Open Access Article. Published on 08 January 2021. Downloaded on 4/30/2026 7:36:05 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

#® ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online

View Journal | View Issue,

{ ") Check for updates ‘

Cite this: RSC Adv., 2021, 11, 2167

Arushi Gupta,®® Sandeep Kumar Sharma,
)2 Amit L. Sharma®® and Akash Deep

Suman Singh,

Sensitive impedimetric detection of troponin | with
metal—organic framework composite electrodef

© Vivek Pachauri,® Sven Ingebrandt,®
) *ab

Metal—-organic frameworks (MOFs) are promising materials for biosensing applications due to their large

surface to volume ratio, easy assembly as thin films, and better biocompatibility than other

nanomaterials. Their application in electrochemical biosensing devices can be realized by integrating
them with other conducting materials, like polyaniline (PANI). In the present research, a composite of
a copper-MOF (i.e., Cuz(BTC),) with PANI has been explored to develop an impedimetric sensor for
cardiac marker troponin | (cTnl). The solvothermally synthesized Cus(BTC),/PANI composite has been

coated as a thin layer on the screen-printed carbon electrodes (SPE). This electroconductive thin film
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was conjugated with anti-cTnl antibodies. The above formed

immunosensor has allowed the

impedimetric detection of cTnl antigen over a clinically important concentration range of 1-400 ng

DOI: 10.1039/d0ra06665f

rsc.li/rsc-advances

1. Introduction

Cardiovascular diseases are one of the major health problems.*
Acute myocardial infarction (AMI), or more commonly known
as the heart attack, is responsible for a large number of deaths
around the globe. Electrocardiography, enzyme-linked immu-
nosorbent assay (ELISA), and radioimmunoassay (RIA) are the
generally used approaches for the diagnosis of AMI.>* However,
there is a need for the development of new rapid analysis
methods for the timely detection of AMI. Biosensors (both
electrochemical and optical) are the obvious choices because of
their user-friendliness and fast response time. Biosensors are
also useful to allow better disease management due to the
advantages of low-cost and on-site detection capability.

The analysis of blood biomarkers is important to screen the
AMI cases. Biomarkers are referred to as any substance, struc-
ture or biological process that can be measured in the body to
help in the prediction of the outcome or disease. In healthy
subjects, the biomarkers flow in the blood is regulated under
certain limits. Any elevation/depression beyond those limits is
taken as an indicator of the disease. Cardiac troponin I (c¢Tnl)
has been regarded as a Gold standard for the diagnosis of AMI.
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mL~%. The whole process of antigen analysis could be completed within 5 min. The detection method
was specific to cTnl even in the co-presence of other possibly interfering proteins.

In the blood of a healthy human, cTnl biomarker is present in
a level of =0.4 ng mL ".* An increase beyond the said value
indicates the damage to the cardiac myocytes.® Therefore, the
presence of high concentrations of cTnl in blood is associated
with a high risk of heart attack.” ¢Tnl is an important diagnostic
parameter as it is specifically produced in the myocardium.
Significant attention has been paid by the researchers in the
recent past to develop electrochemical and fluorescent biosen-
sors for the analysis of ¢Tnl.*** In particular, electrochemical
biosensors provide better sensitivity and quantitative estima-
tions while also requiring relatively fewer amounts of nano-
materials and recognition biomolecules during their
fabrication.™

The performance of electrochemical biosensors is largely
dependent upon the transducer surface. Graphene, carbon
nanotubes (CNTs), conducting polymers, and silicon nanowires
are the recently investigated popular transducer surfaces for the
development of electrochemical biosensors for cTnl.'>™ As
advanced functional materials, the metal-organic frameworks
(MOF) have garnered great interest in recent years because of
their fascinating material properties.**>* MOFs have also been
suggested useful for the development of electrochemical
biosensors for different categories of analytes. For instance,
Wang et al. have developed a sensor for the electrochemical
detection of Cd** ions.”® These authors used an electrode
modified with a composite of UIO-66-NH, MOF with polyaniline
(PANI) to obtain the detection of Cd** from 0.5-600 pug mL ™'
with a limit of detection (LOD) of 0.3 pg mL™". Another MOF/
PANI composite has been reported for the development of an
aptasensor of E. coli 0157:H7 within a range of 2.1 x 10" to 2.1
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x 107 ¢fu mL~".2° A SiO,-coated Cu-MOF has been reported for
the detection of NH; from 1-100 mg L™ " (LOD = 0.6 mg L™ ').*’

Due to their insulating property, the MOFs are often used in
conjunction with other electrochemically active nanomaterials
in order to design electrochemical biosensors. The use of
composites of MOFs (e.g., Cuz(BTC), in present study) with
traditional conducting polymers adds some vital characteristics
to the sensor surfaces. A large surface area and the availability of
open metal sites contribute to an enhanced electrochemical
activity. The MOF-polymer composite surfaces also deliver
additional functional sites for the attachment of biomolecules.
The porous MOFs can also play role in better diffusion of
electrolyte ions across the circuit. In the present study, we
report the application of a thin film of a MOF-conducting
polymer (CP) composite to develop a highly sensitive electro-
chemical biosensor for ¢Tnl. To the best of our knowledge, no
previous report is available discussing the use of a MOF-CP
composite for the electrochemical analysis of c¢Tnl. A copper-
based MOF, i.e., Cus(BTC),, has been mixed with carboxyl
functionalized polyaniline (c-PANI). The resulting composite
was coated as a thin film over a screen-printed carbon electrode
and subsequently bioimmobilized with anti-cTnI antibodies.
The above prepared biosensor was used for the electrochemical
impedance spectroscopy (EIS) based quantification of c¢Tnl in
both synthetic buffer and spiked mice serum samples. As the
findings have highlighted, the present biosensing system gives
fast response, wide range of detection, a low limit of detection,
and specificity.

2. Experimental

2.1. Materials and equipment

All the reagents and solvents (analytical grade purity), including
benzene-1,3,5-tricarboxylic acid (H3BTC), copper nitrate
(Cu(NO3),), and polyaniline (PANI), used during the course of
the study were purchased from Sigma (India). Cardiac troponin
I (cTnI) antigen and anti-cTnl antibody were procured from
MyBioSource (USA). The screen-printed carbon electrodes
(SPEs) were obtained from Zensor. The structural and
morphological studies were carried out with a field emission
scanning electron microscope (FE-SEM, Hitachi, SU8010) and
an X-ray diffractometer (Brooker D8 Advance, Ko, = 1.54 A).
Fourier transform infrared (FTIR) and nitrogen isotherm anal-
ysis were performed on a PerkinElmer, Spectrum Two and
a BELSORP-max (Microtrac) system, respectively.

2.2. Synthesis of carboxylated PANI, Cu;(BTC), and
Cu;(BTC),/PANI composite

Carboxylated polyaniline (c-PANI) was prepared by the chemical
oxidation of aniline and 2-aminoterephthalic acid (0.07 : 0.03
M) with ammonium persulphate (0.1 M) in an acidic medium of
1 M HCI. The copolymerisation reaction was carried out in an
ice bath (0 °C) under vigorous stirring (3 h). The prepared c-
PANI was washed with 1 M HCI and then dried under vacuum
(24 h).
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Cu;(BTC), and Cu;(BTC),/PANI composite were synthe-
sized at room temperature (RT, 25 + 2 °C) conditions by sol-
vothermal method.?® For the synthesis of Cuz(BTC),, 0.5 g (2.38
mM) of H;BTC and 1.05 g (4.34 mM) Cu(NO3), were dispersed
in a solvent mixture of distilled water, ethanol and dime-
thylformamide (DMF) (1:1:1, 100 mL each). The reaction
mixture was well mixed by stirring, followed by the slow
addition of triethylamine (TEA, 0.5 mL). The contents were
subject to bath sonication for 45 min, which resulted in the
precipitation of blue crystals. The formed product was sepa-
rated by centrifugation (10 000 rpm, 10 min), washed several
times with water and ethanol, and finally dried in vacuum (at
70 °C). The synthesis of Cus(BTC),/PANI was also processed as
per the above procedure. 100 mg of c-PANI was pre-mixed with
H;3;BTC and Cu(NO3), precursors, prior to the mixing and TEA
addition steps. The synthesized composite product
(Cu3(BTC),/PANI) was washed several times with water and
ethanol before drying overnight under vacuum conditions.

Note that different amounts of ¢-PANI (e.g., 50 mg, 100 mg and
150 mg) were used to optimize the ratio of Cu;(BTC), and PANI in
the Cu3(BTC),/PANI composite. It was observed that low amount
(50 mg) of PANI was not sufficient for attaining conducting films
while higher amount (150 mg) was detrimental to the surface area
property. Therefore, 100 mg PANI was selected as the optimum
amount to be added during the synthesis of Cuz(BTC),/PANI.

2.3. Modification of screen-printed carbon electrodes (SPEs)
with Cuz(BTC),/PANI and subsequent covalent attachment of
anti-cTnl antibodies

10 uL ethanolic dispersions of Cus(BTC),/PANI (1 mg mL )
were drop casted on the working areas of several SPEs. A higher
concentration of dispersion settled quickly and was not
uniform. The composite modified electrodes were annealed at
90 °C for 4 h to guarantee a proper adhesion of the material over
the SPE surface. The above step (drop-cast and annealing) was
repeated to ensure uniformity of the film. Two-step drop casting
and annealing process was found optimum as further layering
did not change the charge transfer characteristics of the film as
determined in some preliminary electrochemical studies. Next,
the electrodes were incubated with a PBS (phosphate buffer
saline, pH 7.4) solution of 0.05 M EDC [(1-ethyl-3-(3-
(dimethylamino)propyl) carbodiimide] and 0.01 M NHS (N-
hydroxysuccinimide) for 2 h. The above step was necessary for
the activation of carboxyl groups before the attachment of
antibodies. Thereafter, the electrodes (working area) were left in
contact with the antibody solution (1 ug mL™") for 2 h. This
dilution of the antibody was selected on the basis of earlier
published immunosensing protocols. The prepared bio-
electrodes were washed with PBS buffer before blocking the
non-specific antibody binding sites with 0.01% Tween 20. Thus
prepared Ab/Cu;(BTC),/PANI biosensing electrodes were stored
under refrigerated conditions.

2.4. Electrochemical impedance spectroscopic (EIS) analysis

EIS characteristics of the biosensor were studied in a ferro/ferri
electrolyte solution (5 mM K3Fe(CN)g + 5 mM K,Fe(CN)g-3H,0

© 2021 The Author(s). Published by the Royal Society of Chemistry
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in 0.1 M PBS). The frequency was varied within a range of 0.1 Hz
to 1 MHz keeping the amplitude of 5 mV. Data were collected in
form of Nyquist plots. Randles circuit was used for fitting and
the calculation of charge transfer resistance (R.) values.** The
Ab/Cu;(BTC),/PANI electrodes were used for the analysis of
a range of ¢Tnl solutions (1-400 ng mL™"). For this, 10 pL of the
antigen solution was exposed to the Ab/Cus(BTC),/PANI elec-
trodes and left to incubate for 5 min, unless otherwise
mentioned. Subsequently, the electrode was washed and its EIS
characteristics were recorded in the standard ferro/ferri
electrolyte.

——Cus(BTC),
—— Cu3(BTC),/PANI
—— AbiCu3(BTC),/PANI

Transmittance (%)

Wavenumber(cm'1)

Fig. 1

Fig. 3
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3. Results and discussion

3.1. Spectroscopic and structural characterization

Fig. 1 shows the FTIR and XRD analysis of Cuz(BTC),,
Cu;(BTC),/PANI, and Ab/Cuz(BTC),/PANI samples. In FTIR
spectra of all the three sample (Fig. 1a), the 1618 and 1560 cm "
bands corresponded to the asymmetric stretching of the linker
component (BTC) of Cus(BTC),.**** The band from benzene in
BTC appeared around 1444 and 1374 cm™' (stretching vibra-
tions). A band at 492 cm ™" was associated with the Cu metal
center.*” The spectrum of Cu,(BTC),/PANI was characterized
with IR bands between 2500-3500 cm™ ', attributable to the
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(a) FTIR spectra of Cuz(BTC),, Cus(BTC),/PANI, and Ab/Cuz(BTC),/PANI; (b) XRD patterns of Cus(BTC), and Cuz(BTC),/PANI.
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(a) TEM image of Cus(BTC),/PANI; (b) N, adsorption—desorption isotherms for Cuz(BTC), and Cuz(BTC),/PANI.
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Fig. 4 Nyquist plots recorded for Cuz(BTC),, Cus(BTC),/PANI, and Ab/
Cus(BTC),/PANI electrodes during different stages of biosensor
preparation. Experimental and fitted Nyquist plots are shown as dot
and line curves, respectively.

N=H stretching vibration.*® The presence of PANI was sug-
gested by a band at 806 cm™ " (stretching vibration of C-N and
out of plane bending of C-H).** FTIR spectrum of composite
also showed bands of enhanced intensity at 1618 and
1516 cm ™. As such, PANI related bands overlapped with other
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bands of Cus(BTC),. Nonetheless, these bands were stronger in
the composite sample because of a successful incorporation of
PANIL. In case of Ab/Cu;(BTC),/PANI, an extra peak was observed
at 1640 cm™ ', pertaining to the N=C vibrations. This observa-
tion verified the binding of antibodies with the material.

The crystallinity of the synthesized Cus(BTC), and
Cu;(BTC),/PANI samples was investigated with the XRD inves-
tigations (Fig. 1b). The spectra were characterized with peaks
that matched well with the simulated XRD data and agreed with
the literature reports. The main 26 peaks in case of Cus(BTC),
can be mentioned as 5.8°, 9.5°, 11.6°, 13.5°, 19.8°, 25.3° and
29.4°.° Few of the small angle peaks were missing or having
different intensities in the Cu;(BTC),/PANI sample as a result of
polymer mixing with the MOF structure.>®

The FE-SEM micrograph of Cu;(BTC), and Cu;(BTC),/PANI
samples are presented in Fig. 2. Cuz(BTC), was formed in form
of nanocrystals with size ranging 100-200 nm. A crystalline
nature of the synthesized composite material was also evident.
PANI structure has acted as a filler (thin film) for the MOF and
helped in interconnecting the individual particles. Some white
particles resembled Cu;(BTC), structure in the composite. In
overall, thin film of PANI has embedded the MOF particles.
Such a homogeneous thin film of MOF, after the mixing of
PANI, is beneficial for the development of electrochemical
biosensing surfaces. The TEM analysis of Cu;(BTC),/PANI is

296 1 b)
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Fig.5 (a) EIS response of Ab/Cus(BTC),/PANI biosensor toward different concentration of cTnl (1-400 ng mL™); (b) corresponding calibration
plot between R values and cTnl concentration; (c) experimental and fitted Nyquist plots for the response of Ab/Cus(BTC),/PANI sensor towards
400 ng mL™* and 200 ng mL™ cTnl; (d) experimental and fitted Nyquist plots for the response of Ab/Cus(BTC),/PANI sensor towards 100 ng

mL™% 10 ng mL™% and 1 ng mL™* cTnl.
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presented in Fig. 3a. Compared to the TEM image of Cu;(BTC),
alone (Fig S1, ESIt), the integration of two material components
was evident in the Cuz(BTC),/PANI structure. The thin film of
PANI has connected the MOF particles.

N, absorption-desorption isotherms for the estimation of
BET surface areas of materials are presented in Fig. 3b. The
observed trends of both sorption-desorption curves were typical
for the mesoporous materials.** The BET surface area of
Cu;(BTC), was calculated to be 1102 m* g~ *, which got reduced
to 754 m* g~ " in case of Cu;(BTC),/PANI. This limited reduction
in the surface area of the composite, compared to the MOF
alone, can also be taken as an indicator of a successful forma-
tion of the desired Cus(BTC),/PANI composite.

3.2. Application of Ab/Cu;(BTC),/PANI biosensor for
detection of c¢TnI

Electrochemical impedance spectroscopy (EIS) is one of the
most widely used techniques to develop electrochemical
immunoassays. EIS data is collected in the form of Nyquist
plots, which compare out-of-phase component with the in-
phase component. Nyquist plots are fit to the best circuit
model to find out the values of important circuit components.
Nyquist plots recorded for the Cuz(BTC),, Cu;(BTC),/PANI and
Ab/Cu;(BTC),/PANI modified SPEs are shown in Fig. 4. These
plots have been obtained as semicircles and were fitted with
Randles circuit (inset of Fig. 4). The actual data points and the
fitted curve are also presented in Fig. 4. The data fitting allowed
the estimation of circuit parameters like charge transfer resis-
tance (R.) and double layer capacitance (Cg4;).*”*® A reduction in
the semicircle diameter for the Cuj(BTC),/PANI electrodes,
compared to the Cuz(BTC), electrodes, provided an evidence
that the overall resistance of the bare MOF experienced
a significant attenuation once this material was mixed with
PANI. The estimated values of R, also confirmed the same.
Fig. 4a and b also shows the EIS data for the antibody modified
Cu;(BTC),/PANI electrodes (i.e., Ab/Cus(BTC),/PANI). Due to the
formation of protein layer, which was less conducting, the
antibody modified electrodes again experienced an enhance-
ment in the semicircle diameter and R, values.

1000 3) * - - -
900
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700
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600

500+ .
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The electrochemical changes in the EIS properties of Ab/
Cu;(BTC),/PANI) biosensing SPEs, as they were used for the
analysis of different concentrations (1-400 ng mL™~ ") of cardiac
troponin I (cTnl) antigen, are presented in Fig. 5a. The experi-
mental EIS data along with the respective fitted curves for the
different concentrations are shown in Fig. 5¢ and d. An increase
in the R values was evident as a result of the antibody-antigen
binding. This increase was proportional to the concentration of
cTnl (Fig. 5b). The studies have highlighted the usefulness of
the Ab/Cu;(BTC),/PANI biosensor for the detection of ¢TnI over
a wide and clinically significant range of analyte concentration.
The limit of detection (LOD) was estimated based on the
following expression:

standard deviation at 1 ng mL'measurement
slope of calibration curve

LOD =3 x
(1)

The LOD was calculated to be 0.8 ng mL ™. We also inves-
tigated the minimum time required for the biosensor to show
a stable response against ¢Tnl. For this, 10 ng mL ™" of ¢cTnl was
left to incubate with the Ab/Cus(BTC),/PANI biosensor for
different time durations. The EIS characterises were then
measured in ferro/ferri electrolyte. This study was useful to

Troponin Troponin+BSA+Ferritin

1000

800 -

Ferritin BSA

Ananlytes tested

Fig. 7 Variation in the R of Ab/Cuz(BTC),/PANI biosensor against
cTnl and some other non-specific analytes (cTnl = 400 ng mL™%, BSA
and ferritin = 500 ng mL™Y).
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Fig. 6 (a) Response time of Ab/Cus(BTC),/PANI toward 10 ng mL™ cTnl: (b) response of different batches of prepared Ab/Cus(BTC),/PANI

biosensor toward 10 ng mL~* cTnl.
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Table 1 A summary of electrochemical sensors reported for the detection of cTnl*

Range of detection

S.no Electrode material Technique LOD (ng mL™") (ngmL ") Analysis time (min) Ref.

1 CdS quantum dots DPV 0.0011 ng L* — 240 39

2 GMWCNT Electrochemical  0.00094 0.001-10 — 15

3 COOH-CNT Impedimetric 0.033 1-10 60 40

4 AuNP Impedimetric 0.1 0.1-31.5 10 41

5 Cu;(BTC),/PANI Impedimetric 0.8 1-400 2 (electrode-analyte incubation period),  Present work

total analysis time is 10 min

“ DPV: differential pulse voltammetry; CdS: cadmium sulphide; GWCNT: graphene multiwalled carbon nanotubes; CNT: carbon nanotubes; AuNP:

gold nanoparticles.

Table 2 Analysis of mice serum sample spiked with known concentration of cTnl with Ab/Cus(BTC),/PANI biosensor

Concentration of
cTnl added (ng mL™")

Response of biosensor
(Rct)

Corresponding cTnl concentration
as deduced for the standard

calibration curve Recovery %

100 776
50 741
5 683

establish a rapid response time (2 min) of the Ab/Cus(BTC),/
PANI biosensor (Fig. 6a).

The studies have also been performed for deducing
a comparison between the Ab/Cu;(BTC),/PANI biosensor and
a reference MOF free Ab/PANI biosensor. This comparative
study has helped to investigate the effect of Cuz(BTC), on the
sensor performance. The response of the reference Ab/PANI
biosensor (R, vs. analyte concentration) is shown in Fig. S2.7
The Ab/PANI biosensor did not detect ¢TnI below 50 ng mL™",
suggesting that it does not have a good detection limit. In
comparison to Ab/Cu,(BTC),/PANI biosensor (0.85 Q ng '
mL "), the Ab/PANI showed much less sensitivity (0.39 Q ng™*
mL™"). Moreover, a stable EIS response from the Ab/PANI
electrode was achieved after only 20 min of incubation
(compared to 2 min with Ab/Cu;(BTC),/PANI). Hence, the above
experiment has clearly outlined the significance of adding
Cu;(BTC), in the Cus(BTC),/PANI composite for the efficient
biosensing of c¢Tnl.

The results on the investigations on reproducibility of Ab/
Cu;(BTC),/PANI electrodes are summarized in Fig. 6b. Different
batches of the Ab/Cuz(BTC),/PANI yielded almost unchanged
response, thereby suggesting a good reproducibility of the
herein described protocol.

The specificity of the biosensor was also determined (Fig. 7).
The system was found to be highly specific to ¢TnlI even in the
co-presence of interfering molecules, such as bovine serum
albumin (BSA) and ferritin. The Ab/Cus(BTC),/PANI bio-
electrodes experienced a change in their R, values only in the
presence of cTnl, while other tested analytes did not influence
the sensor response.

A comparative overview of the Ab/Cuz(BTC),/PANI and some
other previously reported electrochemical sensors for the

2172 | RSC Adv, 2021, N, 2167-2174

102.2 102.2
50.4 100.8
5.02 100.4

detection of c¢Tnl is summarized in Table 1. These data clearly
indicate about the comparable or better performance of the
present biosensor.

3.3. Analysis of spiked sample

The practical utility of the Ab/Cus(BTC),/PANI biosensor has
been evaluated by using it for the analysis of mice serum sample
spiked with known concentrations of ¢TnI antigen. The results
of the study are presented in Table 2. We observed satisfactory
recoveries of the added antigen, highlighting the fact that the
Ab/Cu;(BTC),/PANI biosensor can also be used in clinical
environments.

4. Conclusion

A new MOF based electrochemical biosensor has been devel-
oped for highly sensitive and specific quantification of cardiac
troponin I. A performance comparison of the Ab/Cu;(BTC),/
PANI biosensor with the already available biosensors suggests
that the system proposed in this study should offer an advanced
option for the electrochemical biosensing of ¢Tnl. Cu;(BTC),/
PANI can be easily synthesized and it bears a large surface area
to allow functionalization of high density of antibodies. Due to
material characteristics, it should be easy to fabricate the sensor
electrode in a more reproducible manner than other nano-
materials like graphene and carbon nanotubes.
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