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Abstract The authors describe a molecularly imprinted poly-
mer (MIP) deposited on multiwalled carbon nanotubes (MIP/
MWCNTs) for separation and preconcentration of L-cysteine
(L-Cys). The MIP was characterized by scanning electron
microscopy, X-ray diffraction and FT-IR and via adsorption
kinetics and adsorption isotherms. The MIP is shown to be a
viable sorbent for L-Cys which subsequently is quantified by
spectrophotometry through formation of a charge transfer
complex with the DDQ reagent. The experimental parameters
affecting separation efficiency and spectrophotometric deter-
mination were optimized. Under optimum conditions and at
an analytical wavelength of 478 nm, the calibration plot is
linear in the 4.0 to 180 ng mL~! concentration range, and
the limit of detection (at an S/N ratio of 3) is 2.3 ng mL ™.
The intra-day and inter-day precision are in the range from 2.4
to 3.6%. The method was successfully applied to determina-
tion of L-Cys in spiked human serum and water samples
where it gave recoveries ranging from 96.6 to 102.4%.
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Introduction

L-Cys participates in a variety of important cellular functions,
among others protein synthesis, detoxification and metabo-
lism [1]. L-Cys has several pharmaceutical applications;
namely, it is used in some antibiotics for the treatment of skin
damage, and as a radio protective agent. Also, it is widely used
in the food industry as an antioxidant and in the pharmaceuti-
cal industry in drug formulation and as a biomarker [2].
Therefore, the detection of L-Cys is important, and consider-
able efforts have been made to develop high efficient methods
for its determination. A number of analytical methods have
been reported for determination of L-Cys, such as high per-
formance liquid chromatography (HPLC) [3], capillary elec-
trophoresis [4], gas chromatography [5], spectroflourimetry
[6], electrochemical [7], spectrophotometry [8] and chemilu-
minescence [9]. These methods provide high sensitivity and
low detection limit, but they suffer from some disadvantages,
such as, multi-step operation, extend clean up steps and ex-
pensive instrumentation. Also, they need chemical derivatiza-
tion to overcome interference effects and to increase sensitiv-
ity. Compared with the expensive methods, the cost of con-
ventional spectrophotometric method and its simplicity makes
it a widely accepted detection method. However the applica-
tion of this method is mainly limited by its poor selectivity and
sensitivity [10]. Therefore, Hyphenation of advanced sample
preconcentration and cleanup methods with ordinary spectro-
photometric method can be worthy. Solid phase extraction
(SPE) has been recognized a solvent less and efficient sample
preparation procedure for a wide range of samples [11]. The
simplicity of the operation, selectivity and efficiency of SPE
procedure are mainly dependent on the proper choice of the
sorbent material [12]. In the past few years, molecularly
imprinted polymers (MIPs) has been considered as a selective
adsorbent in SPE, and found wide applications in analysis of
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real samples with complex matrices, as highlighted by several
reviews [13—15]. MIPs are synthetic polymers possessing spe-
cific cavities designed for a target molecule and are synthe-
sized by the polymerization of different components [16].
MIPs have attracted increasing attentions due to their advan-
tages involve in predetermined recognition ability, chemical
stability, relative ease and simple preparation. Aswni et al.
used methacrylic acid (MAA) based MIPs for modification
of carbon paste electrode (CPE) to determine L-Cys [17].
Also, Cai et al. used a MIPs for extraction and subsequent
spectroflorimetric determination of L-Cys [18]. The conven-
tional bulk MIP has intrinsic limitations, such as low adsorp-
tion capacity, poor site accessibility and irregular shape [19].
For avoiding of these defects, surface molecular imprinting
technique has been proposed [20, 21]. Usefulness of active
cavities, number of active cavities, binding kinetic and struc-
ture regularity of MIPs can be significantly improved by
grafting of MIPs on supported materials such as carbon nano-
tubes (CNTs) [22, 23], mesoporous silica [24], nano particles
[25] and nano capsule [26]. Coupling of spectrophotometric
method with an advance sample preparation methods such as
SPE with MIPs grafted with MWCNTs (MIP/MWCNTs) can
be worthy. The aim of this study was to report an approach for
preparation of MIP/MWCNTs based on the functionalization
of MWCNTs by MAA and subsequent polymerization for
preparation of a selective MIP/MWCNTs composite for sep-
aration and enrichment of L-Cys prior to its spectrophotomet-
ric determination. Spectrophotometric determination was car-
ried out using charge transfer complex formation between
removed L-Cys and 2,3-dichloro-5,6-dicyanobenzoquinone
(DDQ) as a Tt-acceptor reagent. Extraction with MIP increases
the selectivity and derivatization of extracted L-Cys improves
the sensitivity of the spectrophotometric detection of L-Cys.
The main factors affecting extraction efficiency and spectro-
photometric reaction were investigated and optimized.

Experimental
Materials and reagents

MWCNTs (mean diameter of 30 nm) were obtained from
Iranian Nanomaterials Pioneers Co. (Mashhad, Iran, https://
sites.google.com/site/nanosuny/home). Methacrylic acid
(MAA), ethylene glycol dimethacrylate (EGDMA), L-Cys,
Tionilchloride and 2,3-dichloro 5,6-dicyano-p-benzoquinone
(DDQ) were purchased from Sigma-Alderich (St. Louis,
USA, http://www.sigmaaldrich.com). Acetonitrile, acetone,
dimethyl formamide, sodium hydroxide (NaOH),
hydrochloric acid (HCl), ethanol and methanol were
obtained from Merck (Darmstadt, Germany, http://www.
merckgroup.com).
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Apparatus

A UV-Vis spectrophotometer model SPECORD 210
(Analytikjena, Germany) with a 300 pL uartz microcell
(Fisher Co., Germany) was used for spectrophotometric mea-
surements. The synthesized MIPs were characterized by a
scanning electron microscopy (SEM), (Philips, CM120, 100
KV), APD 2000 X-ray diffractometer (XRD) (Italstructures,
Italy) and FT-IR spectrometer (Perkin-Elmer, Spectrum ver-
sion 10.01.00, USA). A Metrohm 713 pH-meter equipped
with a combined glass calomel electrode was used for the
pH adjustments at 25 = 1 °C temperature. A centrifuge
Model 16,105 (Farayand Co., Iran) was used for separation
of'adsorbents. An ultrasonic water bath model Parsonic 2600 s
(Parsnahand Co., Iran) was used for dissolution of reagent.

Pretreatment of MWCNTSs

The MWCNTs was preconditioned in two steps. At first, the
surface of MWCNTs was oxidized by acid treatment [13].
Briefly, 500 mg of MWCNTs was added to 50 mL of
H,SO,~HNO5 (3:1, v/v) solution and the suspension was
refluxed at 60 °C for 4 h. The oxidized MWCNTs were fil-
tered and washed with deionized water (200 mL, three times)
and dried in a vacuum oven in 100 °C for 5 h. Then, the
functionalized MWCNTs were suspended in 1 mL of DMF
and 10 mL tionilcholoride, was added into the dispersion and
stirred for 1 h. After the mixture was maintained at 80 °C for
24 h under nitrogen atmosphere, the product was washed with
acetone. The product was dried under a vacuum oven at room
temperature for 24 h.

Covalent functionalization of MWCNTs with MAA

For this step 500 mg of pretreated MWCNTSs dispersed in
20 mL acetonitrile for 10 min, then 1 mL of MAA and
50 mg sodium bicarbonate were added, the mixture was main-
tained at 80 °C under nitrogen atmosphere for 2 h for covalent
functionalization of MWCNTs with MAA. Then, the MAA-
functionalized MWCNTs (MAA/MWCNTSs) were filtrated,
washed repeatedly (40 mL, five times) with deionized water
and dried in vacuum.

Synthesis of L-Cys MIP/MWCNTs

1 mmol of L-Cys, 300 mg of MAA/MWCNTs and 4.0 mmol
of MAA were added into a 100 mL round flask containing
20 mL of acetonitrile. The mixture was incubated for 1 h at
room temperature for pre-polymerization. Then, 20 mmol of
EGDMA was added and the mixture was purged with nitrogen
for 10 min to remove oxygen. Afterwards, 30 mg of AIBN
was added for initiation of polymerization. The reaction was
allowed to proceed at 60 °C for 24 h. After the polymerization,
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the polymers were washed with ethanol/acetic acid (9:1, v/v)
mixture for several times until the template was no longer
detectable by spectrophotometry. Finally, the MIP/MWCNTs
were dried in vacuum at 60 °C for 30 min. For comparison,
non-molecularly imprinted polymers multiwalled carbon
nanotubes (NIPs/MWCNTs) were prepared by the same pro-
cedure, only without addition of L-Cys in the polymerization
process. The preparation process of MIP/MWCNTSs is sche-
matically depicted in Scheme 1.

Preconcentration procedure

An aliquot of sample solution containing 50 ng mL ™" of L-
Cys was transferred into a 250 mL beaker. The pH of the
solution was adjusted to 6.5 by the drop wise addition of
aqueous HCI (0.1 M). Then 50 mg of the MIP/MWCNTs
was added to solution and the mixtures were shaken for
20 min. After removal of the supernatant by centrifugation
(3500 rpm, 3 min), the adsorbents was eluted with 1.5 mL
ethanol/acetic acid (9:1, v/v) mixture. Then, the obtained elu-
ent was pipetted into a test tube for charge transfer complex
formation. Thus, 75 uL of DDQ 5 x 10™* M was added to the
solution for 20 min at 25 °C, and the resultant solution was
subjected to the final spectrophotometric determination at
478 nm.

Adsorption studies

Adsorption study was performed to examine the adsorption
kinetic and adsorption isotherms at 25 °C. The adsorption
kinetic of the MIP/MWCNTs toward L-Cys was investigated
by following procedure: In a centrifuge tube, 20.0 mg of the
MIP/MWCNTs and/or NIPs/MWCNTs were suspended in
10 mL of 80.0 mg L' L-Cys. These tubes were incubated at
room temperature under shaking. Ten samples were taken out
at time range of 5-50 min with a five min interval. Then, L-
Cys concentration in supernatant was measured spectrophoto-
metrically and the adsorption capacity Q (mg g ') of the poly-
mers for L-Cys was calculated according to the following

Scheme 1 Schematic
representation for the preparation
process of MIP/MWCNTs

EGDMA, MAA, AIBN &

formula:
Q= (C—C) V/m

where C; (mg L Hand C, (mg LY represent the initial and
final L-Cys concentration, respectively. V (L) is the sample
volume and m (g) is the MIP mass.

For study of adsorption isotherms, suitable aliquots of MIP/
MWCNTs (20 mg) were introduced into different centrifuge
tubes. Then, 10 mL of L-Cys with initial concentration rang-
ing from 10.0 to 100.0 mg L' was added into each centrifuge
tube. The centrifuge tubes were stirred at 25 °C for 90 min.
The adsorbent was centrifuged immediately at 3500 rpm
(RCF = 1369) for 3 min and the supernatant solution was
analyzed to determine the remaining concentration (C,, mg
L") using spectrophotometry. Finally, the equilibrium ad-
sorption capacity Q. (mg g ') was calculated according to
the following equation:

Q.= (CrmC)V/m

Real sample analysis

To evaluate the applicability of the method for real samples
analysis, tap water and human serum samples were selected
for investigated of application of the presented method. The
samples were pretreated by the relevant procedure as follows:

Human serum

The human serum sample was stored in a refrigerator after
collection. A 1 mL of the human serum was directly diluted
to the 100 mL by deionized water. Due to high sensitivity of
the presented method, the concentration of the L-Cys in final
sample solution should controlled in the linear rang of deter-
mination. An aliquot of the prepared sample was analyzed by
analytical procedure.
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Tap water

Tap water sample were filtered through a filter paper (45 pm)
and then used directly for analysis.

Results and discussion

The MIP/MWCNTs was synthesized in three steps: pretreat-
ment of MWCNTs surface, grafting of MAA on surface of
nanotubes and subsequent polymerization. The
Spectrophotometric detection was carried out by L-Cys reac-
tion with DDQ, as a 7t acceptor, to form a highly colored
charge transfer complex. Due to poor sensitivity of direct
spectrophotometric determination of L-Cys, the reaction of
L-Cys with DDQ), to form of a highly colored charge transfer
complex, was used for improving of detection sensitivity.
Regarding to absorption spectra of the sample and blank after
SPE (Fig. S1), the corrected absorbance at 478 nm was select-
ed as the extraction efficiency under different experimental
conditions. The reagent blank at this wavelength show a low
absorption. The effects of experimental parameters for both
micro extraction procedure and spectrophotometric reaction
have been investigated and optimized. The corrected absor-
bance at 487 nm was used to assess the extraction efficiency
under different experimental conditions. A unit variety ap-
proach was employed for optimization and all results were
average of five replicate measurements.

Characterization

The FTIR spectra of the products in each step of the MIP/
MWCNTs synthesis were recorded to verify the formation
of the expected products. The FT-IR spectrum for oxidized
MWCNTs is shown in Fig. la. The absorption bands at
3435 cm ! (which is attributed to the stretching vibration of
OH groups) and 1733 cm ' (corresponding to the C = O vi-
brations) are indicating the presence of functional groups
(COOH) on the surface of the MWCNTs. Furthermore, as
shown in Fig. 1b, the characteristic absorption band at
732 ¢cm ! which corresponds to the C—Cl absorbance, con-
firmed the surface choloration. The FT-IR spectrum for cova-
lent functionalization of MWCNTs with MAA is shown in
Fig. Ic. The peak of C = O stretching vibration was shifted
down to 1726 cm !, which was characteristically assigned to
carbonyl stretching of carboxylic acid. Also, the characteristic
peaks at 3439 cm ' (O-H stretching peak), and 732 cm ™' are
related to COOH group of MAA stretching vibration. The
obvious stretching vibration of C— O group at 1732 cm'
and the increasing of C—O-C band intensity at 1157 cm™
revealed the existence of EGDM. Moreover, new absorption
peaks at 2989 and 2958 cm ' are related to the stretching
modes of aliphatic C—H bonds in the final product (Fig. 1d).

1
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Based on the above results, it can be concluded that the fabri-
cation procedure has been successfully performed. Fig. 2a and
b show the SEM images of MWCNTs and MIP/MWCNTs
which demonstrate that the MWCNTSs have a rod structure.
The comparison of SEM images of the MCNTs and MIP/
MWCNTs indicates that the MWCNTSs are enwrapped rather
homogeneously by MWCNT amount layer. Fig. 3 shows the
XRD of MIP/MWCNTs and MWCNTs. The typical diffrac-
tion peaks of MWCNTs can be observed at 20 = 26.0°. The
average crystallite size of the MIP/MWCNTSs nanoparticles,
based on the Scherer equation, was estimated to be approxi-
mately 25 nm according to Scherer equation.

Point of zero charge of the MIP/MWCNTSs (pH,.)

Surface charge of MWCNT amount and therefore their recog-
nition properties can be changed at different pHs when ioniz-
able functional groups such as methacrylic acid, vinyl benzoic
acid and etc. are introduced into the polymer matrix [13]. In
this study, the pH,,, of the MIP/MWCNTs was determined in
degassed 0.01 mol L™' NaNOj solution at 20 °C. Aliquots of
30 mL of 0.01 mol L™' NaNO; were mixed with 50 mg MIP/
MWCNTs in several beakers. The pH of the solutions was
adjusted in the range 2.0-10.0 using HNO; and/or NaOH
solution. The initial pH values of the solutions were recorded,
and the beakers were covered with par film and shaken for
24 h. Then, difference of final pH and initial pH (ApH) for
each solutions was plotted against their initial pH values
(Fig. S2). According to the results of this study, the pH,,
was determined to be o be 6.3.

Optimization of experimental parameters

Effect of pH

The pH of the sample solution plays an important role in the
adsorption process of the L-Cys by affecting both the forms of
analyte in solution and the surface charge of adsorbent.
Therefore, the effect of sample pH on the adsorption of L-
Cys was investigated in the range of 2.0-11.0 (Fig. 4).
Depending on the sample pH, L-Cys can exist in various
forms, such as, H;A" at pH values <4.0 due to protonated
amino group, H>A (uncharged) at the pH range 4.0-9.0,
HA™ (carrying a COO~ group) at pH range 9.0-12.0 and A>
"~ (carrying COO ™ and S7) at pH >12. As Fig. 4 shows, the
adsorbent provided the highest affinity to L-Cys at pH range
of 6.0-7.0. Regarding to the pH,,. of MIP/MWCNTs (6.3),
uncharged form of L-Cys is preferentially extracted by MIP/
MWCNTs due to non-electrostatic interactions. The electro-
static repulsion forces are responsible for lower extraction
efficiencies in other pHs. Therefore pH 6.5 was selected for
the further experiments.
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Fig. 1 FT-IR spectra of MWCNTs (a), Chloride- functionalized MWCNTs (b), MAA functionalized MWCNTs (¢) MIP/MWCNTSs(d)

Effect of adsorption time

To obtain satisfactory extraction with a short analysis time, it
is necessary to select an adsorption time that provides the
equilibrium between the sample solution and the adsorbent.
The effect of adsorption time on recovery of L-Cys was in-
vestigated in the range of 5-50 min. The results showed that
an adsorption time of 20 min was sufficient to attain adsorp-
tion equilibrium. So an adsorption time of 20 min was selected
for subsequent investigations.

Effect of sample volume

In order to obtain a higher enrichment factor in SPE, a larger
volume of sample solution is required. The effect of sample
volume on the L-Cys extraction was investigated using differ-
ent sample volumes in the range of 5-150 mL, which were
spiked with 50 ng mL™" of L-Cys. It was found that the quan-
titative recoveries were obtained up to 110 mL. The extraction
efficiency was decreased at higher sample volumes due to the
analyte loss from the adsorbent surface. Thus, the volume of
100 mL was selected for subsequent experiments to obtain a
higher preconcentration factor.

The MIP/MWCNTs amount

Compared to conventional micro-size sorbents, MIPs sorbents
have higher surface areas and satisfactory results can be
achieved with fewer amounts of MIPs. Thus, to study the
effect of adsorbent amount on the extraction efficiency,

different amounts of adsorbent in the range of 10-70 mg were
added to the 50 mL of 50 ng mL™" of analyte solution. The
results showed that the extraction efficiency increased with
increasing amounts of adsorbent up to 60 mg and then leveled
off. Therefore, 50 mg of adsorbent was found to be the
optimum.

Desorption conditions

In most of SPE producers, desorption process is a rather crit-
ical step and selection of desorption solvent is very important.
A suitable desorption solvent should effectively remove the
template with the minimum volume. It also should not dam-
age the favorable structure of decorated MIP/MWCNTs. On
the basis of the above considerations, the usefulness of several
types of desorption solvents, including methanol, ethanol,
methanol/acetic acid (9:1 v/v), ethanol/acetic acid (9:1 v/v),
ethanol/HC1 0.01 mol L™" (2:1 v/v), methanol/ HCI 0.01 mol
L' (2:1 v/v) and acetic acid 0.01 mol L 'was examined. The
results (Fig. 5) showed that the mixture of ethanol/acetic acid
(9:1 v/v) is the most effective eluent and can be used for the
quantitative recovery of the L-Cys. Also the effect of desorp-
tion time was investigated in the range of 1-25 min. The
obtained results showed that a duration time of 10 min ap-
peared to be sufficient for complete desorption and no signif-
icant effect was observed when the time of desorption was
greater than 10 min. The effect of eluent volume on L-Cys
recovery was further investigated in the range of 1-6 mL. A
smaller volume of the eluent is preferred for efficient elution
efficiency (> 95%) and higher enrichment factor. The
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Fig. 2 SEM images of (a) MWCNTSs and (b) MIP/MWCNTs

experimental results showed that a volume of 1.5 mL is
enough to obtain the best enrichment of L-Cys.

Effect of the complexation conditions

The effect of DDQ concentration on the measured absorbance
was investigated by adding different amounts of DDQ
(5 x 10* mol L") to desorbed L-Cys in the range of 10—

Intensity (a.u)

5 15 25 35
26degree

Fig. 3 Comparison of XRD patterns of (a) MWCNTs and (b) MIP/
MWCNTs
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100 pL. The results revealed that the highest absorbance was
obtained over the 75 uL. Therefore a volume of 75 pL was
selected for subsequent experiments. The effect of complexa-
tion time on the absorbance signal was also investigated in the
range of 1-30 min at room temperature (25 + 2 °C). The results
showed that reaction was complete within 20 min. Thus the
time of 20 min was selected as optimal complexation time.

Reusability and stability

Reusability of adsorbent is very important in solid phase ex-
traction procedures. In order to examine the potential of the
fabricated MIP/MWCNTs for recycling, the used adsorbent
was rinsed with deionized water (20 mL, once) and subjected
to loading and elution procedure under optimum conditions.
The results showed that the adsorbent can be used at least for
seven times without any significant loss in recoveries of L-Cys
(less than 5%). Over seven cycle of sorption/desorption, the
performance of adsorbent decreased gradually due to shrink-
ing—swelling of MIP during desorption process and partial de-
struction of imprinted cavity [27]. This study indicates that the
prepared adsorbent shows good reusability and stability with no
analyte carryover up to seven successive extraction procedures.

Adsorption study of MIP/MWCNTs
Adsorption kinetics

The rate of adsorption is important for evaluation of the ad-
sorption efficiency. Therefore, the adsorption kinetics of tem-
plates on the MIP/MWCNTs and NIPs/MWCNTs were inves-
tigated. The results (Fig. S3) showed that the adsorption
amounts of L-Cys increased with time and leveled off gradu-
ally in the end. At the beginning, as MIP/MWCNTs provides
large quantities of unoccupied imprinted binding sites, L-Cys

0.8

0.6 -

0.4 -

Absorbance

0.2 -

0.0 . . . . . )
0.0 2.0 4.0 6.0 8.0 10.0 12.0

pH

Fig. 4 Effect of pH on the adsorption efficiency of L-Cys. Conditions:
Sample volume: 50 mL, L-Cys: 50.0 ng mL~', sample volume: 50 mL,
Adsorbent amount: 50 mg, adsorption time: 20 min, desorption time:
10 min, eluent volume: 2 mL, analytical wavelength: 487 nm. Error
bars represent the standard deviation for three experiments
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molecules are adsorbed preferentially to react with the binding
sites of the MIP/MWCNTSs, displaying rapid adsorption for L-
Cys. The adsorption rates of L-Cys decrease after 20 min be-
cause the internal diffusion of template molecules into binding
sites has to overcome the mass transfer resistance. NIPs/
MWCNTs and MIP/MWCNTs are similar in the adsorption
tendency for L-Cys, but MIP/MWCNTs exhibits higher ad-
sorption capacity. The reason should be attributed to the pres-
ence of enough imprinted cavities in MIP/MWCNTs [28].
Furthermore, the adsorption equilibrium of MIP/MWCNTs
is achieved within 25 min and the adsorption capacity reaches
8.7mg g ' (L-Cys), respectively. In previous studies, the ad-
sorption of some template onto MIPPMWCNTs was equili-
brated after 3 h or even more [29]. The short adsorption equi-
librium time is one of the MIP/MWCNTs advantages. It is
also obvious that the adsorption amount of the MIP/
MWCNTs is higher than those of the NIPs/MWCNTs. This
suggests that the imprinted cavities of the MIP/MWCNTs
provide high binding affinity of the templates to the polymer.
Therefore, the short equilibrium time and the high adsorption
capacity suggest the potential applications of MIP/MWCNTSs
for the removal of L-Cys.

Adsorption isotherms

Adsorption isotherms were used to estimate binding capacity
and to evaluate binding behavior of the prepared MIP/
MWCNTs. The result of this study (Fig. S4) showed that,
adsorption capacity of polymers towards L-Cys increased
with the increasing of initial concentration of L-Cys up to
8.6 mg L 'and then leveled off, indicating saturation of the
active binding sites of the polymers. The saturated adsorption
values were found to be 9.07 mg g ' and 2.53 mg g ' for
MIPs/MWNTs and NIPs/MWCNTs, respectively. Also it
can be seen that the amounts of L-Cys bound to MIP/
MWCNTs are remarkably higher than those of bound to
NIP/MWCNTSs under same experimental conditions. This

can be attributed to the generation of cavity recognition sites
in MIP/MWCNTs during imprinting process. The equilibrium
binding data were further used to evaluate the binding prop-
erties of MIP/MWCNTs and NIPs/MWCNTs by Langmuir
and Freundlich models. Langmuir model assumes that each
active binding site can only hold one template, however the
Freundlich model is not restricted to the formation of a mono
layer [30]. The equilibrium data were fitted to Langmuir and
Freundlich isotherm models by linear regression. The results
of'this study (Table S1) showed that Langmuir model give the
better R? coefficient (0.99) and therefore can better describe
the binding processes. In addition, due to imprinting effect, the
maximum adsorption and the Langmuir adsorption equilibri-
um constant of the MIP/MWNTs were higher than those of the
NIPs/MWCNTs.

Selectivity of the MIP/MWCNTs

Selectivity of prepared MIP/MWCNTs toward L-Cys was in-
vestigated by recovery studies of L-Cys in the percent of po-
tential interferences with similar structures (glycine (Gly), ho-
mocysteine (Hcy), gluthatione (GSH), histidine (His), argi-
nine (Arg)) in concentrations up to 100 times higher than that
of L-Cys. The obtained results (Table S2) showed that recov-
eries of L-Cys were not significantly changed in the presence
of interferences. All the experiments were performed in trip-
licate. This high selectivity of this MIP for L-Cys is attributed
to the presence of tailor- made binding sites for L-Cys in terms
of interaction and size.

Analytical parameters

Analytical characteristics of the presented method were eval-
uated under optimized conditions (Table S3). Calibration
curve was obtained by least-squares linear regression analysis
of the corrected absorbance (n = 3) versus concentration of
analyte using ten concentration levels. The calibration curve
was linear over the range 4.0-180.0 ng mL™" with linear re-
gression eq. A = 0.009C + 0.044 (A, corrected absorbance at
487 nm and C ng mL'of L-Cys) and correlation coefficient
R? = 0.998. The limit of detection (LOD), defined as
LOD = 3S, /m (where, Sy, and m are standard deviation of
the blank and the slope of the calibration graph, respectively)
was found to be 2.3 ngmL " The precision of the method was
evaluated through of the investigation intra-day precision and
inter-day precision as relative standard deviation (RSD %).
The intra-day precision was evaluated over five replicates
spiked concentration (50.0 ng mL ™ 'of L-Cys) within one
day (n = 5). The inter-day precision was evaluated over five
daily replicates, spiked at same level per work day, over a
period of three days (n = 15). The intra-day and inter-day
precisions were found to be 2.4 and 3.6, respectively.
Furthermore, enrichment factor (EF) was calculated by
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Table 1  Comparison of method performance for determination of L-Cys
Method/ Detection Linear range Limit of Sample Ref.
(ng mL ™ detection(ng mL ™

SPME by MIPs/Chemodosimeter based fluorescent detection ~ 6.05-6058 .5 [18]

Modified CdS NPs probe/Fluorimetry 60.6-1211.6 - e [31]

AuNPs stabilized by single stranded oligonucleotide 12.1-157.5 12.1 pharmaceutical samples [32]
DNA/Colorimetry

Carboxymethyl cellulose-functionalized Au NPs/ Colorimetry ~ 1211.6-1216.0  --- human urine [33]

Au@Pt core-shell nanohybrids/ Colorimetry 1.2-2432.2 0.6 Amino injection [34]

Iron tetrasulfonated phthalocyanine/MWCNTs film 0.0-2432.0 121.2 human serum [7]
modified electrode/ Amperometry.

MIPs modified CPE/DPV 24-21.8 1.1 Human serum and Tap water  [17]

MIP/MWCNTs/Spectrophotometry 4.0-180.0 23 Human serum and Tap water ~ This work

EF = Vs/Ve x R% definition (where Vs is the sample volume,
Ve is the elution solvent volume, and R% is extraction yield).
By considering the optimum elution volume of 1.5 mL and
sample volume of 100 mL (R = 98.9%), an enrichment factor
0f72.52 was achieved for L-Cys determination. A comparison
of the analytical characteristics of the presented method and
other methods is presented in Table 1. The presented method
has distinct advantages in term of simplicity, low detection
limit and ease of operation.

Real sample analyses

The applicability of the presented method to the real samples
was investigated by determination of L-Cys in human serum
and tap water. Recovery studies were carried out by adding
known concentrations of L-Cys at three levels to dilute solu-
tions of samples. For each concentration level, six replicate
experiments were made, and the results obtained were com-
pared with the added concentrations. Also the recovery tests
were carried out by spiking the human serum and tap water
with different amounts of L-Cys (30, 50 and 100 ng mL™).
The obtained relative recoveries (Table 2) varied from 96.6%
to 102.4%, showing the absence of a matrix effect on the
performance of the presented method. The accuracy of the
method was checked with the reference method [35]. The

results are presented in Table 3. The statistical analysis of
the results using Student’s t-test showed that there are no sig-
nificant differences between the results obtained by two
methods at a 95% confidence level. These good recoveries
demonstrate that the purposed method is sufficiently applica-
ble to determine L-Cys in real samples.

Conclusion

In this study, a fast and sensitive method based on the SPE
with MIP/MWCNTs followed by spectrophotometric detec-
tion through charge transfer complexation has been developed
for separation and determination of L-Cys. The MIP/
MWCNTs composite was prepared by functionalization of
MWCNTs by MAA and subsequent polymerization. The pre-
pared MIPs proved to be an efficient and selective adsorbent
for separation and enrichment of trace level of L-Cys from real
samples. Coupling of SPE by MIP/MWCNTs and subsequent
charge transfer complex formation significantly improved se-
lectivity and sensitivity of the ordinary spectrophotometric
determination of L-Cys. The presented method successfully
discriminated L-Cys from Hcy, GSH and other amino acids in
real samples. Also, this method provides excellent analytical
performance toward L-Cys, such as high sensitivity and wide

Table 2 Results of L-Cys deter-

mination in real samples Sample Added (ng mL™") Found((ng mL ™' + RSD) * Recovery (%)
Tap water - ND ° --
30.0 31.1+£29 102.2
50.0 49.0+3.6 98.0
100.0 100.7 £2.6 100.7
Human serum --- 145+2.8 -
30.0 283+23 96.6
50.0 51.2+3.1 102.4

 All results: average of six replicate measurements

®Not detected
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Table 3  Comparison of L-Cys analyses in tap water and human blood
serum preparation samples spiked with 50 ng mLof the L-Cys by the
present and ninhydrin methods

Sample Concentration found (ng mL™')*

Present method Reference method
Tap water 503 +2.9 49.1+3.2
Human serum 482 +£2.8 51.2+27

2 All results: mean + RSD,(n = 3)

linear range. Moreover, the combination of MIP/MWCNTs
and spectrophotometry will greatly enrich the research con-
tents as well as broaden the applications of molecular imprint-
ing techniques. The comparison of presented method and oth-
er reported methods shows that the analytical performance of
presented method is comparable with some sensitive instru-
mental methods.
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