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DsDNA-encased single walled carbon nanotubes
(SWNTSs) biosensor for detecting hydrogen peroxide in
biological environment
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Abstract: Hydrogen peroxide is a ubiquitous molecule. We exhale it, and take it in from our diet, and
excrete it. It plays an important role in physiological and pathological processes. H,O, is closely related to
several human diseases including cancers. Single-walled carbon nanotubes (SWNTs) have drawn great
interest in chemical and biological optical sensor applications due to their novel near infrared (NIR)
optical properties that are extremely sensitive to the surrounding environment. Herein, DsDNA-encased
SWNTs for detecting hydrogen peroxide in a biological environment: dsDNA-SWNTs have been used as
a bio-probe sensor for optical detection of H,O, in a blood model matrix (BMM) and serum, It has been
found that, 1.7 M thiocyanate ion (SCN") and 1 mM nitrite ion () have shown the ability to initiate
and accelerate the reaction as well as the restoration of suppressed spectral intensity of SWNT. It has
been found that, the detection limits (dl) of H,O, in BMM-1.7 SCN’, BMM-1 mM nitrite ion, and serum
were 5.8, 9.4, and 2.9 uM, respectively and thus have the sensitivity required to detect physiological and
environmental of H,O,.
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Introduction: use of SWNTs for promising
applications as biosensors is difficult.(3)
Carbon nanotubes exhibit unique Stable, homogeneous, aqueous

electronic, optical, and electrical
properties. These properties make them
ideal candidates for sensors to detect
various biological molecules. Single-
walled carbon nanotubes -SWNTs
exhibit many intrinsic optical properties
such as optical absorption and
fluorescence in the novel near infrared -
NIR range of 820-1600 nm. At NIR,
their absorption by biological tissues is
often minimal, and the inherent
photostabilities of SWNTs is a desirable
attribute for the design of in vitro and in
vivo sensors.(1, 2) However, due to their
poor solubility in most solvents, The

dispersions of individual SWNTs can,
nevertheless, be obtained by
ultrasonication ~ of  mixtures  of
surfactants or DNA and carbon
nanotubes in  water.(4) Recently,
systems consisting of SWNTs and DNA
have been rapidly expanded and are still
the focus of important research
efforts.(5) Both DNA strands and CNTs
are  prototypical  one-dimensional
structures. DNA plays a central role in
biology, and CNTs hold promise for an
essential role in nanotechnological
applications. DNA and CNTs have
complementary structural features that
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make it possible to assemble them into a
stable hybrid structure. This fact has
motivated many studies and possible
applications.(6) It has been found that
DNA-encased SWNTs are optically
sensitive to hydrogen peroxide.(7, 8)
Hydrogen peroxide is important
because it is considered as an essential
mediator in many fields such as the
food, pharmaceutical, clinical,
industrial, and environmental analysis
fields.(9) It can be found in drinking
water, rain , and sea water.(10) It is a
friendly oxidizing agent to treat a large
number of pollutants. It is used as an
antimicrobial agent and as a sterilizing
agent on the foil lining of aseptic
packages containing food products. The
final product of aseptic packages must
not contain greater than 14.7 mM
H;0,.(11) In living systems, H,O,
plays an important role in physiological
and pathological processes.(12)
Compared to other reactive oxygen
species (ROS), H,O, is a dominant
oxidant in cellular redox signaling
processes due to the fact that it has a
much longer lifetime (1 ms half-life)
and higher concentration (100 nM at
steady-state level) than other ROS such
as superoxide and the hydroxyl
radical.(13) It can also be cytotoxic
(with a level of >50 puM) to a wide
range of animal, plant, and bacterial
cells in culture. The levels of hydrogen
peroxide in fresh human urine range
from 0.4-109.6 uM.'" High contractions
of H,0, cause several human diseases,
including  Alzheimer’s disease,(14)
cardiovascular  disorders,(15)  and
cancers.(16) Therefor, methods that can
measure H,O, rapidly, simply, and
precisely represent valuable tools for
H>,O, assessment. Numerous
electrochemical biosensors for H,0O,
have been developed based on modified

electrodes as summarized in a recent
review article.(17) Similarly, SWNTs
and their modified electrodes have been
widely used as electrochemical sensors
to detect H,O, (18-20). Also, several

analytical methods, including
fluorescence  spectroscopy  (21,22),
spectrophotometry (23) and

chemiluminesence (24) have been
developed to detect H,O,. However,
these methods have several
disadvantages. Included in these
disadvantages is electrode kinetics too
slow and overpotentials too high for
what is required of redox reaction of
H,O, on many electrodes materials,
interferences, long pre-treatments of the
sample, and the utilization of toxic or
expensive reagents.(25) Herein,
sensitive, rapid, and low cost methods
have been used to detect H,O, in BMM
and serum. The detection was done by
monitoring the NIR absorption spectral
intensity of dsDNA-SWNTs at 1280
nm, which comes from the first
interband transition of semiconducting
SWNTs. The proposed mechanism and
the detection limits are presented in this
work.

Experimental Section
Materials

Raw HiPco SWNTs (lot no. R0496,
2005) were purchased from Carbon
Nanotechnologies, Inc. Their diameters
ranged from 0.7 to 1.1 nm, and they
were a few hundred nanometers long.
Double-stranded deoxyribonucleic acid
(dsDNA from salmon testes) was
obtained  from  Sigma.  Sodium
phosphate, hydrochloric acid, and
sodium hydroxide were acquired from
Fisher Scientific®. Acid and base
solutions of 0.1 M and 1.0 M were used
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to adjust the pH at 7.0; an Orion model
420A pH meter with an Orion Thermo
Scientific microprobe electrode was
used to detect pH levels. BMM was
prepared  using the following
components: bovine serum albumin
(BSA) ( purchased from Sigma-
Aldrich®), glucose and 99 % triacetin
(purchased from ACROS), activation
agents like 99.99% sodium thiocyanate
(NaSCN) ( purchased from ACROS),
97 % sodium nitrrite  (NaNO,)

(purchased from Fisher Scientific®),
Hydrogen peroxide 30 wt % hydrogen
peroxide (H,O,, ACS) 30 (purchased
from ACROS). The UV-VIS-NIR
absorption spectra were measured in all
samples on a Varian Cary 5000 UV-
VIS-NIR spectrophotometer.

Preparation of dsDNA Encased
HiPco SWNT Suspensions

In a typical experiment, 1.0 mg of
pristine HiPco SWNTs and 3.5 mg
dsDNA were mixed with 5 ml of a 50
mM phosphate buffer. The pH of the
phosphate buffer was adjusted to 7.0 by
adding 0.1 M NaOH and 0.1 M HCL
The sample was ultrasonicated in an
ice-water bath for 1.5 hours (Sonics
model VCX 130 PB, 20 kHz, output
power ~8 W) to disperse the nanotubes.
The sample was subjected to
centrifugation at 14,000 rpm (VWR
Galaxyl6 Microcentrifuge) for 16
hours. The optical density (OD) of
SWNT stock solutions was ~0.3. The
OD of suspension after the addition of
all of the required reagents was fixed to
be ~0.03. The UV-VIS-NIR absorption
spectrum was measured on a Varian
Cary 5000 UV-VIS-NIR
spectrophotometer with the phosphate
buffer as the background. Three

distinguished absorption bands in the
NIR were obtained at roughly 1130 nm,
1190 nm and 1275 nm (Figur 1 a).
These belong mainly to the first
interband transitions (S;;) of (9, 4),
(12, 1), and (10,5) semiconducting
nanotubes, respectively.(26-28) The
band of ~1275 nm was chosen to study
the optical properties of dsDNA-
SWNT-H>,0O, in BMM and serum. The
band of 732 nm was chosen to
normalize all absorption spectra, for the
correction of dilution effects.

Solutions for BMM
Experiments

—Related

The components of BMM were
selected to mimic human plasma
composition with 2.320 g/l triacetin,
66.5 g/l BSA, and 10 mM glucose.
Triacetin and BSA were used to
represent the triglyceride and blood
protein, respectively.(29) A fresh stock
solution of BMM was prepared in 50
mM phosphate buffer at pH 7.0 by
dissolving the appropriate weight of
triacetin, BSA, and glucose to achieve
concentrations of 2.963 g/L, 85g/L, and
12.79 mM, respectively. Also, the
solutions from each component of
BMM were also prepared individually.
To study the reaction of H,O, and
SWNTs in BMM, 0.035 ml of dsDNA-
SWNT suspensions, 0.275 ml of fresh
stock BMM (or one of its components),
and 0.010 ml of H,O, solutions were
mixed immediately into 1 mm quartz
cells for optical measurements. The
phosphate buffer was used to keep the
total volume of 0.35 ml. Surprising data
were observed when the S;; bands of
dsDNA-SWNTs in BMM became
insensitive to both high and low
concentrations of H,O, (Figure 1 b).
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Solutions for Activation Agents-
Related Experiments

Many chemical agents were studied
in the context of triggering SWNTs-
H,0; reactions in BMM. For studying
the sensitivity of the SWNTs-H,0,
reaction to SCN~and, a series of stock
solutions of selected agents and H,0,
were prepared.

Serum-Related Experiments

In a typical experiment, 0.275 ml of
serum, 0.35 ml of dsDNA-SWNT, and
0.010 ml of a specific concentration of
H,0, were used; the phosphate buffer
was used to keep the total volume at
0.35 ml. For the sensitivity study, a
series of H,O, solutions were prepared
with a wide range of concentrations
(0.5-8750) ppm. The sample was
immediately mixed in a 1 mm path
length quartz cell, and the time-
dependent absorption spectrum was
measured on the UV-VIS-NIR
spectrophotometer.

Results And Discussion

Optical Characterization of dsDNA-
SWNT with H,O,in BMM

In this work, it was observed that
the S;; bands of dsDNA-SWNTs
became insensitive to H,O, in BMM
solution (Figure 1b). In order to identify
the main component which may
deactivate the reaction of SWNTs with
H,0,, the effect of each component of
BMM was tested separately. These data
are shown in Figure 2, where the decay
curve of the 1274-1280 nm band of
SWNTs in solution with different
components of BMM is shown. Our
results show that the reaction of

SWNTs and H,0O, occurred in the
phosphate buffer, glucose, and triacetin,
but not in BSA. This suggests that BSA
is the component deactivating the
reaction in BMM. The observed
reaction between SWNTs and H,0»,
suggests that there is a strong electron
withdrawal from the nanotube valence
band by H,O,, and also that none of the
components of BMM except BSA
impede the reaction. In SWNT
suspensions  containing BSA, the
reaction of protein with H,O, might
take place as a result of BSA
antioxidant action. Albumin may have
an antioxidant in plasma related to its
high concentration.(30) To study the
effect of the antioxidant behavior, a
suspension of SWNTs was prepared by
adding 100 ppm H,O, to dsDNA-
SWNTs (left for 24 hours), and then
0.275 ml of BMM and BSA were added
to the suspension. The spectral intensity
was suppressed due to the reduction in
SWNT S;; transitional strength by
H,0,. This study is presented in
Figure3, where there are two
observations that can be made: 1) The
restoration of the suppressed spectral
intensity of SWNT S;; occurred within
the reaction time after the addition of
BSA or BMM. 2) A 6 nm red shift of
SWNT S;; from 1275 to 1280 nm was
observed. As H;0, is deactivated by
antioxidant, the SWNT original band
gap and transitional strength are
restored, and the suppressed S;; spectral
intensity is recovered. While in BSA,
the red shift suggests that the BSA may
coat the nanotubes by replacing the
dsDNA strand, and might prevent H,O,
from forming charge transfer complexes
with dsDNA-SWNTs leading to the
restoration of S;; spectral intensity.
Other work has shown that BSA can be
immobilized on SWNTs.(31) Also,
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BSA can work as an antioxidant, the
main feature responsible for the
antioxidant role of BSA is the thiol
group(30). Albumin contains one thiol
group per molecule, and this is the
major source of protein thiol in plasma.
The thiol group of BSA has been shown
to be accessible to electrophilic agents
such as peroxides.(30) We observed
that the dsDNA-SWNT-BSA samples
started to react with H,O, at 0.08504 g/l
BSA. Figure 4 shows a small decrease
in the S;; spectral intensity with the
reaction time at this concentration of
BSA. It has been shown that the
reaction of the thiol with hydrogen
peroxide in human serum albumin
follows  the pseudo  first-order
reaction.(32) For that, sensing H,O; in
biometrics by using the optical
properties of SWNT must be enhanced.
Some chemical agents were tested in
order to achieve that purpose.

Activation of the Reaction of dsDNA-
SWNTs and H,O, in BMM

Figure 5 shows the preliminary
result of the dsDNA-SWNTs-1.0 w%
H,O, in BMM after adding 1.0 M
SCN . It was shown that before adding
SCN, SWNTs in BMM are not
sensitive to HO,. When SCN’ ions are
added, the reaction starts and is
accelerated, finishing in near one
minute. Similar behavior was observed
with nitrite ion. Figure 6 shows the
preliminary result of the dsDNA-
SWNTs-200 ppm H,O, in BMM after
adding 0.1 Mo, .

Thiocyanate lons (SCN")
In Figure 7, 200 ppm of H,O, and

1.7 M of SCN- were added to the
SWNT in BMM, it was observed that

the spectral intensity of the three Si;
bands decreases rapidly during the
initial reaction period with H,O, (Figure
7a), but then the suppressed spectral
intensity starts to recover after about 35
min and fully recovers after 160 min
(Figure 7b). SCN~is an antioxidant and
not react with SWNT. **Figure S4
shows the spectral intensity of SWNT
with 1.7 M of SCN. In Figure 8, the
effect of SCN concentration was
studied. The results demonstrated that
the SCN~ accelerates both the spectral
suppression and recovery rate until a
maximal SCN ~concentration is reached
at about 1.7 M. A concentration higher
than 1.7 M causes precipitation in the
samples due to the ability of SCN™to
precipitate BSA.**The restoration of the
suppress NIR spectra is faster at higher
SCN ~concentrations. At 1.7 M of SCN -,
the SWNTs’ response to H,O, was
completely reversible. The response
time of dsDNA-SWNTs in the BMM
was on the order of a few minutes,
while the recovery time ranged from
several minutes to a few hours
depended on the concentration of SCN ~.
The system of SWNT-BMM-1.7 M
SCN can detect H>O; as low as 10 ppm
(Figure 9). The result shows that the
spectral intensity of the 1280 nm
restored after adding H,O, at each
concentration. The time needed to fully
restore was increased with H,O,
concentration. The standard curves of
the 1280 nm were established by
plotting (AA/Ap) (AA = Ag — Ais min) aS
a function of [H,0;], which shows a
linear relationship (Figure 10).

Nitrite lon (No;)

Figure 11 shows the typical
spectrum of 1 mM nitrite ion in the
system of SWNT-BMM-200ppm H,0,.
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1 mM nitrite ion decreased the spectral
intensity at NIR slower thanSCN~and
the restoration process was occurring
very slowly. This could be related to the
low concentration of nitrite ion
compared to the concentration of H,O,
(35, 36). The system of SWNT-BMM-
ImM nitrite can detect H,O, as low as
0.5 ppm (Figure 12). The result shows
that the spectral intensity at the 1280
nm restored after adding H,O, at each
concentration. It is interesting to note
that the sensitivity (estimated as A; /Ao
at 1280 nm) for H,O, observed in the
SWNT-BMM-1mM nitrite was higher
than that observed for SWNT-BMM-1.7
M ofSCN . The standard curves of the
1280 nm were established by plotting
(AA/Ap) (AA = Ay — Ag) as a function
of log[H,O], which shows a linear
relationship (Figure 13). The reaction of
H,0; with nitrite ion lead to produce the
peroxynitrite (ONOO ") which
considers as a strong oxidant.(37, 38)
The working mechanism of nitrite ion
might relate to the reaction
of ONOO ~with SWNTs. On the other
hand, peroxynitrite can damage the
protein’ and attack on sulfhydroyl
groups and thioethers, and causing
hydroxylation and nitrosation of
aromatic amino acids containing
essential residues in proteins.(39).
Overall, the reactions of H,O, will lead
to the consumption of H,O, and restores
the spectral intensity of SWNTs.(37)

Serum Related Experiments

BMM was selected to mimic serum
composition. In this part, we studied the
detection of H,O, in a system of
SWNT-Serum. Figure 14 shows the
time dependent spectrum of 100 ppm

H,0, with SWNT-Serum. The spectral
intensity of the three S;; shows similar
behavior of the reaction of SWNT-
BMM-H,0, in the presence ofSCN".
The spectral intensity S;; suppressed
rapidly during 15 min after adding 100
ppm H,O, (Figure 14a), then the
suppressed spectral intensity starts to
recover after 15 min and the fully
recovers was not occurred up 24 hours
(Figure 14b). The system of SWNT-
serum can detect HO, as low as 0.5
ppm (Figure 15). A range of H,O, from
0.5-50 ppm showed a dramatic
suppression of the SWNT spectral
intensity at 1280 nm during the initial
reaction period with H,O, , then the
suppressed spectral intensity starts to
recover after about 30 min and fully
recovers was occurred at low
concentration of H,O, ( Fig. 15 a).
However, the wunique data were
observed when the concentration of
H,0; was >50 ppm, the suppression of
SWNT spectral intensity starts to
decrease with the increasing of H,O;
concentration (Fig. 18 15 b). The
response of SWNTs stopped at 5000
ppm H,O,. It can be noticed that the
highest response occurred at 50 ppm
then started to decline at 100 ppm..The
standard curves of the 1280 nm were
established by plotting AA/Ay (AA = Ay
— As min) as a function of [H,0,], which
shows a linear relationship between
(0.5-50) ppm (Figure 16).

Detection Limit Measurements

The standard curves of three
systems: ~ SWNT-BMM-Thiocyanate-
H,0, (system I), SWNT-BMM-Nitrite-
H,0; (system II), and, SWNT-Serum-
H,0, (system III) were established by



Iragi Journal of Biotechnology 37

plotting (AA/A¢) (AA =A¢-Ajs min) aS @
function of [H,0,], (AA/Ag) (AA =Ay-
Aso min) as a function of Log[H,0,], and
(AA/Ap) (AA =Ap-Ajs min) as a function
of [H»0;], respectively. The standard
curves of the three systems show a
linear relationship. In order to calculate
the detection limit, the slope m and the
intercept b were obtained from the
linear fit in the mentioned figures. The
standard deviation S for system III was
determined on the basis of 7
measurements of AA/Ay from SWNT-
Serum reacting with 0.5 ppm of H,0,.
Where b is the y-intercept of the
standard curve, m is the slop and s is the
standard deviation. Table 1 summarizes
the values of m, b, s, and the dl equation
needed for the detection limit
calculations. The detection limits of the
three systems based on the standard
curve method and the LOD methods are
summarized in Table 2. The LOD
method of the system III is the most
sensitive one, which has the detection
limit of 0.099 ppm (2.9 uM)). The
detection limit on the basis of the
standard curve method can be further
improved by reducing the standard
deviations.

Conclusions

In this study, we have reported
three different sensitive systems to
detect H,O, in blood model matrix
(BMM) and serum depending on the
unique  SWNT optical properties at
NIR. In BMM; triacetin, bovine serum
albumin (BSA), and glucose, were
selected to mimic human plasma

composition. The redox reaction
between SWNTs and H,O, in the BMM
was deactivated by BSA. SCN ~and
nitrite ion were found to work as
chemical agents to initiate and
accelerate the reaction as well as the
restoration of the suppressed SWNT
spectral intensity.

In system I, SCN ~was used to
accelerate both the reaction of SWNTs
with H,O, and the restoration of the
suppressed SWNT spectral intensity in
the BMM. It was determined that the
optimal concentration at pH 7.0 is 1.7

M of SCN ~  The detection limit based
on the LOD method was 0.2 ppm. In
system II, 1 mM of nitrite ion was used
to initiate the reaction of SWNT-H,0,
in the BMM. Without the presence of
H,0,, nitrite ion > 1mM has shown the
ability to react with SWNT and SWNT-
BMM and suppressed the spectral
intensity of SWNT at NIR.

The detection limit based on the
LOD method was 0.32 ppm. In system
III, serum was used to detect H,O,. The
reaction of SWNT and H,O, in the
serum shows a unique behavior when
the concentration of H,O, > 50 ppm
lead to decrease the suppression of
SWNT  absorption intensity and
increase the restoration process. The
detection limit based on the LOD
method was 0.099 ppm.

The knowledge gaining from this
work about how SWNTs react with
H,O, in biological solutions will
provide us a useful information for
developing a new, SWNT-based NIR
optical H,O, sensor for environmental,
chemical and biological application.



Iragi Journal of Biotechnology 38
Table(1): The Slope m, Intercept b, and Standard Deviation s for the Three System
Detection  limit
(ppm)
System | System II System I1I
Standard  Curve i 139
Method ’
LOD Method 0.2 0.32 0.099
Table(2): Detection limit of H,O, Determined from Two Methods for the Three System.
Constants System | System 11 System 111
m 0.00438 0.218 0.00906
b 0 0.1087 0
S - - 0.0042
dl equation [H,0,]=3s/m Log[H,0,]=3s-b/m [H,0,]=3s/m
e
0.50 —iomm Sn
1 15
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4 30
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] S —50
g 035 § % _x
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< s ] g 0.016
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Figure (1): Absorption spectra of a) dSDNA-SWNT b) in BMM at pH 7.0 phosphate buffer as a
function of time after adding 1% H,0O,.
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Figure (2): The decay curves at 1275-1280 nm for reaction of dSDNA-SWNT-200 ppm H,0O, with
each BMM component. All samples were prepared at pH 7.
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function of time for a dsSDNA-SWNT-BMM sample reacting with 1.0% H,O, in phosphate buffer
before and after addition of 1.0M SCN ™
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Figure (10): Standard curves of [(A —A1s min)/Aqg], plotted against [H,0,] for SWNT-BMM-1.7 M
SCN ™ in pH 7.0 phosphate buffer at 1280 nm.
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Figure (11): NIR absorption spectra of SWNT-BMM sample in phosphate buffer containing 1mM
nitrite ion changes as a function of time after addition of 200 ppm H,0,: (a) Time-dependent
absorption spectra and (b) Absorbance at 1280 nm changes as a function of time.
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Figure (12): Spectral intensity changes of dSDNA-SWNT samples in BMM in pH 7.0 phosphate
buffer containing 1 mM nitrite after addition of different concentrations of H,O,.
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Figure (13): Standard curves of [(Ag —Ae)/A], plotted against log [H,O,] for SWNT-BMM-1 mM
nitrite in pH 7.0 phosphate buffer at 1280 nm.
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