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Abstract: It is essential to develop a simple method to assess food quality quantitatively. Available methods primarily 
rely on nanotechnology and offer high selectivity and sensitivity. In this study, we aimed to develop a sensitive nano-
probe, and, to this end, a double-stranded DNA-encased HiPco carbon nanotube (dsDNA-HiPco) hybrid was prepared 
and used to evaluate the antioxidant potential of a Chinese tea against hydrogen peroxide (H2O2) with a range of irradia-
tion wavelengths. The morphology and dispersion of the hybrids were analysed using atomic force microscopy, which 
showed that dsDNA wrapped on the SWCNT surface well and homogeneous dispersion of the rod-shaped tubes while 
the concentration of dsDNA was 1 mg mL–1. The antioxidant effect of Chinese tea was evaluated by using near-infrared 
absorption and photoluminescence of the hybrid. Experimental results revealed that the tea exerted excellent antioxi-
dant effects when the hybrid was pre-treated with 0.03% wt H2O2. Catechin present in the Chinese tea played a pivotal 
role in exerting the antioxidant effects. Therefore, a simple detection method proposed herein can be successfully ap-
plied in various fields, including biology, medicine, and the food industry.

Keywords: antioxidant potency; atomic force microscopy; double-stranded DNA; NIR absorption spectroscopy; single-
walled carbon nanotubes

Since its discovery, the  single-walled carbon nano-
tube (SWCNT) has found numerous applications 
owing to  its unique physical and chemical properties 
(Boghossian et al. 2011; Koh et al. 2011). Despite con-
troversy over its potential toxicity (Fu and  Li 2010), 
SWCNT has been extensively studied in recent years 
and is considered an ideal material for biological appli-
cations ranging from DNA detection (Chen et al. 2008; 
Boghossian et al. 2011) to drug delivery (Elhissi et al. 
2012). Many studies have revealed that the  unique 
structural and chemical properties of SWCNT, which 
provide a relatively large surface area (i.e. ~300 m2 g–1), 
make it a suitable carrier for large molecules such as en-
zymes and DNA (Xu et al. 2017). Additionally, its near-
infrared (NIR) optical properties, which are highly 
sensitive to environmental changes, led to the develop-
ment of SWCNT-based optical biosensors for in vitro 

remote detection (Yum et al. 2013). However, the main 
shortcoming of such applications is related to the lack 
of its solubility, when SWCNTs tend to form aggrega-
tions in water. To address this issue, SWCNT has been 
coated with DNA oligos, sodium dodecyl sulphate 
(SDS), and polymers which increase its water solubil-
ity (Koh et al. 2011). To date, SDS- and DNA-encased 
SWCNTs have been commonly used as optical biosen-
sor components for detection in medicine or food (Lei 
and Ju 2010; Blanch and Shapter 2014).

Additionally, a  study reported that DNA-enfolded 
CNTs could form a stable hybrid material (Zheng et al. 
2003) owing to  the  interaction between negatively 
charged DNA and the  positively charged surface 
of CNTs. This interaction can be modulated by chang-
ing the electronic properties of  the CNTs that would 
thereby reduce aggregation and promote high disper-
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sion of the hybrid materials. Moreover, it was report-
ed that DNA-SWCNT hybrids, prepared by  mixing 
a  DNA solution with an  aqueous suspension of  SW-
CNT followed by  sonication, exhibit different re-
sponses to  radiation at  different wavelengths. When 
the hybrid is  irradiated with an NIR source, the  light 
is absorbed only by the SWCNT because DNA absorbs 
light at  approximately 260 nm (Ishibashi  et  al. 2018). 
This selective response of a DNA-CNT hybrid opens 
up a wide range of possibilities in developing new tech-
nologies for gene investigation and food analysis based 
on  near-infrared absorption (NIR-ABS) and photo-
luminescence (NIR-PL) phenomena. Tu  et  al. (2007) 
studied the  redox reaction mechanism of  single-
stranded DNA-encased (ssDNA) high-pressure car-
bon monoxide (HiPco) nanotubes with H2O2 through 
NIR-ABS. They found that NIR-ABS spectral changes 
could be reversed by tuning the pH, and the sensitiv-
ity of NIR-ABS was enhanced in the pH range of 6–8. 
A biosensor based on DNA-SWCNT hybrids was de-
veloped to measure the antioxidant activity of caffeine, 
regular coffee, and decaffeinated coffee against reac-
tive oxygen species (ROS), such as H2O2 and hydroxyl 
radicals by NIR-ABS (Zhao et al. 2015). By comparing 
the PL and NIR properties of SWCNTs dispersed with 
salmon genomic DNA (SaDNA) and sequence repeats 
of alternating G and T [d (GT) 20], Kim et al. (2008) 
showed that genomic DNA specifically enriched (6, 5) 
SWCNTs. Kurnosov et al. (2017) used PL from semi-
conducting SWCNTs to  detect cysteine and found 
that the PL intensity was enhanced by 27% at a cyste-
ine concentration of 10−3 M. It was hypothesised that 
the  PL  intensity increased owing to  a  passivation ef-
fect induced by  the  reactive thiol groups of  cysteine 
on the nanotube p-defects.

In the present study, dsDNA-encased HiPco SWCNTs 
were prepared to evaluate the antioxidant activity of Chi-
nese tea. Atomic force microscopy (AFM) was used to con-
firm the dispersion of HiPco tubes. Additionally, NIR-ABS 
and PL were both measured to detect the antioxidant ac-
tivity of the tea in the presence of H2O2 with dsDNA-HiP-
co hybrids using different wavelengths (Zhao et al. 2015; 
Xu et al. 2017). By conducting measurements using known 
concentrations of tea, the tea was found to reduce the oxi-
dised dsDNA-HiPco hybrids, and this effect was depen-
dent on the amount of antioxidants. Furthermore, the im-
pact of brewing temperature and the number of brewing 
cycles on antioxidant potency of the tea was investigated.

This study aimed to  provide a  simple and effective 
method for evaluating the  antioxidant effect of  samples 
against H2O2 using dsDNA-HiPco hybrids as biosensors. 

The method we provide is expected to satisfy the require-
ments of biomedical and food applications adequately.

MATERIAL AND METHODS

Material. High purity SWCNTs synthesised by high-
pressure co-conversion (HiPco SWCNTs) were pur-
chased from Unidym Inc. (USA). Double-stranded 
DNA (dsDNA) from salmon testes (D1626  type) was 
purchased from Sigma-Aldrich (USA). Hydrogen per-
oxide (H2O2, 30%  wt) and Tris(hydroxyethyl)amino-
methane hydrochloride (Tris-HCl) were obtained from 
Wako Pure Chemical Industries (Japan). And 3-(2-ami-
noethyl aminopropyl)-trimethoxysilane and mica were 
obtained from Life Technologies Japan Ltd. (Japan). 
Refined Chinese tea (China) was purchased from a lo-
cal supermarket in China.

Preparation of  dsDNA-HiPco SWCNTs hybrids 
and tea solutions. The stock suspensions of dsDNA-
HiPco SWCNTs in Tris-HCl buffer solution (10 mM, 
pH  =  8.0) were prepared as previously described 
(Wang and Umemura 2019). Briefly, in a typical experi-
ment 0.5  mg of  pristine HiPco SWCNT powder was 
added to 1 mL of dsDNA with different concentrations 
(i.e. 0.5, 1.0, 2.0 mg mL–1) in a Tris-HCl buffer solution. 
Next, the mixture was sonicated in an ice-water bath 
at 3 W (VCX 130; Sonics & Materials, Inc., USA) for 
2 h to ensure dispersion of HiPco SWCNTs. The sus-
pension was centrifuged for 3 h (MX-150; Tomy Sei-
ko, Japan) at 17 360 g and 8 °C to remove undispersed 
HiPco SWCNTs. After centrifugation, a 0.7 mL sample 
of the supernatant was obtained and stored in a refrig-
erator for 24 h. The results showed that the supernatant 
stored in a refrigerator for 24 h retains its properties.

To prepare the  tea solution, 5  mg of  Chinese tea 
was brewed in  1  000  mL of  purified water at  differ-
ent temperatures (i.e.  20, 30, 40, 50, 60, 70, 80, 90, 
100  °C). In  addition, the  tea was brewed repeatedly 
to obtain different concentrations. The resulting fresh 
tea solutions were used for evaluating the antioxidant 
activity without further treatment.

Atomic force microscopy (AFM). We analysed the 
hybrids in  AC  mode using an  MFP-3D microscope 
equipment (Asylum Research, USA). For AFM sample 
preparation, a  hybrid solution with a  dilution fac-
tor of 1 : 200 was prepared by mixing 1 μL of hybrid 
with 199 μL of Tris-HCl buffer solution. The surface 
of newly cleaved mica substrate was pretreated with 
0.01% 3-(2-aminoethyl aminopropyl)-trimethoxysi-
lane. Next, 10 μL of the diluted HiPco SWCNT solu-
tion was added and incubated for 10 min at room tem-
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perature (23 ± 2 °C). The samples were rinsed with 1 mL 
of pure water and air-dried overnight. A cross-sectional 
AFM height analysis was performed for the  hybrids 
prepared with different dsDNA concentrations. Sub-
sequently, we  calculated the  diameter distributions 
of  the hybrids based on 400 cross-sections of 50 hy-
brids for each sample.

Antioxidant activity and spectral measurements. 
To  evaluate the  tea antioxidant activity using the  tea 
brewed at  different temperatures and after several 
brewing cycles, 10 μL of  the  tea solution was add-
ed to  the  H2O2-reacted dsDNA-HiPco solution, and 
the absorption spectra were recorded after 10  min. 
All NIR absorption spectra were measured between 
700  and 1  350  nm using 10  mm path length quartz 
cells and a UV-vis-NIR spectrophotometer (SolidSpec-
3700DUV; Shimadzu, Japan) at room temperature. Each 
measurement was repeated three times for accuracy. 
According to the report of Koh et al. (2011), the extinc-
tion coefficient of HiPco SWCNT is 17.4 mg mL–1 cm–1 
at 808 nm. Hence, the concentration of HiPco SWCNT 
in the dispersed samples was determined using the IR 
absorbance at 808 nm.

PL maps were measured using a NIR-PL spectrom-
eter (Shimadzu, Japan) by varying the excitation wave-
length from 700  to 850  nm. The sample preparation 
and experimental procedures performed were similar 
to those in NIR measurements. The absorbances were 
also measured in triplicate.

RESULTS AND DISCUSSION

AFM of  dsDNA-HiPco hybrids. Representative 
images for the  hybrids at  various DNA concentra-
tions are illustrated in  Figure  1. The rod-like struc-
tures were homogeneously dispersed. Moreover, be-
cause the  surface of  HiPco SWCNT was wrapped 
with dsDNA to  form a  stable hybrid, the  diameter 
of  the  rod-like hybrids is  expected to  be larger than 
that of  pure SWCNT. To  obtain a  quantitative mea-
sure of rod diameter, 400 cross-sections of 50 hybrids 
were used. The  diameter of  the  hybrids was found 
to vary from 0.82 to 1.32 nm. More specifically, the di-
ameter of hybrids containing 0.5 mg mL–1 dsDNA as 
shown in Figure 1A was approximately 0.82 nm. When 
the concentration was increased to 1.0 mg mL–1, the di-
ameter of the hybrids increased to 1.32 nm (Figure 1B).  
Further increases in  dsDNA concentration (i.e. 
2.0 mg mL–1) increased the diameter of  the  resulting 
hybrids to  approximately 1.92  nm (Figure  1). These 
results conclusively show that the  hybrid diameter 

increases with the  increasing dsDNA concentration. 
When the  concentration of  dsDNA was 1  mg  mL–1, 
dsDNA wrapped on  the  SWCNT surface well, and 
the resulting SWCNT hybrids were dispersed homo-
geneously. Therefore, this concentration was selected 
for subsequent experiments.

Antioxidant activity of  Chinese tea. Based on  our 
previous study, the oxidation capacity of H2O2 is stable 
after 60 min (Wang et al. 2019). Therefore, to accurate-
ly measure the antioxidant activity of  the  selected tea, 
the  NIR-ABS and PL properties were measured after 
reacting the hybrids with H2O2 for 60 min. The antioxi-
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dant activity of Chinese tea was evaluated based on NIR-
ABS and PL measurements. Two effects were investi-
gated. The first is the effect of tea brewing temperature 
on  the  antioxidant activity. The spectra recorded after 
10  min for the  reaction between 0.03%  wt H2O2 and 
the tea solution in the presence of dsDNA-HiPco are il-
lustrated in Figure 2.

As a first observation, it is evident that the addition 
of the tea solution to the dsDNA-HiPco + 0.03% wt H2O2 
mixture resulted in a rapid increase in the absorbance 
intensity of the bands between 1 100 and 1 300 nm, es-
pecially the  band at  1  264  nm. The most compelling 
intensity change belongs to the tea solution prepared 
at 20  °C (i.e. red line) where the absorbance intensity 
at peak 1 (P1) increased from 0.728 4 to 0.773 5 (6.2%), 
and the absorbance intensity at peak 3 (P3) increased 
from 0.555 6 to 0.668 4 (20.3%). 

These results clearly reveal the high antioxidant activ-
ity of tea against H2O2. As stated previously, the band 
at 1 264 nm is extremely sensitive. The absorbance in-
tensity of this band increases with increasing tea-brew-
ing temperature until 100  °C. Hence, for the  reaction 
performed with the extract prepared at 100 °C (i.e. dark 
red line), the  absorbance intensities at  P1 and peak  2 
(P2) are approximately 0.801 6 and 0.713 2, respective-
ly, which correspond to  a  total increase of  10.0% and 
28.4%. Regarding the band at P3, its intensity not only 
increased with the brewing temperature, but also its po-
sition was slightly shifted toward higher wavelengths. 
This is primarily owing to an increase in catechin con-
centration as the brewing temperature increased, which 
also resulted in  enhanced antioxidant activity. The 
shift was less than a 1.0% change, which suggests that 

the wavelength shift was useful for detecting the oxida-
tion-reduction of the samples (Ishibashi et al. 2018).

The effect of  brewing cycles (i.e. number of  times 
the same tea sample is brewed) on the antioxidant potency 
was also evaluated using both NIR-ABS and PL measure-
ments. Since the tea solution obtained at 100 °C exhibited 
the most pronounced antioxidant properties, this temper-
ature was selected to  investigate how repeated brewing 
influences the  antioxidant activity of  the  resulting solu-
tions. To this end, the tea was subjected to six sequential 
brewing cycles. Figure 3 illustrates the optical absorption 
spectrum of dsDNA-HiPco + 0.03% wt H2O2 reacted with 
the tea brewed for six cycles.

As shown in Figure 3, when the tea solution was freshly 
prepared (i.e. one brewing cycle), the  absorbance in-
creased significantly, suggesting that a  redox reaction 
occurred. The absorbance intensities were increased 
by  10.0% at  P1 and 28.4% at  P3, indicating potent anti-
oxidant activity of the freshly brewed tea. After the sec-
ond cycle of brewing, the absorbance intensity decreased 
to 0.732 4 at P1 and 0.625 9 at P3, owing to a decrease 
in  antioxidant activity of  the  tea. This can be  explained 
by a decrease in the concentration of catechin in the ex-
tract, as it is known that catechins play a major role in tea 
antioxidant potency (Colon and Nerin 2012). As the num-
ber of brewing cycles further increased, the concentration 
of the antioxidant molecules in the tea solution decreased; 
thus the antioxidant activity decreased. Thus, the  inten-
sity of the bands at P1, P2, and P3 decreased continuously 
until they reached the level observed in the absence of tea.

Figure  4 shows the  photoluminescence (PL) maps 
of dsDNA-HiPco +  0.03%  wt H2O2 in  the  presence 
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of tea brewed for an  increasing number of  cycles. 
In Figure 4A, the brightest PL spot appeared at 730 nm 
excitation and 1 127 nm emission, which could have 
originated from (9, 4) SWCNTs (Weisman and Bachi-
lo 2003). The intensity of  these spots (i.e. red circles 
of  Figure  4) decreased in  the  presence of  tea solu-

tion. Moreover, a  dependence of  the  spot intensity 
on  the  number of  brewing cycles was noticed. The 
spot intensity decreased as the  number of  cycles in-
creased owing to a decrease in catechin concentration 
in the tea solution. Accordingly, the antioxidant activ-
ity of tea was reduced.

Figure 4. PL maps corresponding to dsDNA-HiPco + 0.03% wt H2O2 in the presence of tea after several cycles (tea 
brewed at 100 °C); (A) 1 cycle, (B) 2 cycles, (C) 3 cycles, (D) 4 cycles, (E) 5 cycles, and (F) 6 cycles

(A) (B)

(C) (D)
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CONCLUSION

In summary, Chinese tea displayed excellent anti-
oxidant activity towards 0.03%  wt H2O2 in  the  pres-
ence of the dsDNA-HiPco suspension. The antioxidant 
activity is mediated by catechins. This study provides 
a  simple dsDNA-SWCNT-based approach to  assess 
the antioxidant potential of catechin from tea against 
strong oxidants, such as H2O2, for various applica-
tions. Moreover, it provides fundamental knowledge 
required to develop novel biosensors for other oxidant 
systems in living organisms.
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