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Abstract: The presence of toxic acrylamide in a wide rang®odl products such as potato
crisps, French fries or bread has been confirme®wgdish scientists from Stockholm
University. The neurotoxicity, possible carcinogegtyi of this compound and its
metabolites compels us to control them by quanté¢adnd qualitative assays. Acrylamide
forms adduct with hemoglobin (Hb) as a result @& thaction the -Nkgroup of theN-
terminal valine with acrylamide. In this work weepent the use of glassy carbon electrodes
coated with single-walled carbon nanotubes (SWCNifs) Hb for voltammetric detection
of acrylamide in water solutions. The electrodesspnted a very low detection limit
(1.0x10° M). The validation made in the matrix obtained bgter extraction of potato
crisps showed that the electrodes presented atabkuifor the direct determination of
acrylamide in food samples.
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1. Introduction

Acrylamide is a well known neurotoxin and potent@rcinogen [1-3]. High levels of this
compound have been found in potato crisps, Freneb &nd several other common foods [1, 4, 5].
The first such report was announced by scientists fStockholm University in 2002 [1]. Acrylamide



Sensors 2008, 8 5833

is formed in the reaction between reducing sugach as glucose and the amino acid asparagine. The
Maillard reaction mechanism has been proposed d¢ousnt its formation in high starch foods during
cooking at high temperatures [6-8]. Among analytio@thods used for determination of acrylamide
levels, expensive and time-consuming chromatogecagguhniques such as GC-MS [9], GC-MS-MS
[10], HPLC-MS [11] and LC-MS-MS [5] predominate. dparation of food samples for analysis
involves extraction using water or methanol anddiean-up step typically consists of a combination
of several solid-phase extractions. GC-MS oftendaesn additionally laborious bromination step to
form a more volatile acrylamide derivative and ease the selectivity of the determination. Onlgw f
examples using different techniques for detectiotis toxic compound exist. Ignatov and co-workers
prepared a biosensor in which respiratory actiafymicrobial cells was used for detection of
acrylamide [12]. Kleefisch and co-workers reportedensor in which acrylamide was detected at a
gas—solid interface using an ‘electronic nose’-tgpartz crystal microbalance (QCM) sensor covered
with a tetralactam active layer [13].

It is known that acrylamide can create adducts Wwémoglobin [1, 2, 14]. Hemoglobin (Hb) is the
iron-containing oxygen-transport metalloproteingama in the red blood cells of vertebrates. Human
Hb (MW=64,500) is an assembly of four globular piotsubunits non-covalently bound to each other.
Interactions between these subunits results iralliosteric properties of this protein. Each of foer
subunits is composed of a protein chain tightlyoasged with a non-protein heme group, which is
located in crevices near the surface of the modeclihese four iron-heme prosthetic groups are
responsible for electroactivity of hemoglobin urgteng the reversible conversion of Fe(lll) to Fe(ll

The Hb is susceptible to both reversible and im&bée modification: the sixth position of the iron
can be spontaneously occupied by small ligandsoli§gen, CO or CN TheN-terminal amino acid of
thep chain reacts spontaneously with glucose via a@ales Schiffs base to ketoimine or fructose. The
cysteine residues of thg chains are highly reactive and react with NO aritielo SH
blocking reagents [15].

It is known that acrylamideand related conjugated vinyl compounds, undergohiB&type
nucleophilic addition reactions of amino (MHand sulfhydryl (SH) groups of amino acids, pegsid
and proteins to their double bonds [2]. Investmyati showed that acrylamide-Hb adducts are formed as
a result of the reaction between th®&lH, group of theN-terminal valine of Hb with acrylamide [1, 2].
Therefore, hemoglobin can serve as useful biomarkbBuman exposure to acrylamide. The tracing of
background exposure to acrylamide through biomamkeasurements were conducted using GC-MS-
MS method in the negative ion/chemical ionizatioode [16] or with GC-MS [17]. Stobiecka and co-
workers introduced a voltammetric sensor basecherréaction of hemoglobin with acrylamide [14].
This reaction led to the hemoglobin-acrylamide adsldormation, what alters the electroactivity of
hemoglobin.

The adsorption of biomolecules directly onto th&athsurfaces of bulk materials may frequently
result in their denaturation and loss of bioacgfivithe adsorption of such biomolecules onto the
surface of nanoparticles can retain their bioaistiblecause of the biocompatibility of nanoparticles
[18]. Carbon nanotubes (CNT) can serve as ampiifiocaplatforms (‘carriers’) when loaded with
numerous signal-generating molecules [19]. The SW@ibdified electrode showed promising
electrocatalytic behavior toward several biomolesulsuch as dopamine, epinephrine and ascorbic
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acid [20]. Such modified electrodes might be usediobsensors to study the electrochemistry of
biosystemsThe subtle electronic properties suggest that @lidfe the ability to promote electron

transfer in electrochemical reactions, what hasnbdecumented in connection to important
biomolecules such as hemoglobin, horseradish pdssgiand glucose oxidase [21].

In the literature we can find many examples of hglwlmn immobilization on the surfaces of gold,
glassy carbon, pyrolytic graphite or carbon paskecteodes. Many procedures involve gold
nanoparticles [22-28], single- and multi-wall cambonanotubes [21, 29-32], whisker-like
carbon composites [33].

Yin and co-workers reported biosensors in which dglobin, horseradish peroxidase and glucose
oxidase were immobilized on the surface of carbanotubes modified glassy carbon electrodes
(Nafion-Hb-CNT/GCE). The results obtained usinglicyeoltammetry indicated that the redox protein
and enzyme underwent effective and stable diredtrein transfer reaction. The average value of the
formal redox potentiaE™ for Hb was —0.343 + 0.001 V (vs. SCE, pH 6.9)][21

R. Zhang and co-workers showed that Hb can be edupb acid-treated multiwall carbon
nanotubes (MWCNTS) in the presence of 1-ethyl-8l(Bethylaminopropyl) carbodiimide (EDC) and
assembled as Hb-CNT composites on glassy carbatrades surfaces [29]. The electrochemical
response of such prepared electrodes was compdtrecesponse of electrodes modified without using
of EDC. These results indicate that use of EDC aerelerate the direct electron transfer of Hb
effectively. Redox peaks were detected at -136-800 mV (vs. SCE, pH 5.0) and the peak current
ratio at these potentials was about 1. When praeedithout EDC was used, redox peaks detected
were located in similar positions but electrochemahresponse of Hb was considerably lower.

Y. Zhang and co-workers investigated direct elettemistry of hemoglobin immobilized on the
DDAB/SWCNTSs film modified gold electrode [31]. Thmmobilized Hb displayed a couple of redox
peaks with the formal potential of about 129 mV $&E, pH 7.0).

In this paper we present the use of glassy carbemiredes coated with SWCNTs and Hb. In all
experiments single-walled nanotubes (SWCNTs) weseduas more stable and possessing less
structural defects then MWNTSs. The tubes performedie of element promoting the electron transfer
of Hb electrochemical reaction and ensuring itsabiwvity. Hemoglobin was applied as an
electroactive element able to react with acrylammleivo and on the surface of electrode. Such
prepared electrodes were used for voltammetriactieteof this analyte in water solution.

2. Materialsand Methods
2.1. Materials

Hemoglobin human (Hb), acrylamide and potassiunabganoferrate(ll) trihydrate were purchased
from Sigma—Aldrich (Pozma Poland). Acetic acid, zinc sulphate heptahydratejium chloride,
sodium hydroxide and hexane were obtained from PQ&hvice, Poland). Single-walled carbon
nanotubes (SWCNTs) were purchased from CarbolLexirfgeon, USA). Carrez | solution was
prepared by dissolving potassium hexacyanofertBteifiydrate (144 g) in deionized water (500 mL).
Carrez Il solution was prepared by dissolving zntphate heptahydrate (288 g) in deionized water
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(500 mL). All aqueous solutions were prepared usieghly deionized water (18.2 ®m specific
resistivity) obtained with a Simplicity 185 Wateystem (Millipore, Molsheim, France).
2.2. Preparation of electrodes

Glassy carbon electrodes (3.0 mm dia.) purchasedh fBioanalytical Systems (BAS, West
Lafayette, USA) were cleaned mechanically by patighvith wet 0.3 and 0.0pm alumina slurry
(Alpha and Gamma Micropolish; Buehler, Lake BIUBSA) on microcloth pad (BAS) and by
sonicating in water (30 sec.). Then the electrode® dipped in 0.5 M 50O, solution and sweeping
the potential between —300 mV and +1400 mV (veesg)/AgCI reference electrode) with scan rate
of 100 mVs™.

2.3. Purification of SAMCNTs

Single-walled carbon nanotubes (SWCNTs, 10 mg) vpeméfied by sonication for 30 min in a
mixture of concentrated sulfuric and nitric aci@sL(HNOy/H,SQ,, 10 mL) and heating to reflux for 1
h. Afterwards, the resultant nanotubes were fitteadd thoroughly washed using doubly distilled
water and then dispersed in ultrapure water (1 mL).

2.4. Modification of € ectrodes

After the purification step the resulting solutiohSWCNTSs in water was diluted five times and 5
uL was dropped on the surface of glassy carbonrekdetand left to dry at 4°C. Then 10 mg/mL
hemoglobin solution in 0.2 M acetate buffer contagn0.05 M NaCl pH=5.0 (L) was dropped on
the electrode surface and again left to dry at F1@n electrodes were stored on air at 4°C till use

2.5. Electrochemical measurements

All electrochemical measurements were performeth ait AutoLab potentiostat—galvanostat (Eco
Chemie, Utrecht, Netherlands) with a three ele&rodnfiguration. Potentials were measured versus
the Ag/AgCI reference electrode obtained from Badgiical Systems (BAS) West Lafayette, USA.
Ag/AgCl wire was placed in a glass tube filled wghtM NaCl. The tube was closed with a vycor plug
to protect of the inner solution from direct contadath the sample. A platinum wire was used as the
auxiliary electrode. Cyclic voltammetry (CV) wasrfsemed and potential was cycled from +400 to -
400 mV with scan rate 100 mV/s for GCE coated wetWCNT and Hb (GCE/SWCNT/Hb).
Osteryoung square wave voltammetry (OSWV) was ped in the same potential window with step
potential of 1 mV, a square-wave frequency of 1Q0) &hd amplitude of 25 mV. The dependence of
the sensor response on the concentration of anakde expressed as the currents at the peak @btenti
in OSWV measured in a solution containing no amalyfhe electrolyte compositions for the
measurements was as follows: 0.05 M NacCl + 0.2 dtade buffer, pH 5.0.
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2.6. Preparation of potato crisp water extracts

Crushed potato crisps (40 g) were mixed in a madabtain a homogeneous sample. The obtained
powder was added to deionized water (400 mL) aerdsdmple was stored for 20 min for swelling.
After this incubation time, the sample was shakanif h at 60 °C (lka, HS-B20 digital) and then
centrifuged for about 20 min at 4,500 rpm (MPW Mettruments, MPW 350R). The supernatant
solution was defatted by extraction with hexanee ®htained aqueous solution was purified by adding
Carrez | and Carrez Il (10 mL, see section 2.he Supernatant was subsequently filtered. Such a
prepared matrix was diluted 100-fold before eledtmmical measurements. After that a suitable
amount of concentrated acetic acid and NaCl wededtb obtained concentrations 0.2 M and 0.05 M,
respectively. pH of the final solution was adjustegH 5.0 with 1 M NaOH.

3. Results and Discussion
3.1. Characterisation of GCE/SWCNT/Hb €l ectrodes.

In this work we report an investigation concernihg electrochemistry of GCE electrodes modified
with SWCNTs and Hb. The carbon nanotubes were atied consideration to their unique structural,
mechanical and electronic properties [34]. The hames were chemically treated with strong acids.
This treatment not only purified them, but alsouesd their length and led to the formation of
carboxylic and phenolic groups at the nanotubetis 85-37]. The acid treated SWCNTs were
deposited onto surfaces of glassy carbon electraddsthan Hb was immobilized by dropping on
SWCNT/GCE surface. The base of detection of acrglanby proposed biosensor is the reaction of
Hb-NH, groups with the analyte. Because of this EDC waisused in the procedure of biosensor
preparation. Involving Hb-Nklgroups in the reaction with SWCNT-COOH could daseethe yield of
the Hb-acrylamide adduct formation.

The investigated GCE/SWCNT/Hb electrodes displayepiasi-reversible electrochemical reaction
in measured solution pH=5.0 (Figure 1). The cathaahd anodic peak potential were located at
Eca=72 mV andE;=141 mV, respectively. The difference between ththadic and anodic peaks
potential AE,) was about 69 mV. The formal potential, estimaasdthe average of reduction and
oxidation peak potentials, was ab&it107 mV. Cathodit, c[HA] and anodidp a[HA] peaks currents
were linearly dependent on scan rateanging from 0.01 to 9.0 V/s (y=-8.008x-0.235=8996 for
lp,c and y=7.406x+0.170, R?=0.998 fdgs,) (Fig. 1). This indicates that redox reaction is not a
diffusion-controlled process, but a surface-codbbne, as expected for an immobilized system. [38]

Similar modification procedure was used by Qi amdworkers [30]. Acid-treated MWCNTSs
suspension in DMF was cast on the surface of glesdyon electrode. After solvent evaporation Hb
solution was dropped onto the surface of MWCNT/GQER. the cyclic voltammograms of
MWCNT/GCE a pair of redox peaks appeared at +67an®f +110 mV (vs. Ag/AgCl, pH 5.4) and
come from carboxylic groups of the functionalizedNTs [20]. With Ho/MWCNT/GCE these peaks
disappeared and a pair of new redox peaks appeard®5 and -288 mV (measured in solution pH
5.4) which came from Hb. The formal potential wa40 mV. The disappearance of peaks at positive
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potentials after Hb immobilization was explain loyeractions of Hb with carboxylic acid groups of
the functionalized MWCNT.

Figure 1. (A) The CV curves for GCE/SWCNT/Hb measured irugoh containing NaCl
0.05 M and acetate buffer 0.2 M pH = ¥9scan rates: 0.01, 0.02, 0.03, 0.04, 0.05, 0.075,
0.1, 0.2, 0.3, 0.4, 0.5, 0.75, 1.0, 2.0, 3.0, 8.0, V/s. (B) Linear relationship between
cathodic and anodic peak curreatscan rate.
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Results reported in this paper were similar to ¢haistained by Qi and co-workers for GCEs modified
only by MWCNTSs [30]. Because of that electrodes ified only with nanotubes were investigated
using OSWV. These electrodes (GCE/SWCNT) showe#spgasimilar positions as compared with
electrodes with Hb (GCE/SWCNT/Hb). After immobilian of Hb peak observed with OSWV
become smaller, what is in good agreement withlieseported by Qi and co-workers [30] and
probably indicate interaction of Hb with carboxylgroups of nanotubes. In the case of our
experiments, these interaction caused decreasimeak current deriving from COOH, but not its
disappearance.

After immobilization of Hb no peak appeared at rnizgapotential when measured in solution
saturated with argon. In solution containing snaaflount of oxygen (left in contact with air for some
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time after purging with argon) small peak appeaatdabout -300 mV connected probably with
reduction of oxidized by oxygen hemoglobin. Afteurging the solution with inert gas, this peak
disappeared. Such a phenomenon was not observdt inase of electrodes modified only with
nanotubes (SWCNT/GCE).

We decided to check amperometric responses ofretkxs modified with Hb (Hb/SWCNT/GCE)
towards acrylamide and compare them with respoobégined for electrodes modified only with
nanotubes (SWCNT/GCE).

3.2. Amperometric responses of SMCNT/Hb modified glassy carbon e ectrode towards acrylamide.

The determination of acrylamide by glassy carbattebdes modified with single-walled carbon
nanotubes and hemoglobin has been examined usmgdebdhniques: cyclic voltammetry (CV) and
Osteryoung square wave voltammetry (OSWYV) in sofutiontaining 0.2 M acetate buffer pH 5.0 and
0.05 M NaCl. OSWYV technique (Figure 2) proved toniméch more sensitive in comparison with CV
(data not shown).

Figure 2. The OSWV curves for electrodes modified with SWENG measured in the
presence of various concentrations of acrylamidee €lectrolyte composition: 0.05 M
NaCl, 0.2 M acetate buffer pH = 5.0. The conceittrabf analyte was, as follows: (A) 0,
(B) 1.0 x 10*, (C) 1.0 x10'° (D) 1.0 x 10°, (E) 1.0 x 10°, (F) 1.0 x 10’, (G) 1.0 x 10,
(H) 1.0 x 10°, (1) 1.0 x 1%, (J) 1.0 x 10 M.
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It was expected since the OSWV has the abilityufgpsess of background currents. Therefore, this
method was more sensitive and more suitable fontgaive measurements [39, 40]. Electrodes
modified with SWCNT/Hb showed various peak curréfram -4.8 to -21.6uA) and peak potential
(from 39.0 to 59.0 mV) in conditions of measurerseahd therefore, the parameter of relative
decreasing of peak current was used to evaluaterésponses. The ratio of OSWV peak current in the
presence of different concentrations of acrylan{ideto that in the absence of analytgo)I(ly/lp0 X
100%) was plotted versus the acrylamide conceatrattven though the modified electrodes studied
showed varied maximum current in measured solutadh,of them displayed similar sensitivity
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towards acrylamide estimated with the use of thative peak current decreasing/ljox 100%).
Among numerous GCE/SWCNT/Hb studied, only 30% aigpdl weak or no response towards the
analyte and had to be rejected. This let us toesthat reproducibility of proposed biosensor
is good.

The linearity of I, o x 100% versus log c of acrylamide was observethénconcentration range
from 1.0x10" to 1.0x10°M. The detection limit was estimated as 1.0%1M taking into account a
signal-to-noise ratio of 3 [41] and was low enotglietect acrylamide in food samples. Stobiecka and
co-workers introduced a voltammetric sensor basetiemoglobin/DDAB liposomes dropped on the
surface of carbon paste electrode [14]. Theserelies were used for detection of acrylamide in
aqueous solution. Hemoglobin-acrylamide adductsewermed, what altered the electroactivity of
hemoglobin and generated response of the biosefi$us. biosensor displayed electrochemical
response towards the analyte with similar lineawtyge of 1.3x10" to 5.6x10°M and sensitivity in
comparison to biosensor proposed in this paper.

As a control experiment electrodes modified onlghwacid treated SWCNTs were used These
electrodes showed only negligible responses towtrdsanalyte in the solution pH=5.0 (Figure 3).
This proved that the response generation only tedutom the presence of Hb. The reaction of
hemoglobin-acrylamide adducts formation alterseieetroactivity of investigated system.

The electrodes modified with Hb were very stabl&eApreparation, they could be stored on air
(at 4 °C) ca. 2 weeks (a longer period was notaepl). The interaction between Hb and acrylamide
was irreversible. Therefore, after contact withyanide solution, the electrodes had to be cleamed
modified again. Because of this, the repeatabditynvestigated electrodes could not be estimated.
However, the modification procedure was very simplleat is one of the most important advantages of
presented biosensor.

Figure 3. The ratio of OSWV peak current in the presencelifierent concentration of
acrylamide (f) to that in the absence of acrylamidgg(las a function of the acrylamide
concentration. The currents were measured at thk petential in OSWV curves in the
solution with no analyte o Results obtained for electrodes modified with S\NC
Ep,0=46 mV, n=4, 2.2<SD<7.7%)] and SWCNT/Hb, E=44 mV, n=3, 0.9<SD<4.4aj.

110 1

105

100 IM" M-W.’HM-M-\
) ] * e *
\- - : : '
cé\e - ) ry —& —e
o E 7-*%
= 90 - Co
= )
-+ g5 | R
* SWCNT o
80 - B
= SWCNT/Hb a

75 4

70 T T T T ,
-12 -10 -8 -6 -4 -2
log ¢



Sensors 2008, 8 5840

3.3. Detection of acrylamide in the presence of water extract from potato crisps using a glassy carbon
electrode modified with hemoglobin

The applicability of the proposed sensor was test#dg the OSWV technique, which was more
sensitive than CV. The responses of the GCEs neadifiith SWCNT/Hb towards acrylamide were
measured in the presence of sample solutions basekD0-fold diluted water extracts from potato
crisps. The sample solution also contained 0.2 Btade buffer (pH 5.0) and 0.05 M of NaCl. The
relation of relative decreasing of peak currensusiog ¢ was shown in Figure 4.

Figure 4. The response of Hb/SWCNT/GCE electrodes towarddaeide in the presence
of water extract from the potato crisp. The rafi®@&WV peak current in the presence of a
given concentration of acrylamidéy)(to that in absence of analytelg of was plotted
versus the concentration of acrylamide in wateraextfrom the potato crisp. The currents
were measured at the peak potential in OSWYV curvége solution with no analyté&f o=
38mV); h=3;3.1<S.D.<7.5).
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The electrodes modified only with SWCNT (without JHiesponded towards the analyte weakly.
1 mM acrylamide in the synthetic solution generataly 7.9+ 6.8% current decrease. Therefore this
type of electrodes was not checked in the presehite matrix.

The presence of the matrix obtained from potattuaniced slightly on the electrode sensitivity
towards acrylamide. The limit of detection estindaite the presence of the potato crisp matrix deffine
from a signal-to-noise ratio of 3 [41] was 1.0%x1BI. The linear range of this response was from
1.0x10'" to 1.0x10° M.

There is no significant difference between anadytigarameters of response towards acrylamide
such as linear range or detection limit obtained Hib/SWCNT/GCE in aqueous solutions of
acrylamide and in potato crisp extract, but thepoese measured in the synthetic solution was
stronger. The highest acrylamide concentrationistli¢(l.0 x 10° M) caused 21.% 3.5% and 13.&
3.0% current decrease measured using OSWV, inytitbetic sample solution and in the potato crisps
extract, respectively.
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A comparison of results obtained in the presencthefpotato crisp matrix (Figure 4) with those
obtained in synthetic solution (without the matrikigure 3), allows us to state that the sensoeund
study is resistant to interference coming from rietrix obtained by extraction of potato crisps. The
next advantage is very good sensitivity in thé°1d range. Also, the application of the proposed
sensor for acrylamide determination does not requomplex sample preparations.

The weak influence of the natural matrix on thecetales sensitivity towards acrylamide proved
their resistivity to interference coming from thetato crisps water extract. Thus it might be coded
that proposed biosensor can be used for determimadf the level of acrylamide in such
prepared extract.

4. Conclusions

Glassy carbon electrodes coated with SWCNT andhdélved good voltammetric response towards
acrylamide. The chemical base of the proposed bsuses the formation of Hb-acrylamide adduct by
the Michael-type nucleophilic addition reaction af valine -NH group to the acrylamide
double bond.

The observed redox reaction is not a diffusion, fatiher a surface-controlled process. Observed
redox peaks probably result from the COOH groupSWICNTSs, not from Hb, but reaction of Hb-MNH
with acrylamide alters the redox behaviour of tineestigated system.

Osteryoung square wave voltammetry (OSWV) was rsaiable for quantitative determination of
acrylamide with electrodes presented than cyclitcamametry (CV). The presence of natural matrix
obtained by water extraction from potato crisghience only little on the acrylamide determinatio
with glassy carbon electrode modified with hemogiollhe biosensor display low detection limit
(10°M) and wide dynamic range. Its preparation is ieéy simple and inexpensive. Therefore, the
proposed biosensor might be recommended for tleetditetermination of the acrylamide in the food
samples.

List of abbreviations:

CNT carbon nanotubes

CVv cyclic voltammetry

DDAB dimethyldioctadecyl-ammonium bromide

DMF dimethylformamide

EDC 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide
GCE glassy carbon electrode

GCE/SWCNT/Hb glassy carbon electrodes modified with single-vehllearbon
nanotubes and hemoglobin

GC-MS gas chromatography-mass spectrometry
GC-MS-MS gas chromatography-tandem mass spectrometry
Hb hemoglobin

HPLC-MS high-performance liquid chromatography-mass speawttoy
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LC-MS-MS liquid chromatography- tandem mass spectrometry

MWCNTs multiwall carbon nanotubes

Nafion-Hb-CNT/GCE glassy carbon electrode modified with carbon naoedu
hemoglobin and Nafion

oswv Osteryoung square wave voltammetry

QCM guartz crystal microbalance

SCE saturated calomel electrode
SWCNT-COOH acid treated single-walled carbon nanotubes
SWCNTs single-walled carbon nanotubes
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