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A new electrochemical biosensor for directly detecting DNA damage induced by acrylamide (AA) and
its metabolite was presented in this work. The graphene-ionic liquid-Nafion modified pyrolytic graphite
electrode (PGE) was prepared, and then horseradish peroxidase (HRP) and natural double-stranded DNA
were alternately assembled on the modified electrode by the layer-by-layer method. The PGE/graphene-
ionic liquid-Nafion and the construction of the (HRP/DNA), film were characterized by electrochemical
impedance spectroscopy. With the guanine signal in DNA as an indicator, the damage of DNA was detected

Iéfgcvtv:;rfg;mical detection by differential pulse voltammetry after PGE/graphene-ionic liquid-Nafion/(HRP/DNA), was incubated in
DNA damage AA solution or AA+H;0; solution at 37°C. This method provides a new model to mimic and directly
Acrylamide detect DNA damage induced by chemical pollutants and their metabolites in vitro. The results indicated

that, in the presence of H,0,, HRP was activated and catalyzed the transformation of AA to glycidamide,
which could form DNA adducts and induce more serious damage of DNA than AA. In order to further
verify these results, UV-vis spectrophotometry was also used to investigate DNA damage induced by AA

Horseradish peroxidase
Layer-by-layer

and its metabolites in solution and the similar results were obtained.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Acrylamide (AA), an o,[3-unsaturated carbonyl compound, has
been produced since the early 1950s. It has been widely used in
various industrial fields like polymers, concretes, water treatment
and paper industry. AA is well known for its neurotoxincity, geno-
toxicity and reproductive toxicity in experimental animals [1]. And
the International Agency for Research on Cancer has classified it
as a probable human carcinogen (group 2A) [2]. Under ordinary
circumstances, humans are rarely exposed to AA and the concern
about AA was centered only on occupational exposure. However,
in 2000 AA was unexpectedly discovered in many common starchy
foods [3], which may be formed during frying and baking through
the Maillard reaction. Moreover, the carcinogenicity of AA was also
demonstrated in human cells [4]. Therefore, the discovery of acry-
lamide in our daily diet has focused the world’s attention on the
public health problem.

DNA damage induced by chemical pollutants is a major endoge-
nous toxicity pathway in biological system [5]. In the presence
of a metabolic activation system, acrylamide is metabolized by
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the epoxidation of cytochrome P450 into its epoxide, glycidamide
[6,7], which is considered to be mainly responsible for the car-
cinogenic activity of AA in vivo [8]. Cytochrome P450, a heme
enzyme expressed in human liver microsomes, plays an impor-
tant role in the metabolism of drugs, pollutants, and other foreign
compounds. It catalyzes a diversity of chemical reactions such
as epoxidation, hydroxylation and heteroatom oxidation [9]. The
epoxidation of styrene catalyzed by cytochrome P450 to styrene
oxide has been widely investigated [10,11]. Recently, Zu [12] firstly
reported HRP/H, 0, was used to mimic cytochrome P450 for metab-
olizing styrene and the same product was obtained. It indicated
that HRP/H, 0, played a similar role with cytochrome P450 in the
metabolism and bioactivation, especially in epoxidation. Moreover,
it also has been widely reported that HRP/H, 0, was used to mimic
cytochrome P450 in metabolism and biotransformation [13,14].
Therefore, in our work, HRP/H, 0, enzyme system as an alternative
to cytochrome P450 was used to metabolize AA for investigating
DNA damage.

Electrochemical methods have been widely used as an in vitro
model system to mimic the pathway of DNA damage in real biopro-
cess. Rusling’s group has reported an enzyme-DNA biosensor which
was used to detect DNA damage after enzyme-catalyzed bioactiva-
tion of a carcinogenic chemical styrene [15]. In their work, with
electroactive Ru(ll) complexes as the catalysts for guanine bases
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and external indicator, DNA damage induced by carcinogens was
indirectly detected through the electrochemical signal changes of
Ru(Il) complexes [16].

Electrode modified material is very important in the design and
application of modified electrodes and plays a critical role in the
electrochemical sensing and biosensing. Graphene, a “rising star”
nanostructured carbon material, is a single layer of sp? hybridized
carbon atoms with a hexagonal arrangement in a two-dimensional
lattice [17]. Due to the unique sheet structure, graphene displays
intriguing attributes, such as fast electron transportation, high
thermal conductivity, excellent mechanical stiffness and good bio-
compatibility [18]. Recently, it has received considerable interests
for potential applications in nanocomposites [19], electrochemi-
cal sensors [20] and electrocatalysis [21]. Zhou [22] reported that
graphene possessed excellent electrochemically catalytic property
towards guanine bases of DNA, which indicated the potential appli-
cations of graphene in the label-free electrochemical detection of
DNA hybridization and DNA damage. Based on this point, graphene
was used as electrode modified material to prepare the biosen-
sor and directly detect DNA damage without any other external
indicator in our work.

However, graphene sheets tend to form irreversible agglomer-
ates through strong - stacking and van der Waals interaction,
which limits their further biological applications [23]. Especially as
an electrode modified material, it is vitally important to prevent
the aggregation of graphene sheets because most of their unique
properties are associated with individual sheets. Herein, in order to
solve this problem, Nafion was used to disperse graphene in aque-
ous solution as previously reported [24]. Besides, ionic liquid (IL)
was also used as an electrode modified material in our work due to
its high ionic conductivity, good stability and well biocompatibility
[25].

In this paper, graphene was dispersed in Nafion solution to
form a homogenous mixture of graphene-Nafion. In order to
improve the conductivity, IL was doped into the mixture and the
graphene-IL-Nafion nanocomposite was obtained. With the iso-
electric point at 8.9 [26], HRP has net positive surface charges at
pH 5.5 phosphate buffer solutions. Based on this point, positively
charged HRP and negatively charged DNA were assembled on the
graphene-IL-Nafion modified pyrolytic graphite electrode (PGE)
by electrostatic attraction. The graphene-IL-Nafion nanocompos-
ites provide a negatively charged surface for the immobilization
of HRP and a biocompatible microenvironment to retain its bioac-
tivity. After PGE/graphene-IL-Nafion/(HRP/DNA), was incubated in
AA or AA+H,0, at 37 °C, DNA damage was detected by differential
pulse voltammetry (DPV) based on the oxidation signal of gua-
nine without any other external indicator. This method of directly
detecting DNA damage provides a new strategy to screen the geno-
toxicity of new chemical pollutants and drugs in vitro. As far as we
know, there are no reports on direct electrochemical detection of
DNA damage induced by AA and its metabolite at PGE/graphene-
IL-Nafion/(HRP/DNA)j;.

2. Experimental
2.1. Chemicals and apparatus

Double-stranded deoxyribonucleic acid sodium salt of calf thy-
mus (dsDNA) was purchased from Sigma and used as received.
HRP was obtained from Beijing Solarbio Science & Technology Co.,
Ltd. Graphene was synthesized according to previous report [27].
Briefly, graphite powder was reacted with concentrated H,SO4,
K5S,0g,and P,05 at 80 °C for 6 h. After that, the mixture was diluted
with deionized water, filtered with 0.2 wm Nylon film and dried
naturally. The product was reoxidized with concentrated H,SO,

PGE

Graphene-IL-Nafion
HRP

dsDNA

Scheme 1. Schematic diagram of PGE/graphene-Nafion-IL/(HRP/DNA),.

and KMnOy4 and graphite oxide was obtained. In order to exfoliate
graphite oxide, 0.1 mg/mL graphite oxide dispersion was sonicated
for 1 h. And then, appropriate hydrazine was added into the above
solution and kept stirring for 24 h at 50 °C. Finally, black hydropho-
bic graphene was obtained by filtration and dried in vacuum. 0.1%
Nafion solution was prepared by diluting the standard Nafion solu-
tion with doubly distilled water. 1-Ethyl-3-methylimidazolium
ethylsulfate (IL) was purchased from Cheng Jie Chemical Co., Ltd.
(Shanghai, China). 30% H, 0, solution was purchased from Shanghai
Lingfeng Chemical Reagent Co., Ltd., and a fresh solution of H,0,
was prepared daily. 0.1 M phosphate buffer solutions (PBS) of pH
5.5 and pH 7.0 were prepared by mixing the stock solutions of 0.1 M
NaH;PO4 and 0.1 M NayHPOy. All other chemicals were of analyti-
cal grade and used as received. Doubly distilled water was used for
all the preparations.

All the electrochemical measurements were performed on a
CHI660C electrochemical workstation (Shanghai CH Instrument
Company, China). A conventional three-electrode system was used
with a bare or modified PGE (4 mm in diameter) as working elec-
trode, a saturated calomel electrode (SCE) as reference electrode
and a platinum wire as auxiliary electrode. All potentials given in
this paper were referred to SCE. The transmission electron micro-
scope (TEM)image was obtained at JEOL-1200 EX with accelerating
voltage of 80 kV (Japan). Ultraviolet and visible (UV-vis) absorption
spectrums were obtained using a Shimadzu UV-2450 spectropho-
tometer (Japan) at room temperature.

2.2. Preparation of modified electrode

The PGE was first polished to a mirror-like surface with 0.3 and
0.05 pm alumina slurry, and then sonicated successively in abso-
lute alcohol and doubly distilled water. Finally, the PGE was dried
at room temperature for further use.

In order to prepare the modified electrode, 0.6 mg graphene
was dispersed in 2mL 0.1% Nafion solution with ultrasonication
for 2h to form a homogenous mixture of graphene-Nafion. And
then, 10 pLof ILwas added into graphene-Nafion solution, and con-
tinuously sonicated to obtain a homogenous graphene-IL-Nafion
solution. 6 L of graphene-IL-Nafion solution was droped on the
fresh prepared PGE surface and dried at room temperature. After
that, 3.5 wL HRP solution (2.0 mgmL~!, pH 5.5) and 4 wL dsDNA
solution (1.0mgmL-1, pH 7.0) were alternately coated on the
graphene-IL-Nafion modified PGE. Each layer was gently rinsed
with doubly distilled water to remove weakly adsorbed molecules
and dried at 4°Cin a refrigerator. In order to assemble (HRP/DNA),
layer-by-layer films on PGE/graphene-IL-Nafion, this adsorption
cycle was repeated to the desired bilayer number (n). The obtained
electrode was noted as PGE/graphene-IL-Nafion/(HRP/DNA),. The
schematic diagram of PGE/graphene-IL-Nafion/(HRP/DNA), was
shown in Scheme 1. The modified electrode was kept at 4°C in the
dark before use.

2.3. Electrochemical measurements

For electrochemical detection of DNA damage induced by AA
and its metabolite, the PGE/graphene-IL-Nafion/(HRP/DNA), was
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Fig. 1. TEM image of graphene-Nafion.

incubated in pH 5.5 PBS containing 0.1% AA or 0.1% AA+H,0, at
37°C. After that, the modified electrode was transferred into the
blank pH 7.0 PBS and DNA damage was detected by DPV using the
guanine signal in DNA as an indicator. As a control experiment,
the PGE/graphene-IL-Nafion/(HRP/DNA), was incubated in blank
buffers under the same condition and then used for electrochemical
measurements.

2.4. UV-vis spectrophotometry

UV-vis spectrophotometry was also used to investigate DNA
damage induced by AA and its metabolite in this work. The char-
acteristic absorption of DNA at 260 nm was used as an indicator
of DNA damage. After DNA (16 wg/mL) and 0.1% AA or 1 pg/mL
HRP+0.5mM H,0,+0.1% AA were incubated for 12h, UV-vis
absorption spectrum was obtained using the corresponding DNA
blank as a reference solution. In order to investigate the effect of
other factors on DNA damage, UV-vis absorption spectrums of DNA
were also recorded after DNA was incubated with HRP, H,0, and
HRP + H, 0, respectively under the same conditions.

3. Results and discussion
3.1. Characterization of graphene-Nafion by TEM

The graphene-Nafion was characterized by TEM and the result
was shown in Fig. 1. As most unique properties of graphene are
dependent on its individual sheet structure, it is important to
preserve the morphology of graphene for the electrochemical per-
formance. The TEM image of graphene-Nafion showed a general
view of graphene nanoplatelets. It clearly illustrated graphene
nanoplatelets were transparent and flake-like.

3.2. Electrochemical characterization of
PGE/graphene-IL-Nafion/(HRP/DNA ),

Electrochemical impedance spectroscopy (EIS), as a high effec-
tive method, was used to probe the surface features of modified
electrodes and confirm the assembly of (HRP/DNA), (when n=1)
films in this work. Fig. 2 shows the Nyquist plots of different mod-
ified electrodes in 5mM K3[Fe(CN)g]/K4[Fe(CN)g] (1:1) solution
containing 0.1 M KCl. As shown in Fig. 2a, there was a small well-
defined semicircle at high frequencies region obtained at the bare
PGE, indicating small interface impedance. After coated with Nafion
(Fig. 2b), the impedance values increased obviously. It could be
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Fig. 2. Electrochemical impedance spectroscopies of PGE (a), PGE/Nafion (b),
PGE/graphene-Nafion (c), PGE/graphene-IL-Nafion (d) and PGE/graphene-IL-
Nafion/(HRP/DNA), (e) in 5 mM K3 [Fe(CN)g]/K4[Fe(CN)g] (1:1) solution containing
0.1 M KCIL.

attributed to the negatively charged skeleton of Nafion that blocked
the diffusion of [Fe(CN)s]>~/4~ into the film and hindered the
electron transfer [28]. However, the interface electron resistance
decreased remarkably at PGE/graphene-Nafion (Fig. 2¢), indicat-
ing that graphene as the conducting bridges promoted the electron
transfer of [Fe(CN)g|3~/4-. After IL was doped in graphene-Nafion,
the further decrease of interface electron resistance was observed
as shown in Fig. 2d, which could be due to the high ionic conductiv-
ity of IL [29]. After positively charged HRP and negatively charged
DNA were alternatively adsorbed on the surface of PGE/graphene-
IL-Nafion, an obvious increase in the interface impedance was
observed in Fig. 2e. It could be ascribed to the negatively charged
DNA in the (HRP/DNA) film, which blocked the electron transfer
of [Fe(CN)s]3~/4~ with negative charge. Meanwhile, it also sug-
gested that the (HRP/DNA) film was successfully immobilized on
the PGE/graphene-IL-Nafion.

3.3. Optimization of the bilayer number (n) of HRP/DNA

Electrochemical impedance spectroscopies of different
HRP/DNA bilayers assembled on PGE/graphene-IL-Nafion were
obtained in 5mM Kj[Fe(CN)g]/K4[Fe(CN)g] (1:1) solution con-
taining 0.1 M KCI and the related results were shown in Fig. 3.
Upon the stepwise multilayer formation, it became more and
more difficult for [Fe(CN)6]3—/4~ to access the electrode surface.
The increase of charge transfer resistance was consistent with the
deposition of each sequential bilayer, which provided the evidence
of HRP/DNA formation [30]. As can be seen in inset of Fig. 3, with
the increase of the bilayer number (n) of HRP/DNA, the Ret values
grew up to n=3 almost in linear mode, and then did not increase
linearly with n anymore. This phenomenon indicated that the
(HRP/DNA), films were successfully assembled on the surface of
PGE/graphene-IL-Nafion at least when n <4. Furthermore, the Ret
value was proportional to the number of HRP/DNA bilayers, which
illustrated that the multiplayer films were uniformly formed
when n<4. Therefore, this adsorption cycle of HRP/DNA at the
PGE/graphene-IL-Nafion was repeated to three layers in our work.

3.4. Electrochemical detection of DNA damage on
PGE/graphene-IL-Nafion/(HRP/DNA )3

Electrochemical detection of DNA damage induced by acry-
lamide and its metabolite was investigated at the graphene-IL-
Nafion/(HRP/DNA); modified PGE. Fig. 4 shows differential pulse
voltammograms of the modified electrode after incubated in
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Fig. 3. Electrochemical impedance spectroscopies of PGE/graphene-IL-

Nafion/(HRP/DNA), with the increasing number of (HRP/DNA) bilayer from
n=1 to 4 (shown from a to d) in 5mM Ks[Fe(CN)s]/K4[Fe(CN)s] (1:1) solution
containing 0.1 M KCL. Inset: relationship of the electron transfer resistance (Ret)
with the number of (HRP/DNA) bilayer.

different solutions. As can be seen in Fig. 4a, there was no remark-
able oxidation signal at PGE/graphene-IL-Nafion/(HRP/DNA); after
incubated in the blank solution. A similar result was obtained
after the PGE/graphene-IL-Nafion/(HRP/DNA)3; was incubated in
H,0, solution as shown in Fig. 4b. The possible reason for this
phenomenon was that the active bases were protected by the
double-stranded form of DNA and the electron transfer became
very difficult to reach the electrode surface [31]. At the same time,
it also demonstrated that DNA maintained the intact double helix
under these two conditions. When the modified electrode was incu-
bated in pH 5.5 PBS containing 0.1% AA or 0.1% AA+1.5mM H;0,
(Fig. 4c and d), there was an obvious peak at 0.87 V correspond-
ing to guanine oxidation, which could be explained that the double
helix of DNA was disturbed or destroyed during the incubation.
These changes of DNA structure resulted from DNA damage. Upon
comparison of Fig. 4c and d, the graphene-IL-Nafion/(HRP/DNA)3
modified PGE exhibited larger peak current at 0.87V after incu-
bation in 0.1% AA+1.5mM H,0, solution than that in 0.1% AA
solution. It indicated that DNA damage in AA+H,0, solution was

-0.5

~N
S

-1.0

N
=]

Current/10°A
N
'S

;o

Lr,;< -1.54 C (H202)/ mM

5

‘5 -2.0-

5 ] b

&) \ o ]
25 e
-3-0 T T T T T _ T T

0.6 0.7 0.8 0.9 1.0

E/V (vs. SCE)

Fig. 5. Differential pulse voltammograms of PGE/graphene-IL-Nafion/(HRP/DNA);
in pH 5.5 PBS containing 0.1% AA + H,0, with different concentrations of H,0,: (a)
0.1mM, (b) 0.5mM, (c) 1TmM, (d) 1.5mM and (e) 2 mM. Inset is the relationship
between the concentration of H,0, and the peak current of guanine.

3.5. Effect of H,0, on the HRP activity

In order to investigate the effect of H,O, on the HRP activity,
PGE/graphene-IL-Nafion/(HRP/DNA)3 was incubated in pH 5.5 PBS
containing 0.1% AA+H,0, with different concentrations of H,0,
and the related data were recorded as shown in Fig. 5. With the
increase of the concentration of H,0,, the oxidation peak cur-
rent of guanine increased gradually till 1.5 mM and then decreased
obviously at higher concentration of H,0,. It indicated that the
maximum activity of HRP was obtained at a concentration of
1.50mM H,0,. This phenomenon could be explained as follows:
HRP was activated at a lower concentration of H,O5; however, at a
higher concentration of H,0,, H,0, as an inhibitor reduce the HRP
activity [32].
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Fig. 4. Differential pulse voltammograms of PGE/graphene-IL-Nafion/(HRP/DNA)3
in pH 7.0 PBS after incubation in pH 5.5 PBS containing: (a) blank; (b) 1.5mM H,0,;
(c)0.1% AA and (d) 0.1% AA+ 1.5 mM H,0,.

Fig. 6. (A) The UV-vis absorption spectra of 16 jug/mL dsDNA in PBS buffer (pH 7.0)
after incubation for 12 h with: (a) blank; (b) 0.5 mM H,0>; (¢) 1 wg/mLHRP + 0.5 mM
H,0;; (d) 0.1% AA; (e) 1 wg/mL HRP; (f) 0.1% AA+0.5mM H,0,; and (g) 1 ug/mL
HRP+0.5mM H,0; +0.1% AA. (B) The corresponding histograms.
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Scheme 2. Schematic diagram of DNA damage induced by AA and glycidamide and the detection method.

3.6. UV-vis spectrophotometric studies on DNA damage induced
by AA and its metabolite

In this work, DNA damage induced by AA and its metabolite was
investigated in solution by UV-vis spectrophotometry and mon-
itored by the absorbance of DNA at 260 nm. Fig. 6A shows the
UV-vis absorption spectra of 16 pg/mL dsDNA in pH 7.0 PBS after
incubation with different solutions for 12 h. The UV-vis absorption
spectrum of 16 pg/mL dsDNA in pH 7.0 PBS was shown in curve a of
Fig. 6A. After incubated with 0.5 mM H;05, 1 wg/mL HRP +0.5 mM
H,0, and 1 p.g/mL HRP respectively (shown in curve b, c and e of
Fig. 6A, the absorbance of DNA at 260 nm were almost the same
as that of curve a. It indicated that H,0,, HRP+H;0, and HRP
could not induce DNA damage. However, under the existence of
0.1% AA, the absorbance of DNA increased slightly compared with
that of curve a, b, ¢ and e in Fig. 6A. Especially, after incubated
with 1 pwg/mL HRP+0.5 mM H,0, +0.1% AA, a significant increase
in the peak intensities of DNA at 260 nm companied with an obvi-
ous shift to shorter wavelength was observed in curve g of Fig. 6A.
This may be explained that during the incubation of DNA with
AA or HRP+H,0, +AA, this incubation may disrupt the double-
helix of DNA or induce local bulges in the DNA helix, making
some additional guanines inside the double-helix structure become
exposed, which resulted in the increase of the absorbance of DNA
at 260 nm. Furthermore, in order to more vividly present experi-
mental results, the corresponding histograms were also drawn and
shown in Fig. 6B.

3.7. Mechanism of DNA damage

In our work, DNA damage induced by AA and its metabolite
was investigated at PGE/graphene-IL-Nafion/(HRP/DNA); and the
possible mechanism of DNA damage was illustrated as follows.

Due to the presence of nucleophilic sites on its purine
and pyrimidine bases, DNA was easily attacked by electrophilic
reagents. AA with the electron-deficient double bond could
form adducts with DNA directly by Michael addition reac-
tion and the reactivity of AA with DNA bases was quite
low [33]. These DNA adducts with AA, 1-(2-carboxyethyl)-(2’-
deoxyadenosine), N6-(2-carboxyethyl)-(2’-deoxyadenosine), 3-
(2-carboxyethyl)-(2’-deoxycytidine) and 7-(2-formamidoethyl)-
guanine, may disrupt the double helix of DNA and make additional
guanines inside the double helix exposed [34]. It made the exposed

guanines oxidized at PGE/graphene-IL-Nafion/(HRP/DNA)3; and
DNA damage induced by AA was detected by the guanine signal.

When H,0, was introduced into AA solution, HRP at the
modified electrode was activated, which could catalyze the trans-
formation of AA to its epoxide, glycidamide. The relevant reaction
equations were listed below:

HRPFe'' + H,0, — HRPFeV=0 + H,0

*HRPFe'V=0 + acrylamide — HRPFe" + glycidamide

Due to the higher reactivity of glycidamide with DNA
than AA [35], upon formation of DNA-glycidamide adducts,
N7-(2-carbamoyl-2-hydroxyethyl)-guanine, N3-(2-carbamoyl-2-
hydroxyethyl)-adenine and N1-(2-carboxy-2-hydroxyethyl)-2’-
deoxyadenosine, the changes in the double helix of DNA made
more additional guanines exposed. Therefore, greater current
response for guanine was observed after PGE/graphene-IL-
Nafion/(HRP/DNA); was incubated with AA + H,0,.Itindicated that
DNA adducts with glycidamide induced more serious DNA dam-
age than AA. In order to clearly show how the biosensor detected
DNA damage, the schematic diagram has been drawn and shown
in Scheme 2.

To further verify the mechanism of DNA damage, UV-vis spec-
trophotometry was also used. The absorbance of DNA at 260 nm
increased slightly after incubation with AA. However, after incuba-
tion with HRP+H,0, + AA, the absorption band of DNA at 260 nm
showed obvious increase in the peak intensities (hyperchromic
effect). Meanwhile, the band at 260 nm shifted to shorter wave-
length. It demonstrated that the double-helix of DNA was disturbed
especially after incubated with HRP+H,0, + AA, which resulted
in more bases being exposed and the increase in absorbance at
260 nm.

The electrochemical and UV-vis spectrophotometric results
indicated that the reaction processes of DNA with AA and
HRP + H;0; + AA were different. During the incubation, it was pos-
sible that the formation of DNA adducts had the effect of unwinding
the double helix, which made additional guanines exposed. Com-
pared with AA, its metabolite produced by HRP/H, 0, had a stronger
ability to unwind the double helix, which was mainly responsible
for DNA damage.
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4. Conclusions

In this work, the graphene-IL-Nafion/(HRP/DNA); modified
PGE was prepared by the layer-by-layer method, which provided
an effective strategy for mimicking and detecting DNA damage
induced by AA in vivo. The results indicated that under the coex-
istence of HRP, H,0, and AA, HRP was activated by H,0, and
catalyzed the transformation of AA to glycidamide. And the for-
mation of DNA adducts with AA and glycidamide disturbed the
double helix of DNA, which made additional guanine inside the
double helix of DNA exposed. Based on the changes of guanine
signal, DNA damage was directly detected at PGE/graphene-IL-
Nafion/(HRP/DNA);. Moreover, our results also indicated that
glycidamide could induce more serious DNA damage than AA,
which provided further evidence for the mainly carcinogenic activ-
ity of glycidamide. More importantly, this method for directly
detecting DNA damage, as a simple and quick means, shows great
promise for genotoxicity screening of new chemical pollutants and
drugs in vitro.
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