SLDME conditions. Human serum sample, green line: non-spiked serum sample, blue line: spiked serum sample (a) at
2 mg L�1 of each TKIs and (b) at 30 mg L�1 of each TKIs. (c) Human CSF sample, green line: non-spiked CSF sample, blue line: spiked CSF sample at 40 mg L�1 of each TKIs. (1) Imatinib,
(2) Sunitinib, (3) Erlotinib, (4) Nilotinib. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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increase analytes and solvent solubility in solution and decrease
partition coefficient. The good performance of the proposed
method was probably due to several reasons such as the use of
high-speed stirring instead of disperser solvent for dispersion of
extraction solvent, participation of the solid phase in extraction
procedure, and also the complete separation of extraction solvent
from sample by solid phase through hydrophobic force. This pro-
cedure utilizes two dispersed extraction phases (solid and liquid).
Table 3
Comparison of the SC-SF-SLDME procedure with published method for preconcentration

TKIs Method Detection Matrix LOD

Imatinib, Sunitinib, Erlotinib, Nilotinib,
Axitinib, Gefitinib, Dasatinib

solid-phase
extraction

UPLC/
MS-MS

Plasma 1.1
axit
0.4
sun

Imatinib,
Sunitinib, Erlotinib,
Nilotinib

SC-SF-SLDME HPLC -UV Serum
and CSF

0.18
0.23

a Slopes ratio of calibration curves of analyte after preconcentration to that prior prec
b Volume ratio before and after preconcentration (EF).
Moreover, centrifugation step, obstacle for automation, had been
removed.

4. Conclusions

The simple and reliable method was presented to address dis-
advantages of single drop microextraction and dispersive mode of
liquid phase microextraction (LPME). Magnetic carbon nanotube-
and extraction of TKIs.

(mg L�1) RSD % Calibration range
(mg L�1)

PF/EF Sample
volume

Ref.

dasatinib and
inib
gefitinib and
itinib

13.1 and
14.2%

0.1/0.4e200 30b 5.0 mL [48]

, 0.46, 0.13, 4.2, 4.5, 3.9
and 4.4%

0.60e110,
1.6e190,
0.51e110,
0.8e190

255, 134, 575
and 160a

66.6b

2.0 mL This
study

oncentration (PF).
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nickel hybrid as a solid phase extractor/solvent collector and 1-
undecanol as liquid phase extractor/solid phase collector were
used in this method. These two phases complement each other in
running this method and dispersed solvent with high-speed stir-
ring could not be completely recollected in the absence of adsor-
bent. The proposed SC-SF-SLDME method was developed for
extraction of imatinib, sunitinib, erlotinib and nilotinib from bio-
logical samples. Reduced extraction time in comparison to the
classical method clearly showed the success of the partnership of
dispersed nanoadsorbent and dispersed organic solvent in extrac-
tion procedure. Also The SC-SF-SLDME method can be automated.
This research proves that by applying solid phase can solve the
obstacles of liquid phase microextraction methods so bright future
is expected for extraction methods.
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