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Abstract In this study, chitosan-grafted multiwalled carbon
nanotubes were synthesized and characterized using Fourier
transform infrared spectroscopy, transmission electron mi-
croscopy, X-ray diffraction, thermogravimetric analysis, and
static and kinetic adsorption experiments. The results showed
that the resulting material had good adsorption abilities and
rapid dynamic properties for acrylamide. This material was
used as a sorbent for development of matrix solid-phase
dispersion extraction coupled with high-performance liquid
chromatography for the determination of trace acrylamide in
foods. Under the optimal conditions, the limit of detection,
based on three times the signal to noise ratio of the baseline
near the analyte peak, was 1.5 png/L, and the relative standard
deviation for five replicate extractions of 50 pg/L acrylamide
was 4.3 %. Blank potato and flour samples spiked with
acrylamide at different levels, namely, 2.25, 4.50, and
6.75 ng/kg, were extracted and determined by the developed
method, with good recoveries ranging from 85.3 to 94.6 %.
This method was used for quantitative analysis of acrylamide
in different food samples, including twisted cruller, potato
chip, and toast samples. Compared with other methods, this
method for the extraction and determination of trace acrylam-
ide in food samples is rapid and simple.
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Introduction

Since the Swedish National Food Administration and re-
searchers at Stockholm University first announced, in April
2002, that high levels of acrylamide had been found in foods
such as French fries and bread (Tareke et al. 2002), acrylamide
has become a priority human health issue and attracted world-
wide concern, because of its demonstrated neurotoxicity,
genetoxicity, and reproductive development toxicity (Costa
etal. 1991; IARC 1994). As a heat-induced food contaminant,
it is probably carcinogenic to humans (Wenzl et al. 2007).
Acrylamide is usually produced in starch-rich foodstuffs via
the Maillard reaction at temperatures above 120 °C, especially
at 140-180 °C (Fernandes and Soares 2007; Mottram et al.
2002). It is therefore necessary to control acrylamide produc-
tion during food-heating processing to protect human health.
Many methods, including gas chromatography (GC) and
liquid chromatography (LC), have been developed for determi-
nation of acrylamide in foods (Kim et al. 2011; Pedersen and
Olsson 2003; Zhu et al. 2008; Zhang et al. 2007; Casella et al.
2006; Xu et al. 2013). GC method usually needs complex
derivatization process. LC is the classic analytical technique,
but the sensitivity of LC is low (Paleologos and Kontominas
2005); therefore, pretreatment is needed prior to LC. The
traditional pretreatment is solid-phase extraction (SPE), but
SPE procedures are usually labor intensive and time consum-
ing. It is thus important to develop faster, more cost-effective,
and environmentally friendly procedures. Matrix solid-phase
dispersion extraction (MSPD) meets the above requirements
(Smith 2003); this method not only can greatly reduce the
analysis time but also requires less solvent. In recent years, a
number of applications of MSPD in food analysis have been
reported (Barker 2007; Bogialli and Di Corcia 2007;
Kristenson et al. 2006; Soares and Fernandes 2009).
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In the MSPD procedure, the most important factor is the
adsorption performance of the sorbent. Traditional sorbents
usually have poor adsorption abilities; so, the preparation of
MSPD sorbents with good adsorption properties is crucial.
Several reports have shown that multiwalled carbon nano-
tubes (MWCNTs) have better adsorption capacities than acti-
vated carbon in dioxin removal, because of their hollow and
layered nanostructures and large specific surface areas (Long
and Yang 2001; Li et al. 2002; Peng et al. 2003; Bacsa et al.
2000; Iijima 1991; Wijewardane 2009). They have been used
as adsorbents in SPE for preconcentration and separation of
metal ions and organic compounds in real samples (Wu 2007;
Li et al. 2009; Liang et al. 2008; Gao et al. 2009; Sheng et al.
2010; Zhou et al. 2006; Min et al. 2008). However, MWCNTs
also have drawbacks such as poor dispersion. Chitosan (CS), a
natural polysaccharide with structural characteristics similar to
those of cellulose, is usually obtained by deacetylation of
chitin (Dai et al. 2012). CS has good film-forming, molecular
separation, and adsorption abilities (Kumar 2000; Muzzarelli
and Muzzarelli 2005; Chatterjee and Woo 2009) and has been
used to improve the dispersion and application of MWCNTSs
(Wang et al. 2005).

In this paper, we describe the synthesis of a CS/MWCNT-
OX composite by grafting CS onto purified MWCNT
(MWCNT-0OX) surfaces. This material was used as the sor-
bent to develop a simple and sensitive MSPD coupled with
HPLC, for the preconcentration, separation, and determina-
tion of trace acrylamide. The factors affecting the MSPD and
the detection sensitivity of the method are discussed in detail.
The accuracy and applicability of the method are also evalu-
ated. So far, there have been no other reports on the use of CS-
modified MWCNT-OX in MSPD, coupled with HPLC, for
the separation and determination of trace acrylamide.

Materials and Methods
Materials

Potato, flour, twisted cruller, potato chip, and toast samples
were purchased from the supermarket of Tai’an (Shandong,
China) in April 2014.

Chemicals

Acrylamide (99 %) was purchased from the Meryer Chemical
Technology Co., Ltd. (Shanghai, China). CS (degree of
deacetylation more than 90 %) was obtained from the Shang-
hai Yuanye Biotechnology Co., Ltd. (Taizhou, China).
MWCNTs were provided by the Beijing NaChen Science
Co., Ltd. (Beijing, China). The lengths of the MWCNTs were
in the range 10-20 pwm, and their outer diameters were in the
range 60—100 nm. Glutaraldehyde (50 %) and sodium dodecyl
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sulfate (SDS, 59 %) were purchased from the Tianjin Chem-
ical Reagent Co., Ltd. (Tianjin, China). n-Hexane was pur-
chased from the Yongda Chemical Reagents Center (Tianjin,
China). HPLC-grade methanol was purchased from the Shan-
dong Yuwang Industrial Co., Ltd. (Dezhou, China). Doubly
deionized water (DDW), obtained from a Water Pro Water
System (Labconco Corp., Kansas City, MO, USA), was used
throughout the experiments. All other chemicals used were of
analytical grade, and all solutions were prepared using DDW.

Instrumentation

Fourier transform infrared (FT-IR) spectroscopy (4,000—
400 cm™'; KBr) was performed using a Vector 22 spectrom-
eter (Bruker, Ettlingen, Germany). A JEM-100CX II trans-
mission electron microscopy (TEM; JEOL, Tokyo, Japan)
was used to observe the CS/MWCNT-OX structure. X-ray
diffraction (XRD) patterns were obtained using a D8-advance
diffractometer (Bruker). A 721 ultraviolet (UV) spectrometer
(Shimadzu, Kyoto, Japan) and a DTG-60AH thermogravimet-
ric analyzer (Shimadzu) were also used. A UCT SPE column
(30 mL) was purchased from Pribo Lab Pte., Ltd. (Singapore).

Methods
MWCNT Purification

For removal of catalyst and addition of hydroxyl groups,
MWCNTs (2.0 g) were refluxed in 100 mL of sulfuric acid
(98 %)/nitric acid (65 %) (1:3, v/v) for 3.0 h. After filtration,
the resulting MWCNT-OX was washed with DDW until
neutral.

CS/MWCNT-OX Synthesis

Using MWCNT-OX as support material, the CS/
MWCNT-OX was produced by grafting CS onto the
MWCNT-OX surface as follows. First, MWCNT-OX
(100 mg) was dispersed in 20 mL of CS solution
(0.1 g of CS dissolved in 100 mL of 2 % acetic acid
solution). To improve the MWCNT-OX dispersion
(Vaisman et al. 2006; Shvartzman-Cohen et al. 2004),
SDS (100 mg) was added. The mixture was sonicated
for 30 min, and then, 1 % glutaraldehyde (1.0 mL) was
added. The mixed suspensions were homogenized in an
ultrasonic bath for 120 min, and then, the mixed solution
was centrifuged at 10,000 rpm for 30 min; the product
was collected and Soxhlet extracted with 150 mL of
DDW/methanol (50:50, v/v) for 8 h. Finally, the resulting
CS/MWCNT-OX was dried in a vacuum oven at 60 °C
for 24 h.
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Characterization of Adsorption Performance

For investigation of the adsorption performance of CS/
MWCNT-OX material, 20 mg of CS/MWCNT-OX or
MWCNTs was equilibrated with 10 mL of standard solutions
containing acrylamide at concentrations of 20—160 mg/L. The
mixtures were mechanically shaken for 4 h at room tempera-
ture, and then separated centrifugally (10,000 rpm) for 10 min.
Unextracted acrylamide in the supernatant was detected using
UV spectrometry at 198 nm, and the adsorption capacity (Q)
was calculated, respectively.

The uptake kinetics of the prepared CS/MWCNT-OX to-
ward acrylamide was also evaluated. CS/MWCNT-OX
(20 mg) was added to 10 mL of 40-mg/L acrylamide solution,
and the mixture was mechanically shaken for 5, 15, 30, 60, 90,
120, or 140 min at room temperature. The adsorption capac-
ities were determined.

MSPD-HPLC Procedure

Acrylamide analysis was performed using an HPLC system
(Shimadzu) equipped with two LC-20AT pumps and a
Shimadzu SPD-M20A UV detector. All separations were
achieved on an analytical reversed phase Thermo C;g column
(4.6x250 mm; Agela Technology, Newark, DE, USA), at a
mobile phase flow rate of 0.8 mL/min. The oven temperature
was held at 40 °C. Class-vp software was used to acquire and
process spectral and chromatographic data. The mobile phase
was methanol/DDW (20:80, v/v). The sample volume injected
was 50 pL, and detection was performed at 210 nm.

To investigate the applicability of CS/MWCNT-OX as a
sorbent for extraction and separation of trace acrylamide in
foods, CSMWCNT-OX (2.0 g) and a grinded food sample
(1.0 g) were packed into a glass mortar. The mixture was
blended using a glass pestle for 5 min, and then packed into
an empty UCT SPE column. The cartridge was first thorough-
ly conditioned with 2.0 mL of n-hexane and 2.0 mL of
methanol/DDW (40:60, v/v) to remove impurities. The target
analytes adsorbed on the CS/MWCNT-OX were eluted with
4.0 mL of methanol/DDW/acetic acid (90:10:2, v/v/v). The
effluents were collected and condensed to dryness under a
gentle flow of nitrogen, and then accurately redissolved in
0.3 mL of DDW. After filtration through a 0.22-um filter
membrane, 50 uL of filtrate was injected into the HPLC for
detection.

For comparison, the same procedure was performed using
MWCNT cartridges for acrylamide extraction.

Sample Preparation
To check the accuracy of the developed MSPD-HPLC using

the CSMWNT-OX sorbent, fortified potato and flour samples
were prepared, which were confirmed to be free of acrylamide

by HPLC before spiking. Briefly, blank potato or flour sam-
ples (1.0 g) were weighed into 100-mL conical flasks, spiked
with 1.0 mL of standard acrylamide solution (2.25, 4.50, and
6.75 ng/L) containing 2.25, 4.50, and 6.75 ng of acrylamide.
After incubation for 4.0 h, the spiked samples were extracted
and analyzed according to the MSPD-HPLC procedure. The
HPLC signals were recorded.

The acrylamide levels in twisted cruller, potato chip, and
toast samples were determined by blending the sample (1.0 g)
with the sorbent (2.0 g), followed by extraction, separation,
and determination according to the MSPD-HPLC procedure.

Results and Discussion
CS/MWCNT-OX Characterization

The FT-IR spectra of MWCNT-OX (a), CSMWCNTs-OX
(b), and MWCNTs (c) are compared in Fig. 1. The band at
1,380 cm ' was ascribed to —CHj functional groups. Unlike
the MWCNTs, the MWCNT-OX had strong absorptions at
3,440 and 1,640 cm ', which were attributed to hydroxyl
groups and nitro groups, respectively. The results show that
carboxyl groups had been grafted onto the MWCNT surface
by concentrated acid treatment. The peak at 2,925 cm ' was
the stretching vibration of -NH (Sugimoto et al. 1998), indi-
cating that the CS had been grafted onto the MWCNT-OX
surface. The results confirmed that the CS/MWCNTs-OX had
been synthesized successfully.

The surface microstructures of MWCNT-OX and CS/
MWCNTs-OX were visualized using TEM, and the images
are shown in Fig. 2. The TEM images showed that the average
diameter of MWCNT-OX (Fig. 2a) was obviously smaller
than that of CSMWCNT-OX (Fig. 2b), indicating that some
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Fig. 1 FTIR spectra of MWCNTs (a), MWCNT-OX (b), and CS/
MWCNT-OX (c)

@ Springer



1366

Food Anal. Methods (2015) 8:1363-1371

Fig.2 TEM images of MWCNT-
OX (a, 72,000%) and CS/
MWCNT-OX (b, 72,000%)

of the CS might have been successfully grafted onto the
MWCNT-OX surface.

Typical thermogravimetric analysis (TGA) curves of
MWCNTs, MWCNT-0X, MWCNT-OX-CS, and CS are
depicted in Fig. 3. The TGA curve of the MWCNTs
(Fig. 3a) showed a weight loss of less than 3 % in the
temperature range 25-600 °C. The TGA curve of
MWCNT-OX (Fig. 3b) showed a weight loss of about
5 % when heated from 25 to 600 °C. The TGA curve of
CS/MWCNT-OX (Fig. 3c) showed that a 5 % weight loss
occurred at 25-150 °C, which was caused by evaporation
of absorbed water. A rapid weight loss of 25 % was
observed in the range 150-275 °C; this mainly resulted
from decomposition of cross-linked CS. The weight per-
centage of CS in MWCNT-OX-CS was about 35 %. The
TGA analysis results indicated that MWCNT-OX was
successfully wrapped by the cross-linked CS, and the
prepared MWCNT-OX-CS material had high thermal
stability.

Fig. 3 TGA curves of MWCNTs 110

(a), MWCNT-OX (b), CS/
MWCNT-OX (c), and CS (d)
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The XRD patterns of MWCNTSs (a), MWCNT-0OX (b), CS/
MWCNT-OX (c), and CS (d) were investigated (Fig. 4). For
MWCNTs, MWCNT-0OX, and CSMWCNT-OX, a diffrac-
tion peak at 20=25.7° was observed, indicating the presence
of MWCNTs, in good agreement with previous reports
(Hernandez-Ferrer et al. 2014). The XRD patterns of
MWCNT-OX and CS/MWCNT-OX were similar to those of
the MWCNTs. We can conclude that the purifying and CS
grafting reactions had no significant effect on the basic crys-
talline structure of the MWCNTSs, and the CS/MWCNT-OX
retained the characteristic peaks of MWCNTSs. In the case of
MWCNT-0X, the diffraction peak background was lower
than that for the MWCNTs, possibly because of removal of
Co-Mo/MgO catalysts in the MWCNTs by the concentrated
acid. Compared with those of MWCNT-OX, the diffraction
peaks of CS/MWCNT-OX in the XRD pattern shifted slightly
to lower angles, indicating that interactions between CS and
MWCNT-OX had occurred, and CS/MWCNT-OX had been
successfully synthesized.
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Fig. 4 XRD patterns of
MWCNTs (a), MWCNT-OX (b),
CS/MWCNT-OX (c), and CS (d)

2567

Adsorption Ability Characterization

The adsorption capacity (Q) of CSYMWCNT-OX was calcu-
lated as following equation:

0= (Co—Cy)V /M (1)

where Cj and C; are the acrylamide concentrations before and
after adsorption, Vis the volume of acrylamide solution, and
M is the mass of CSMWCNT-OX.

The adsorption performances of CS/MWCNT-OX and
MWCNTs toward acrylamide at 20-160 mg/L are shown in
Fig. 5a. The results showed that the amounts of acrylamide
molecules adsorbed by the adsorbent materials all increased
with the acrylamide concentration increasing. However, CS/
MWCNT-OX had a higher adsorption capacity for acrylamide
than the MWCNTs, and an adsorption capacity of 9.3 mg/g
was obtained at 160 mg/L, which was more than three times
that of the MWCNTs (3.0 mg/g). CS grafting technique there-
fore improved the adsorption ability of the MWCNTs.

To evaluate the uptake kinetics, the adsorption properties of
CS/MWCNT-OX toward acrylamide at 40 mg/L was exam-
ined (Fig. 5b). The results indicated that this novel material
had rapid uptake kinetics. An adsorption capacity of 2.9 mg/g
was obtained after shaking for 30 min, which was 68.3 % of
the equilibrated adsorption capacity, and the adsorption almost
reached equilibrium within 120 min. The results also indicated
that the adsorption of acrylamide by CS/MWCNT-OX could
be divided into three stages. In the first stage (5-30 min), the
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Fig.5 Adsorption isotherms of CS'MWCNT-OX and MWCNTs (a) and
kinetic uptake plots of CSMWCNT-OX (b), toward acrylamide
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Fig. 6 HPLC chromatograms of Acrylamide
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adsorption capacity increased rapidly. In this stage, the acryl-
amide might be adsorbed onto the surface of the functional-
ized material by physical adsorption, as a result of its large
specific surface area. In the second stage (30-90 min), the
acrylamide was absorbed into the interior by affinity binding
sites through chemical bonds, and the adsorption capacity
increased slowly. In the third stage (90—140 min), the adsorp-
tion increased more slowly, and then reached equilibrium.

Because of its good adsorption capacity and fast uptake
kinetics, the functionalized CS/MWCNT-OX has the potential
to be used as a sorbent in the pretreatment procedure for rapid
extraction of acrylamide in food samples.

Optimization of MSPD Conditions

Using the prepared CS/MWCNT-OX as a sorbent, an MSPD-
HPLC for the determination of trace acrylamide was devel-
oped. To achieve good sensitivity and precision, the MSPD
conditions, including the ratio of matrix to sorbent, drip wash-
ing solution, and the composition and volume of the elution
solution, were optimized.

The ratio of matrix to sorbent is an important parameter in
MSPD and can affect the extraction efficiency. In this study,
four different matrix/CS/MWCNT-OX ratios (1:1, 1:2, 1:3,
and 1:4, m/m) were investigated. The results showed that the
acrylamide peak area increased when the proportion of matrix
to CS/MWCNT-OX was increased from 1:1 to 1:2. The peak
area did not change significantly when the ratio was increased
to 1:3, and the impurity peak increased when the proportion
was 1:4. Good recovery was obtained when the ratio was 1:2.
Therefore, 1.0 g of matrix (sample) and 2.0 g of CS/MWCNT-
OX were blended in the MSPD procedure.

To reduce the matrix effect, the drip washing conditions
were optimized. The results showed that impurities in the
samples could be removed using 2.0 mL of n-hexane and
2.0 mL of methanol/DDW (40:60, v/v), without affecting the
analysis.
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In the MSPD procedure, selection of a solvent that can
effectively elute the target analytes from the MSPD cartridge
is very important. In this study, 4.0 mL of different ratios of
methanol/DDW was investigated as elution solutions. The
results indicated that with the proportion of DDW increasing,
the acrylamide peak area decreased. When a solution
consisting of methanol/DDW (90:10, v/v) was used, the max-
imum acrylamide peak area was obtained. Acetic acid can
increase the eluting strength; so, the effect of the addition level
of acetic acid (17.5 mol/L) was studied by varying the amount
from 0.5 to 3.0 mL. The results showed that as the level of
acetic acid gradually increased from 0.5 to 2.0 mL, the peak
area increased, and then eventually stabilized in the range 2.0—
3.0 mL. A mixture of methanol/DDW/acetic acid (90:10:2,
v/v/v) was therefore selected as the eluting solution for subse-
quent experiments.

To obtain the optimal elution volume, various elution vol-
umes in the range 1.0-6.0 mL were tested. As the eluting
solvent volume increased from 1.0 to 4.0 mL, the chromato-
graphic peak of acrylamide increased, and then leveled off in
the range 5.0-6.0 mL, indicating that the adsorbed acrylamide
could be fully eluted with 4.0 mL of methanol/DDW/acetic
acid (90:10:2, v/v/v). Furthermore, too much elution solution
would need a long concentration time. Therefore, 4.0 mL of
methanol/DDW/acetic acid (90:10:2, v/v/v) was selected for
the next experiments.

Analytical Parameters of MSPD-HPLC Method

The adsorptions of acrylamide by CS/MWCNT-OX (a) and
MWCNTs (b) sorbent in MSPD-HPLC were tested
(Fig. 6). The acrylamide signal obviously appeared in the
chromatogram (Fig. 6a) after elution. However, the acryl-
amide peak in the chromatogram b was lower. These re-
sults indicated that CS/MWCNT-OX had a higher adsorp-
tion capacity for acrylamide than MWCNTs under the
same conditions.
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Table 1 Recoveries of acrylamide in spiked blank potato and flour
samples (mean+RSD, n=5)

Samples Spiking levels (ng/kg) Recovery (%)
Flour 2.25 87.9+3.3
Flour 4.50 90.6+2.4
Flour 6.75 94.6+1.9
Potato 2.25 85.3+£3.5
Potato 4.50 89.2+2.6
Potato 6.75 93.74£2.5

The analytical parameters of the developed method were
evaluated and tested under the optimal conditions. The limit of
detection (LOD, S/N=3) of this method was 1.5 pg/L, and the
linear range of the calibration graph was 0.005-50 mg/L. The
peak area precision (relative standard deviation) for five rep-
licate extractions of 50 ug/L acrylamide was 4.3 %.

Accuracy and Applicability of MSPD-HPLC Method

The accuracy of this method was evaluated by extraction and
analysis of flour and potato samples spiked with acrylamide at
different levels, i.e., 2.25, 4.50, and 6.75 pg/kg. The data are
summarized in Table 1. For each concentration, triple mea-
surements were performed, and good recoveries ranging from
85.3 to 94.6 % were achieved.

Twisted crullers, potato chips, and toast are typical starch-
based foods, and large amounts of acrylamide are produced
during heat processing. The applicability of the developed
method was evaluated by extraction and determination of
acrylamide in twisted cruller, potato chip, and toast samples;
the chromatograms are displayed in Fig. 7. The acrylamide
amounts in potato chip (a), toast (b), and twisted cruller (c)
samples were quantitatively determined to be 530.0+5.4,
209.0£3.0, and 233.0+3.2 pg/kg, respectively. The high
levels of acrylamide in these samples would seriously harm
human health. Further research and food production should

Fig. 7 HPLC chromatograms of
acrylamide in potato chips (a, 530
+5.4 ng/kg), toast (b, 209+

3.0 pg/kg), and twisted crullers
(c, 233.0+3.2 ug/kg)

therefore be devoted to the control of acrylamide formation
during heating of food products.

Merits of Developed Method

Some methods, including LC-MS/MS (Arisseto et al. 2008;
Liu et al. 2008), SPE-HPLC (Xu et al. 2012; Zhao et al. 2013;
Xu et al. 2013), GC (Paleologos and Kontominas 2005), and
GC-MS (Tareke et al. 2002; Russo et al. 2014), have been
reported for the extraction and determination of acrylamide.
Each method has advantage and limitation in terms of sensi-
tivity and interference of matrix compounds.

Because of the good adsorption ability of the CS/MWCNT-
OX sorbent, the HPLC sensitivity improved. The LOD of the
developed method is lower than that of HPLC-UV
(Paleologos and Kontominas 2005) and is almost the same
as that of GC-MS and LC-MS/MS methods (Liu et al. 2008;
Russo et al. 2014). Moreover, compared with LC-MS and LC-
MS-MS methods, this presented MSPD-HPLC method re-
quires relatively low-cost instrumentation. More importantly,
traditional extraction methods such as SPE are usually time
consuming and use large amounts of chemical solutions,
which are harmful to the environment. In contrast, the MSPD
method is a simple and fast pretreatment procedure, reducing
the cost per analysis.

Conclusion

In this study, the functional material CSMWCNT-OX was
successfully synthesized. It had a good adsorption capacity
and rapid kinetics in acrylamide adsorption. A sensitive and
simple MSPD-HPLC method was developed using CS/
MWCNT-OX as the sorbent in the MSPD pretreatment. This
method was used for the extraction and determination of
acrylamide in foodstuffs, with good accuracy. This study
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provides a new tool for the rapid screening and detection of
trace acrylamide in complex food samples.
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