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Recent Developments in Carbon Nanomaterial
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F. Baptista®, S. A. Belhout?, S. Giordani® and S. J. Quinn®*

Carbon nanomaterials are among the most broadly discussed, researched and applied of
synthetic nanomaterials. The structural diversity of these materials provides an array of unique
electronic, magnetic and optical properties, which combined with their robust chemistry and
ease of manipulation, makes them attractive candidates for sensor applications. Furthermore,
the biocompatibility exhibited by many carbon nanomaterials has seen them used as in vivo
biosensors. Carbon nanotubes, graphene and carbon dots have come under intense scrutiny, as
either discrete molecular-like sensors, or as components which can be integrated into devices.
In this review we consider recent developments in the use of carbon nanoparticles and
nanostructures as sensors and consider how they can be used to detect a diverse range of

analytes.

Introduction

In the past decade nanomaterials have begun to emerge as a
viable alternative to molecular sensors and biosensors. This has
been become possible by coupling their inherent properties 13
with our established knowledge of molecular and biomolecular
recognition.* In particular, carbon nanomaterials (CNMs) are
among the most broadly discussed, researched and applied
synthetic nanomaterials.>®7#%1%1! This js due to their diverse
intrinsic electronic, magnetic and optical properties, chemical
versatility and ease of manipulation, biocompatibility as well as
their performance as a chemically robust platform. This latter
property sets them apart from many other nanomaterials whose
stability can be compromised by factors including temperature,
high ionic strength and solvent stability. Consequently, there
has been a sustained interest in the use of CNMs for sensing
applications.? 1314

CNMs exhibit huge diversity in structure, existing in
allotropic forms such as, diamond, graphene, amorphous
carbon, C60 and single-walled carbon nanotubes (SWNTS).
These materials can be conveniently separated according to the
number of dimensions greater than 100 nm i.e. zero-
dimensional (0-D) nanoparticles, one-dimensional (1-D)
nanotubes and two-dimensional (2-D) layered materials. The
discovery of Cg, fullerene can be considered as the starting
point of the CNM revolution.® In particular, the redox
chemistry of fullerenes has been wused to develop
electrochemical sensors. Closely related to Cg, are carbon
nanoonions (CNOs), which typically consist of a fullerene unit
surrounded by concentric layers of graphitic carbon.’® Key
properties of CNOs include low density, high surface-to-
volume ratio and good solubility.'®*'” However, only a few
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Fig. 1 Members of the carbon nanomaterial family.

reports have been described in literature for the use of CNOs as
sensors. 1819

Another type of CNM in this size regime are carbon
nanodiamonds (CNDs), which combine the characteristics of
diamond; optical transparency, chemical stability and biological
compatibility, with the attractive nanomaterial properties of
small size, large surface area and high adsorption capacity.?® #
One important additional feature of CNDs is their low
toxicity.?? CNDs are primarily made through the controlled
detonation of explosives to yield core-shell particles with
diameters of 4-5 nm.2® The synthesis of fluorescent CNDs is
also possible through the introduction of nitrogen vacancies
(N-V centres), which are typically introduced by electron
irradiation (2 MeV) of 100 nm CNDs followed by annealing
(900°C) in vacuum.? 2% In addition, ultrasmall (1.6 nm)
fluorescent NDs of roughly 400 carbon atoms and containing Si
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vacancies have been also reported, which are also promising
candidates for sensing.

The most recent addition to the 0-D family of CNMs are
carbon dots (Cdots), also referred to as graphene quantum dots
(GQDs). The earliest reported syntheses of Cdots was by the
laser ablation of a carbon target?® and from candle soot.?’
Today Cdots can be prepared by pyrolysis®, hydrothermal
and® electrochemical treatments,*® and microwave synthesis®
of a wide variety of carbon sources such as foodstuffs, biomass
and waste materials.?®=032-3 These methods provide access to
Cdots whose luminescence spans the visible spectrum.®**° In
particular, CNHs, CNDs and Cdots are attractive for in-vivo
biosensing due to their biocompatibility.*22* 4

To date, the use of carbon nanotubes (CNTs) and graphene,
and their related species, has received the greatest interest for
sensing. Graphene comprises a single, layer of sp® carbon and
as such can be considered the molecular parent of the sp?
CNMs.*? Graphene’s ability to absorb light of all wavelengths
coupled to its excellent electron transport properties has
generated enormous interest.*® Typically, graphene is prepared
by mechanical and liquid phase the exfoliation of graphite;***°
recently large scale preparation of graphene using surfactants
has been reported.*® In addition to pristine graphene several
surface treated forms such as photoluminescent graphene oxide
(GO)*" and reduced graphene oxide (RGO) have also been used
for sensing applications.*® 4

Carbon nanotubes, are tubular structures of rolled-up sheets
of graphene comprising single-wall (SWCNTSs) and multi-wall
(MWCNTSs) species.” SWCNTs exhibit metallic, semi-metallic
and semiconducting, properties which may be exploited for
sensing applications.??4%95% These properties depend on the
nature of the rolled graphene sheet, which dictates the chirality
of the species. The general synthesis of CNTs employs
chemical vapour deposition of carbon in the presence of a
transition metal catalyst.>® Closely related to SWCNTs are
single-walled carbon nanohorns (CNHs).X° These are conical
structures with diameters of 2-5 nm and lengths of 40-50 nm
which typically assemble into dahlia-flower like or bud-like
aggregates with a diameter of about 100 nm. CNHs possess
good porosity and high surface area which can be exploited for
sensing applications.’® % Importantly, CNHs can be produced
in high yield in the absence of metal catalyst by either CO,
laser ablation of pure graphite'® or pulsed arc discharge of
carbon rods.*

The purity of synthesised CNMs is an essential
consideration for any possible sensing application. Two key
considerations are the presence of (1) impurities which may
interfere with the detection of analytes and (2) a polydisperse
sample which influences both the optical properties and the
ability to form ordered assemblies. Of the CNMs fullerene
derivatives are the only members that can synthesised with
precisely known composition. For example, CNTs must be
rigorously purified to remove the transition metal catalyst
species,®”%® %° Furthermore, in-vivo biosensing applications
require the removal of carbonaceous fragments, which can act
as reactive oxygen species.®” ® 82 The size dependent optical
properties CNMs also necessitate the use of separation
procedures to obtain monodisperse samples.®® Techniques for
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the separation of chiral CNTSs include ultracentrifugation® and
gel permeation chromatography.®® Centrifugation techniques
have also been used for the length separation of CNTs® and the
size-selective purification of dispersed graphene flakes.®” In
addition, Cdots have been separated from non-luminescent
materials using C-18 HPLC.

In general, CNMs display poor solubility in aqueous
solvents where they are prone to aggregation due to
hydrophobic interactions. However, this can be addressed
through surface functionalisation by covalent®® % or non-
covalent methods.”®"? Surface modification is also used
introduce receptor sites for sensing. A very useful summary of
CNTs surface reactions for sensing applications was recently
provided in a review article by V. Biju.” In the case of sp?
carbon species covalent functionalisation results in the
permanent disruption of the m-electronic network which can
influence the optical properties of the material. This can be
avoided through the use of non-covalent methods which largely
reply on m-m stacking interactions between the CNM surface
and molecules such as pyrenes and porphyrins and can be used
to modulate the CNM optical properties. Significant progress in
this area has been achieved by the groups of Dai’* and
Stoddart.”™

Chemical sensors possess a receptor which transforms
physical, chemical or biochemical information into an energy
form that can be measured. CNM based sensors may constitute
either discrete particles (common for optical based sensors) or
particles within a composite device or an array (common for
electrochemical based sensors).”® The diverse intrinsic
properties of CNMs give rise to range of sensing mechanisms.
The most common of which are, (1) electrical, where binding
of the analyte changes the dielectric environment; (2)
electrochemical, due to a redox process at the CNT surface and
optical mechanism such as fluorescence quenching, where there
is a loss of emission due to the interaction between the CNM
and the analyte.

The sensing of small molecules including drugs, metal ions,
gaseous analytes and biomolecules is vitally important to the
areas of health, the environment, food and safety and beyond.
The sensing of metal ions such as Fe?*, Zn?*, Ca**, Na*, K* and
Mg?*, is very important in the area of health. Other important
analytes for health include glucose, neurotransmitters such as
dopamine, gene sequences for disease diagnosis, and illegal
drug molecules. Sensors are also required for environmental
monitoring of metal ion pollutants and toxins where the
detection of these pollutants at trace amounts, especially
mercury, is critically important.”"® In this review,
developments in the use of CNM based sensors for the
detection of a range of analytes will be explored. A
comprehensive review of all CNM sensors is beyond the scope
of this review and accordingly, we have highlighted the key
milestones and the current state of the art together with
examples from the recent literature with particular emphasis
placed on research activity in the last two years.

This journal is © The Royal Society of Chemistry 2014
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Fullerene Sensors

Functionalised fullerenes and modified electrodes containing
fullerenes have been used to detect a wide range of molecules
including fluoride ion,” glucose®*®2, hydrogen peroxide®®, and
various organic vapours.2*#® For a comprehensive treatment of
the functionalisation of fullerene, and its potential biosensing
applications, readers are directed to the review prepared by
Afreen et. al.® One example of a fullerene-based optical sensor
for the selective detection of F~ ions was recently reported by
Xu et. al.”® The sensor comprises an open-cage fullerene with
an enamine moiety at the opening (1), see Figure 2. The
presence of F ion results in a redshift of the fullerene
absorption peak from 717 nm to 823 nm. The quantification of
fluoride ions in solution can be determined by measuring the
ratio of Agz3 nm/A717 nm. Using a 10°° M solution of (1) the F~ a
detection limit of was found to be at the micromolar level.
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Fig. 2 Absorption spectra of 1 (10 uM) in the presence of excess anions (as their
TBA salts) in CHCl;. The corresponding colour changes are shown below.
Reprinted with permission from Ref.”® Copyright (2014) The Royal Society of
Chemistry.

Carbon Nanodiamond Sensors

In common with other CNMs, CNDs require surface
functionalisation in order to increase solubility and promote
selective binding to the target analytes.?” A unique property of
CND:s is the ability to form emissive nitrogen-vacancy (N-V)
defects where the fluorescence depends on the electronic spin
state of the N-V centre.? The temperature sensitivity of these
N-V centre spin states was recently exploited by Neumann et
al. to prepare a fluorescent temperature probe.® N-V containing
CNDs dispersed in polyvinyl alcohol were spin-coated onto a
glass cover modified with a radio frequency controlled
resonator. Fluorescent confocal microscopy was then used to
measure temperature response of individual N-V centres. This
CND-based sensor exhibited accuracy down to 1 mK.
Interestingly, the combination of precision, resolution and

This journal is © The Royal Society of Chemistry 2012
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photostability can also be applied to the measurement of the
heat produced by chemical interactions.

CND temperature probes for use in living cells have been
reported by Lukin and co-workers.®® To demonstrate that this
technique is compatible with living cells, a mixture of CNDs
and gold nanoparticles (AuNPs) were introduced into the cells.
The uptake of gold nanoparticles provided a local heat source in
human embryonic fibroblast cells, which was controlled by
laser irradiation. This probe was capable of detecting
temperature variations of 1.8 mK, see Figure 3a-b. This study
demonstrated the potential use of biocompatible CNDs as
robust temperature sensors that combine sub-micrometre spatial
resolution and sub-degree thermal sensitivity.
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Fig. 3 NDs for thermal sensing. (a) Confocal scan of a single cell under laser
excitation at 532nm, with collection at wavelengths greater than 638nm. The
crossmarks give the position of the AuNPs used for heating, and circles represent
the location of the ND (N-V1 and N-V2) used for thermometry.90 (b) Monitored
temperature dependent fluorescence. (a-b) Reprinted with permission from Ref.
%° Copyright (2013) Macmillan Publishers Limited.

In addition to the emissive properties of CNDs N-V centres,
their spin relaxation properties offer a unique sensing capacity
compared to other CNMs. An elegant example of this mode of
sensing was described in 2013 by Ermakova et al. when they
reported a magnetic field sensor for ferritin.®* Non-covalent
binding of the ferritin (5 nm) to 20 nm CNDs was achieved
through electrostatic interaction between the CNDs surface
COO™ groups and the amino groups on the protein. The spin
states of single N-V centres are sensitive to the presence of the
Fe3* atom in the ferritin core (S = 5/2) whose presence leads to
a shortening of spin coherence time, T,, and relaxation time, T,
by an order of magnitude compared to nonfunctionalised
CNDs, see Figure 4. In addition, the modulation of N-V centre
emission (630-750 nm) has been used for the detection of weak
magnetic field by Maze et al..”

J. Name., 2015, 00, 1-3 | 3
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In a related study the presence of gadolinium spin labelled
lipids could be detected in an artificial cell membrane by
monitoring the spin relaxation of individual CNDs.* In this
approach, the magnetic detection of gadolinium spin labels is
possible due to the change in the relaxation time T, of the CND
N-V centres, see Figure 5. These results demonstrate that even
a few molecules have a strong and quantifiable impact on the
spin properties of a single N-V centre and demonstrate the

Number of NDs

Relaxation Time T, (us)

free NDs average T, =41.8 us
NDs/ferritin avererage T, = 5.7 us
----- Theory

Fig. 4 HRTEM images of (a) ferritin molecules with an iron core. (b) ND bound
ferritin. (c) Electron spin-lattice relaxation time T; of N-V in NDs as received (left)
and in ferritin coated NDs (left, inset). Statistical distribution of the T, for free
nanodiamonds (blue bars) and for ferritin coated nanodiamonds (red bars).
Reprinted with permission from Ref.”! Copyright (2013) American Chemical
Society.

feasibility of CNDs to act as nanoscale sensors capable of
reporting on nanovolume spins in solution including cell
compartments.

a Single spin sensor: nitrogen-vacancy

; b C Sensing target:
centre in nanodiamond
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Fig. 5 (a) (Single N-V optical centre within the ND. (b) Supported lipid bilayer
(SLB) formed around a ND immobilized on a glass substrate. (c) SLB Gd spin-
labelled lipids are introduced into the SLB and magnetic field fluctuations arising
from Gd spin labels affect the quantum state of the NV spin, measured through
the N-V relaxation time, T;. Reprinted with permission from Ref.” Copyright
(2013) National Academy of Sciences.

Due to their hardness and transparency CNDs are
commonly used in films and coatings. In 2010 Ahmad et al.
reported a microelectromechanical chemical sensor for 2,4-
dinitrotoluene (DNT).** The CNDs based sensor was prepared
by coating a silicon cantilever with partially carboxylated and
hydroxylated detonation CNDs. The CND surface COOH
groups bind to the electron deficient oxygen atoms of the DNT
nitro group. The analyte chemisorption was monitored by

4| J. Name., 2012, 00, 1-3

changes in the cantilever’s resonance frequency, which

exhibited a sensitivity of 0.77 pbb/Hz.

Carbon Dots Sensors

Fluorescent Cdots have emerged as highly promising sensor
materials and a number of reviews have been written describing
the sensing applications. In light of this the next section focuses
on more recent developments.3%49:95.9

Carbon dots for cation and anion sensing

Fluorescent Cdots have come to the fore in recent years as
fluorescent probes for the detection of many cations, including
ng+’ 29,33,97-100 Fe3+’28,31,34,101—103,104 CU2+, 35,36,103 Zn2+, 105 A|3+,
108 pg* 107108 K+ 37 Be?* 109 a5 well as number of anions,
including oxalate,® iodide,™ hypochlorous acid (HCIO),**?
nitrite®® and superoxide.®® The sensing of Fe®*, Cu®* Be?*, Hg*
and HCIO has been achieved using as synthesised carbon dots
possessing oxidised surface groups. In the case of Fe®*, it has
been postulated that Fe®*" coordination to the Cdot surface
phenolic hydroxyl groups results in fluorescence quenching due
to the nonradiative electron-transfer of an excited-state electron
from the Cdot to the d orbital of the Fe*' ion.’* Electron
transfer facilitated Cdot quenching has also been used to detect
Hg?" ions, by Zhou et al.™*® and subsequently by Liu et al.*®
This method of detection has led to very selective and sensitive
sensors for Be?*, Cu®*, Fe*" and Hg?" ions with detection limits
of 23 uM,'® 5 nM,*® 1.7 nM * and 1 fM*® reported
respectively.

The quenched or “turned-off” fluorescence observed in the
presence of one analyte can be restored in the presence of
species with a higher affinity for the Cdot surface groups. This
method has been used to for the selective detection of iodide
ions in solution which were found to displace the surface the
Hg?* ions.!'! Here the re-growth in the fluorescence of the
carbon dots was used to monitor the presence of iodide. A very
attractive feature of Cdots is their biocompatibility which can
be exploited to develop of in-vivo biosensors. The cell presents
a particularly competitive environment in which to sense
biologically important ions. Therefore, the Cdot surface must
be modified with suitable receptor molecules. An elegant
example of this was reported by Zhang et al. who prepared a
nanosensor comprising Cdots functionalised with a zinc
responsive quinoline derivative, see Figure 6a.1%

The binding of Zn?" ions by the nanosensor results in a shift
in the fluorescence from weak blue (450 nm) to a strong green
colour (510 nm), which is observable by the naked eye.
Importantly, the limit of detection of 6.4 nM for the nanosensor
was found to be significantly lower than the detection limit of
270 nM reported for the free quinoline molecule. This
improvement was attributed to the large amount of recognition
units around each carbon dot. Selectivity was tested against a
wide range of both metal ions and amino acids, with little to no
interference. In addition, the presence of the amine-rich capping
ligand at the Cdot surface was found to convey high cell
membrane permeability which allowed in-vivo imaging of Zn?*
in HelLa cells, see Figure 6b.

This journal is © The Royal Society of Chemistry 2014
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Fig. 6 (a) Schematlc showmg the coupling of the quinoline modified Cdot sensor

for detection of Zn*" ions. Overlay of bright-field and fluorescence images images
of Hela cells incubated with 250 mg mL ~* of the nanosensor before (b) and after
(c) the exogenous Zn source treatment (addition of 50 mM ZnCl,). Reprinted with
permission from Ref'® Copyright (2014) The Royal Society of Chemistry.

In a further development of Cdot sensors, Wei et al.
recently used Cdot fluorescence to report on the selective
detection of K* ions by graphene modified with an 18-crown-6-
ether.®” Cdots modified with an alkyl ammonium molecule
were found to bind to the crown ether through known cation—
ligand interactions. These interactions bring the Cdots in close
proximity with the graphene surface where the Cdot emission is
quenched by a fluorescence resonance energy transfer (FRET)
process. Introduction of potassium ions causes the Cdot to be
displaced from the crown ether-modified receptor and results in
the detection of Cdot fluorescence, see Figure 7.3 This process
was shown to be selective towards K*, with the ratio of K* to
Na* on the surface being nearly 35-fold. It was also shown that
the K* ion had no affinity to the bare graphene. This method
has been used to detect potassium ions in concentrations as low
as 10 pM.

A/nm A/nm

Crown cther-graphene

Fig. 7 Schematic illustration of the FRET model based on Cdots-graphene and the
mechanism of K+ determination. Reprinted with permission from Ref.”’
Copyright (2012) The Royal Society of Chemistry.
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number of diseases such as cancer and diabetes. and recently a
Cdot based ratiometric sensor for O,*~ was reported.® In this
system the Cdot fluorescence at 525 nm remains unchanged in
the presence of O," and is used as the reference signal.
However, the reaction of the surface immobilised hydroethidine
group with O," results in emission at 610 nm, which increases
with increasing superoxide, see Figure 8. The specificity of the
reaction allows selective sensing of O, in preference to other
reactive oxygen species such as including *OH, H,0,, 'O,
ONOO™ as well as metal ions. Furthermore, the system
demonstrated long-term stability against pH changes and
continuous light illumination. The dual emission behaviour was
also detected by particles uptaken by HelLa cells for which good
cell-permeability and low cytotoxicity were observed. The in-
vivo monitoring of O,*” was confirmed by initiating superoxide
formation in cells that pre-treated with an O,*~ scavenger.
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Fig. 8 Schematic representation of the working principle of a ratiometric
fluorescent CD-HE biosensor for O, (Reprinted with permission from Ref.*°
Copyright (2014) The Royal Society of Chemistry.

One very important ion implicated in cellular function is the
superoxide anion O,"". Superoxide is the primary reactive
oxygen species (ROS) and its presence O, is implicated in a

This journal is © The Royal Society of Chemistry 2012

In addition to Cdot fluorescence-based metal ion sensors, it
is also possible to exploit the catalytic and redox properties of
Cdots for the detection of metal ions. Shen et al. describe a
process in which silver nanoparticles of ~ 3.1 + 1.5 nm are
formed by the reduction of Ag* ions by phenol hydroxyl groups
at the Cdot surface, see Figure 9.2 The nanoparticles result in

50 °C water bath

A +
g‘}phenol

e

Ag-NPs/C-dots
composites

C-dots

Fig. 9 Scheme showing the formation of AgNPs using carbon dots as the reducing
agent. Reprinted with permission from Ref.’%® Copyright (2013) American
Chemical Society.
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Table 1: Table summarising the detection of cations by CD systems. (LR= linear range, LOD = limit of detection)
Target
Carbon Dot Sensor Type Detection Type Cation LR LOD Ref.
Cdots (refluxing poly(ethylene glycol)) Fluorescence Quenching Hg* 1x10°-10 nM 1fMm %
Cdots (hydrothermal treatment of honey) Fluorescence Quenching Fe* 0.005- 100 pM 1.7 nM *
Cdots (microwave treatment of ionic liquids) Fluorescence Quenching cu® n.a. 5nM 10
Cdots (hydrothermal treatment of uric acid and citric acid) Fluorescence Quenching Be™ 23.3-100 uM 23.3uM 10
Cdots (hydrothermal treatment of chitosan) Resonance Light Scattering Ag" 0.5-6uM 0.13 uMm 108
Crown ether-modified graphene/Cdots prepared from candle soot Fluorescence K 0.05-10 mM 10 uM ¥
Quinoline derivative functionalised Cots prepared by pyrolysis of .
. o Fluorescence Shift 2 105
citric acid and polyethyleneimine Zn 0.1-20uM 6.4 nM
Querc.etin modifi.ed (;dots by hydrothermal treatment of citric acid Fluorescence Shift N .
and diethylenetriamine Al 1- 60 uM 558 nM
resonant light scattering (RLS) at 340 nm. A linear relationship of ways, including fluorescence  quenching,?1341%®
was found between the changes in the RLS and the Ag" fluorescence  ‘turn-off turn-on’  methods, 2% 125127-129.131
concentration, leading to a limit of detection of 0.13 uM for the  modified electrodes!®*!* and target recognition.!?

Ag’. A summary of Cdot cation sensors are given in Table 1.

Carbon dots for small molecule and drug sensing

Cdot systems have been used to detect a range of drugs and
small molecules including: tetracyclines,’™* melamine,'®
hydrogen peroxide,'***® 2 4-dinitrophenol,**"**® picric acid,'*®
amoxicillin™® and pentachlorophenol.*® An elegant example of
this was reported by Yang et al. who demonstrated the selective
and sensitive detection of tetracyclines, which are a family of
antibiotics.*** The carbon dots formed in this detection system
come from a one-pot synthesis that utilizes an automatic
reaction between L-cysteine, P,Os and water to prepare cyan
emitting Cdots. The limit of detection for the different
tetracyclines varied from 4.2 — 7.5 nM, with the linear range
typically going from 0.02 — 8 pM. The carbon dots also showed
very good recovery % when te tracycline was both spiked in
human urine (96 — 110%) and when it was used to
quantitatively measure the amount of tetracycline in a
pharmaceutically supplied tablet (98.8 — 102.4 %).

In a more sophisticated system Qian et al. described the use
of Si-doped Cdots as multi-functional sensors for both H,O,
and melamine detection wusing a ‘turn-off turn-on’
mechanism.'*®* The Si-doped Cdots, synthesised via a
hydrothermal method using SiCl, as the Si-source and
hydroquinone as the carbon source, are shown to be effectively
quenched upon the addition of H,0, the system. The quenching
of the fluorescence is found to be linear with increased H,0,
(25 and 200 pM) with a detection limit of 2.1 pM. The
subsequent addition of melamine results in a reaction with
H,O, and restores the fluorescence of the Si-doped carbon dots.

Carbon dots for biomolecule sensing

Integrated systems containing cdots have been used in recent
times to detect a wide range of biomolecules, including;
cholines,*?* gluthathione,*?* hydrogen sulfide,*® L-cysteine,'**
ovalbumin,*?®®, DNA,*'?" ascorbic acid,*?®**° cholesterol,**°
histone,®! dopamine,’®> human carcinoembryonic antigen
(CEA)'* and glucose.®***® These have been detected a variety

6 | J. Name., 2012, 00, 1-3

In particular, Shen and Xia presented a simple and effective
system which utilizes boronic acid functionalised carbon dots
for the detection of glucose in the blood. The boronic acid
functionalised particles were synthesised in a one-step
“synthesis-modification integration strategy” using a phenyl
boronic acid molecule as the sole precursor.®®* Thus the
nanoparticles prepared possess a high volume of boronic acid
groups at the Cdot surface, which act as glucose receptor sites.
In the presence of glucose cross-linking of carbon dots occurs
due to binding to receptor sites on different particles, which
causes quenching of the Cdot emission, see Figure 10. This
method has proved to be very sensitive, with a limit of
detection of 1.5 pM and selectivity against a range of
interfering carbohydrates including sucrose, fructose, lactose,
maltose and a range of amino acids and other biomolecules.
However, as the linear range of the sensor (9 to 900 pM) is
somewhat lower than in-vivo blood glucose levels, sample
dilution is necessary for assaying to avoid any interference
from the blood/serum matrix.

= _OH Wy Wy,
) o 160°C  %o-8 4ot
A |\ /& —_—
n ©-g %9,
w B, A
HO [+}}
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o - ¢~

@ : fluorescent C-dot < :-B

@ : quenched C-dot 9 :glucose

Fig. 10 Schematic showing the (A) formation of the boronic acid functionalised
carbon dots and (B) working principle for the sensing of glucose. Reprinted with
permission from Ref.** Copyright (2014) American Chemical Society.

This journal is © The Royal Society of Chemistry 2014
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One example of the use of an ‘off-on’ sensor was
demonstrated by Tripathi et al.”®*® who recycled soot, an
environmental pollutant, from a diesel engine to form water
soluble fluorescent Cdots possessing surface COOH groups.
The Cdot surface was then modified with positively charged
methylene blue (MB) molecules through electrostatic binding,
which act to quench the Cdot emission. This emission was
found to be restored in the presence of cholesterol molecules
which bind to the MB molecules with a stronger affinity than
the Cdots.

A further example of the application of Cdots for cellular
sensing was reported by the Wu group who, building from the
work of Chang, developed a FRET ratiometric sensor Cdot for
H,S detection in aqueous media and live cells. The sensor
employed Cdots modified with a azo-naphthalimide probe that
is reduced to an amino-naphthalimide in the presence of H,S. In
the absence of H,S the blue emission of the Cdot is detected.
However, the formation of the amino-naphthalimide generates a
suitable energy acceptor of the Cdot emission, which yields
green FRET emission at 526 nm see Figure 11. The
biocompatibility and small particle size (5nm) of the Cdots
facilitated cellular uptake with no observed toxicity.
Significantly, the appearance of the green emission was used to
image the presence of H,S in HeLa (human cervical cancer)
and L929 (murine aneuphloid fibrosarcoma) cells.**
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Fig. 11 (a) Schematic illustration for the structure of the carbon-dot-based sensor
and its ratiometric detection of H,S. (b) Fluorescence spectra of the CD-based
sensor (concentration:0.45 mg mL'l) in the presence of different amounts of H,S;
(c) fluorescence intensity ratio of the CD-based sensor as a function of H,S
concentration in HEPES buffered (pH 7.4) water—ethanol (3 : 1, v/v) (Aexc = 340
nm). (d) Fluorescence imaging of Hela and L929 cells incubated with the sensor
before (1) and after (2, 30 mM; 3, 100 mM) treatment with H,S. Reprinted with
permission from Ref.’*® Copyright (2013) Royal Society of Chemistry.

This journal is © The Royal Society of Chemistry 2012

Chemical Society Reviews

Carbon Nanotube Sensors

Since their discovery CNTSs have attracted tremendous interest
from the scientific community due to their unique physical and
chemical properties. The optical and electronic properties taken
together with the structural properties make SWNTs and ideal
material for generating nanostructures suitable for an array of
sensing applications.#450-52 |n this section we aim to highlight
some of the key milestones to date and survey recent advances
in the use of CNTSs for sensing.

Carbon nanotube sensing of gaseous analytes

The detection of gaseous analytes, such as NH3, NO,, H,, SO,,
CO and H,S, by CNTs based sensors has been the subject of
numerous studies which have been previously reviewed.*! In
particular, a number of these systems are based on electronic
sensors, the development of which is described in the review by
Jariwala et al.'* One example of a powerful CNT sensing
device is based on DNA-decorated CNTs, which allow
detection of vapour analytes with similar chemical structure.**
In this study, nanotube field effect transistors (FETs) were
incubated with a 16 different DNA sequences. The resultant
devices were screened against a family of structural isomers
including enantiomers of limonene. The data from 600 devices
revealed the ability of these sensors to discriminate molecules
that differed in a single methyl group. In a subsequent study
DNA-CNT sensors were reported to exhibit sequence specific
binding affinity for analytes, including dimethylsulfone and
isovaleric acid, at concentrations ranging from 48 to 360 ppb.*#
The sensitivity of the sensor was demonstrated in the ability of
a particular sequence to discriminate between the three isomers
of pinene, see Figure 12 (a-b). This discrimination coupled with
response within seconds to ppb concentrations marked a
significant development on previous sensors.
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Seq1l 5'GAG TCT GTG GAG GAG GTAGTC 3'
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né’ g
2 /
S ‘
g 2\
£ /
5
o / — Seq 1
3 — Seq3
0 400 800 1200 a(+) pinene  af-) pinene  B(-) pinene
Time (s)

SWNT,

DAP-dex PL bleaching

Fig. 12 NT detection of gaseous analytes. (a) Sequence dependent sensor
responses to the introduction of pinene at 130 ppm concentration. (b)
Sequences used in the study and the chemical structures of the pinene isomers.
(c) Schematic illustration for NO detection using SWNT/polymer hybrid. (a-b)
Reprinted with permission from Ref.'*® Copyright (2013) American Chemical
Society. (c) Reprinted with permission from Ref.’** Copyright (2009) Macmillan
Publishers Limited.
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In addition to electrochemical and electronic detection,
optical sensors have also been developed for the detection of
gaseous analytes. The optical detection of dissolved NO in
solution by SWCNTs wrapped with 3,4-diaminophenyl-
functionalised dextran was reported by the Strano group in
2009."° In this sensor the amino groups on the polymer coating
act as a source of lone pair electrons which n-dope the semi-
conducting SWNT. The resulting electron-rich nanotube is able
to participate in direct charge transfer to NO, which results in
NIR fluorescence quenching. This sensor was found to be
selective for NO in the presence of other reactive nitrogen
containing species, see Figure 12c.

In a related approach, the recognition properties of peptides
have also exploited for the selective detection of analytes. In
2011 Heller et al. reported the use of a sensor comprising
SWCNTs functionalised with peptides from the bombolitin
family.™® This chaperone sensor allowed the indirect detection
of the analyte due to the near-infrared fluorescence quenching
that arises due to changes in the polypeptide secondary
structure upon binding. The peptides were found to be selective
for a number of nitroaromatics including explosives.

Carbon nanotube sensing of biomolecules

The properties of CNTs have been exploited to develop a
diverse range of biosensors. In these biosensors, CNTs can be
modified with a biological sensing element, such as nucleic
acids and peptides, and can also be modified with suitable
groups capable of recognising biomolecules (e.g. proteins such
as antibodies and enzymes), or monitoring bioprocesses. The
biosensor design will also depend on whether the analysis is to
be performed in vivo or in vitro. These factors have been
explored in number of excellent reviews which have charted the
progress of CNT biosensors, 4 142 142, 143

An early example of a CNT-based electrochemical sensor
for the detection of dopamine was reported by Britto and co-
workers in 1996.1** In this study the CNT electrode showed
significant enhancement of detection over other carbon based
electrodes. This was attributed to the increased surface area and
the presence of pores due to the packing of the CNTs. Notably
the authors also implicated the role of oxygen containing
groups at the nanotube surface, which were formed during
oxidation.  Another significant development was the
immobilization of glucose oxidase (GOXx) onto the sidewalls of
the SWCNTSs for the detection of glucose, first reported by
Besteman et al..’*® The GOx-coated semiconducting SWNTs
were found to act as reversible pH sensors and showed an
increase in conductance upon adding glucose, suggesting the
use as a sensor for enzymatic activity. Since then increasingly
sophisticated electrochemical sensors have been reported.
These sensors have been employed to detect toxins as well as
drug molecules.

Toxic polyaromatic  hydrocarbons (PAHs), which
accumulate in the body, are an important class of analytes.
Typically, the analysis of PAHs samples requires time-
consuming, and expensive, pre-treatment. To overcome this, a
CNT sensor based on the supramolecular recognition of 9-
anthracenecarboxylic (9-ACA) was recently developed, see
Figure 13. A pB-cyclodextrin molecule was used as the
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recognition group, four of which were attached to 3,4,9,10-
perylenetetracarboxylic acid. The perylene core allowed non-
covalent assembly of the cyclodextrins at the SWNT surface
through m-m interactions. Differential pulse voltammetry (DPV)
measurements exhibited responses to 9-anthracenecarboxylic
acid down to a detection limit of 0.65 nM.4°

SWNTs

e

Current

“ O

9-ACA ®

Potential

Fig. 13 SWNT-cyclodextrin based sensor for the detection of PAH toxins.**®
Schematic representation of the binding of 9-ACA to (a) bare and (b) modified
SWNTs and (c) the improved electrochemical detection. (Copyright (2012) Royal
Society of Chemistry.

An example of a CNT biosensor based on an

electrochemical displacement assay was reported by Gu et al.
for the detection of astralagoside 1V, a component of the
traditional Chinese herbal medicine Radix Astragali.'*’ Here,
MWCNTSs were covalently decorated with boronic acid units
capable of binding the astralagoside IV analyte and also the diol
containing dye, Alizarin Red S (ARS), see Figure 14a.
The boronic acid groups are initially bound to the ARS dye
molecule whose electroactivity results in a strong current
compared with interferents present in Radix Astragali, such as
glucose and sucrose. The change in the optical absorption of the
ARS is used to report on the binding at the surface. However, in
the presence of astralagoside the ARS dye is displaced, which
results in a decrease in current.

SWCNT modified glassy electrodes were recently found to
display high activity for the oxidation of Valacyclovir, which is
the most common drug used for the treatment of the herpes
zoster and cold sores.®® In addition, the electroactivity of
MWCNTs has also been exploited to prepare disposable
sensors for the selective detection of cocaine in real life
samples.’*® Linear regression treatments of readouts were used
to resolve the overlapping oxidation peak for cocaine in the
presence of codeine, paracetamol or caffeine. The detection of
cotinine, a marker for exposure to tobacco, was also achieved
through SWCNTs based sensor functionalised with a
molecularly imprinted polymer (MIP).*® CNTs were dispersed
in a methanolic solution of PVP, poly-4-vinylphenol, and
cotinine, which formed the MIP sheath. The template molecule

This journal is © The Royal Society of Chemistry 2014
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SC/SWNT

FL quenching FL modulation

Fig. 14 Schematic representation of boronic acid modified CNT biosensors (a)
CNT biosensor electrochemical displacement assay,147 and (b) boronic acid
modified SWCNTs for glucose detection by ‘turn-on’ fluorescence methods. (a)
Reprinted with permission from Ref.™’ Copyright (2012) Royal Society of
Chemistry. (b) Reprinted with permission from Ref.’*? Copyright (2012)
American Chemical Society.

was subsequently removed and the sensor tested.
Chromotographic analysis revealed the SWNT-MIP to have
200 % greater affinity for cotinine than the control SWNT-PVP
sensor. The presence of cotinine generates a 900% increase in
resistance compared to the non-imprinted electrode and was
found to exhibit sensitivity down to 0.05 ppm.

CNT optical biosensors offer a powerful method of
detection due to a number of factors. Chief amongst these is the
tissue penetration afforded by the NIR window emission of
semiconducting SWNTs (900-1300 nm). This is further
advantaged by the fact that fluorescence measurements in this
window are accompanied by less background autofluorescent
signal in biological media and the fact that the separation of
chiral nanotubes offers the potential to tune emission over a
range of wavelengths. Furthermore, this emission is much more
stable than quantum dots and dyes and is sensitive to changes in
the local dielectric environment which can be used to report on
molecular change.

Two examples of this approach have been used to develop a
SWCNT-based glucose sensor. In an early example, a stable
dispersion of (9,5) SWNTs bound to glucose oxidase was
employed. In this system small molecules, such as Fe(CN)g*,
can permeate the surface coating and bind non-covalently to the
surface. This binding results in emission quenching. However,
the H,O,, generated from the reaction of glucose with the
enzyme, partially reduces the surface bound Fe(CN)¢> resulting
in an increase in the emission.'® This growth in emission then
serves as a sensitive reporter of the H,O, concentration. In a
subsequent study, the Strano group employed sodium cholate
stabilized (6,5) and (7,5) semiconductor SWCNTS modified

This journal is © The Royal Society of Chemistry 2012
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with boronic acid derivatives, for glucose detection. Thirty
different boronic acid species were anchored to the surface of
SWCNTSs through n-n interactions, which result in fluorescence
quenching. Glucose binding to the boronic acid centre disrupts
the =m-m interactions and restores the emission, see Figure
14b.152 Importantly, the boronic acid based sensors were found
to display glucose detection in a physiologically important
range of 5 to 30 mM.

The fluorescence response of DNA modified SWCNTSs has
also been used for simultaneous detection, in vitro, of four
gentoxic analytes, including chemotherapeutic alkylating drugs,
reactive oxygen species as well single molecule detection of
H,0,.1%® The formation of a DNA coating at the surface results
in strong SWNT luminescence which is diminished upon DNA
damage. The modulation of nanotube emission could then be
correlated to the concentration of the DNA damaging agent
using principal component analysis.

Zhan et al. prepared a simple sensor using a fluorescently-
label aptamer for the detection of cellular prion protein
(PrP©).1%* In this sensor the non-covalent modification of
MWCNTs with the aptamer results in quenching of the
fluorescence, which is then restored in the presence of PrPC, see
Figure 15. The sensor demonstrated good sensitivity capable of
detection of at least 4.1 nM PrPC. Furthermore, the sensor was
found to exhibits excellent specificity for PrPC in the presence
of other proteins and amino acids.

No target
———

Target

Aptamer

TAMRA Cellular prion protein (PrP()

TAMRA-labeled aptamer: 5'-TAMRA-CTTACGGTGGGGCAATT-3'

Fig. 15 Schematic demonstration of the mechanism of PrP¢ detection based on
the on—off noncovalent interaction of dye-labelled aptamers with MWCNTs. nIR
fluorescence change from the SWNT occurs when the distance between the Ni
2b quencher and SWNT is altered upon analyte protein binding. Reprinted with
permission from Ref. ' Copyright (2012) American Chemical Society.

Anh et al., reported a label free approach capable of single
protein-protein interaction detection wusing a SWCNT
fluorescent sensor.’®® In this elegant approach, SWCNTs are
embedded with a chitosan matrix bearing the chelator No,Na-
bis(carboxymethyl)-L-lysine, with this matrix SWCNTs can
bind to hexahistidine-tagged capture proteins directly expressed
by cell-free synthesis through Ni%*. The intermolecular distance
between Ni?* ion and SWCNTS acts as a proximity quencher of
the SWCNTs fluorescence upon docking of the analyte
proteins. This label free based sensor exhibited a detection limit
of 10 pM for an observation time of 600 s. A similar approach
was followed for the detection of insulin by SWCNTSs
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functionalised with insulin-binding aptamer as molecular
recognition element.

A similar aptamer based approach has been reported by
Wang et al. for the simultaneous, multicolour detection of Hg",
Ag' and Pb* ions in solution.® Three different aptamers,
capable of selective recognition of each ion, were labelled with
fluorescein amidite, 6-carboxy-X-rhodamine and Cy5, for Hg",
Ag" and Pb* respectively. The fluorescently labelled aptamers
were then adsorbed at the surface of MWCNTSs through =-m
interactions, where their emission was quenched. The presence
of the target cations was signalled by the appearance of restored
dye fluorescence. This method exhibited a detection limit of 15
nM for Hg", 18 for nM Ag" and 20 nM for Pb*. A similar
detection limit for Hg* was achieved using a related system.'®®
In addition, this method has been used for the detection of
anions such as arsenite at the femtogram level in the lysosome
of live cells.®® A number of CNT biosensors for the detection
of nucleic acids have also been reported. 160161:162.163.164.165
These sensors have been typically based on changes in the
system’s luminescence due to conformational changes in the
DNA structure or recognition of complementary sequences.

Carbon Nanohorns as Sensors

CNHs offer an attractive alternative to CNTs based sensors.™
In particular the conical shape of carbon nanotubes confers
different electronic properties to the material. Though CNHSs
are not inherently luminescent the presence of a large number
of reactive sp® carbon edge sites allows labelling with various
moieties. In addition, the opening of the cone-shaped tip
provides further sites for covalent functionalisation.®

Carbon nanohorn electrochemical sensing

The metal free property of CNHs is a significant advantage
over CNTs, for the preparation of electrochemical sensors
where interference from residual metal impurities must be
avoided. One of the earliest CNH sensors was an amperometric
biosensor for glucose, reported by Liu et al. in 2008.'%7 This
sensor was constructed by immobilizing glucose oxidase into a
Nafion-CNH  composite  film and using  ferrocene
monocarboxylic acid as a redox mediator. The glucose
biosensor showed a linear response from 0 to 6.0 mM with a
high sensitivity (1.06 pA/mM). It also exhibited good stability
with constant readings obtained over a two week period.
Recently a bifunctional electrochemical CNH sensor
capable of detecting hydrogen peroxide and hydrazine was also
reported. This sensor employed CNHs non-covalently modified
with a cobalt (I1) schiff-base derived from salicylaldehyde
(salen).’®® In this study the influence of the different sensor
components were systematically analysed. Importantly, the
presence of CNHSs reduced the onset potential for oxidation of
hydrazine by 200 mV compared to that for the standard glassy
carbon electrode (GCE). This electroactivity was further
enhanced by the presence of the Co(ll) complex at the CNH
surface (-400 mV). In addition, the electrocatalytic current was
also found to increase and this was attributed to the complex
acting as a good electron transfer mediator to shuttle electrons
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between the analytes and the electrode, see Figure 16. A good
linear response in the range 1 to 96 uM was observed. The
sensor exhibited a very fast response time (defined as 99% of
the steady current) of within 5 s. This fast response was
attributed to a combination of the ability of the hydrazine
molecules to rapidly diffuse inside the SWNH pores and the
excellent electrooxidation activity of the Co complex towards
hydrazine. Additionally, the composite electrode exhibited
electroactivity for hydrogen peroxide and resulted in a more
positive reduction potential for with large enhanced peak
current. Taken together these results demonstrate the versatility
of CNH based electrochemical sensors.
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Fig. 16 (a) Schematic illustration of the structure of Co-salen/SWNHs nanosensor.
(b) Amperometric responses of Co-salen/SWNHs/GCE with successive addition of
hydrazine into PBS at +0.05 V, (inset the corresponding calibration plots) (c).
Response time for detecting hydrazine. Reprinted with permission from Ref.*®®
Copyright (2012) Royal Society of Chemistry.

Similarly, the electrocatalytic activity of CNHs towards the
oxidation of dihydroxybenzenes has been used to detect food
contaminants such as bisphenol A,**°1® malachite green and
triclosan.’® CNH modified GCEs have also been used for the
simultaneous detection of the dihydroxybenzene isomers,
hydroquinone, catechol and resorcinol, with a detection limit of
0.1 uM, 0.2 uM and 0.5 pM respectively.!™ In a further
development, Zhang et al. Recently reported the preparation of
a biosensor based on xanthine oxidase immobilised on the
surface of a CNH/gold nanoparticle (AuNP) hybrid, which was
deposited on a platinum electrode. This sensor exploited the
high surface area of nanoporous structure of the CNHs with the
electrocatalytic activity of gold nanoparticles. The CNH-AuNP
sensor was found to exhibit good electrocatalytic activity for
enzymatic products produced by oxidation reaction of xanthine
and hipoxanthine with detection limits lower than 1 mM for
xanhine and hipoxanthine.

The functionalisation of CNHs with receptor molecules
offers the potential for increased selectivity of CNH
electrochemical sensors. One example of this was reported by
Dai et al. who used B-Cyclodextrin (3-CD) to prepare a CNH/B-
CD electrochemiluminescent sensor for the detection of the

This journal is © The Royal Society of Chemistry 2014
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flavanone glycoside, naringin, see Figure 17.)®> CNH hybrids
were assembled at the surface of a GCE where the luminal
emission was found to increase two-fold at the GCE/CNHSs
surface compared to a bare GCE surface. The subsequent
recognition of naringin by the immobilised B-CD resulted in a
further increase in the electrochemiluminescence of luminal
due to the presence of hydroxyl groups. The sensor allowed
nanomolar detection of naringin with a detection limit of 0.8
nM.
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Fig. 17 Schematic representation of the fabrication and sensing principle of CNHs
based ECL biosensor for naringin. Adapted with permission from Ref. 173
Copyright (2012) Royal Society of Chemistry.

A CNH electrochemical sensor employing a sandwich
nanohybrid structure was reported by Tu et al. who modified an
electrode surface with a CNHs-TiO,-porphyrin nanohybrid.
This low-cost amperometric sensor was applied to detect the
presence of the antibiotic chloramphenicol (CAP).'™ The
assembly of the hybrid was achieved through electrostatic
binding of TiO, nanoparticles to COO™ groups, present on the
porphyrin molecule and at the CNH surface. In this sensor the
excellent electronic conductivity of the CNHs was exploited to
enhance the transport of electrons produced by the porphyrin
catalysed reduction of CAP. This transfer was further enhanced
by the presence of bridging TiO, nanoparticles. The presence of
CNHs was found to accelerate the electronic reduction of CAP
over a wider concentration range then achieved by CNT based
sensors.'”

A number of CNH based immunosensors have also been
developed. One of the earliest reported immunosensors was for
the detection of microcystin-LR (MC-LR),*® which is a highly
toxic species released by cyanobacterial bloom. In common
with many other CNH sensors the high surface area of CNHs
was used to immobilise the recognition components. The
immunosensor was prepared by depositing carboxylated CNHs
at a GCE surface where they were subsequently bioconjugated
to MC-LR. This electrode platform then participated in a
competition with free MC-LR for binding to horseradish per-
oxidase-labelled MC-LR antibody (HRP-labelled MC-LR), see
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Figure 18. The conditions of the competition assay were
optimised to allow correlation of CNH/HRP-labelled MC-LR to
the concentration of solution MC-LR. This concentration was
correlated to the current detected from the enzymatic reaction
of o-phenylenediamine in the presence of H,0,. Significantly,
the current detected for the CNH based sensor was found to be
twice as large as the CNT equivalent. The immunosensor
displayed a wide linear response for MC-LR with a detection
limit of 0.3 pg/L, which is less than the limit of 1 pg/L
recommended by the World Health Organisation (WHO) for
the level of MC-LR in drinking water. Furthermore, the sensor
could be regenerated by washing and repeat incubation. This
approach was also recently applied to determine the
concentration of fibrinogen in human plasma and urine.*’”
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Fig. 18 Schematic representation of the fabrication and sensing principle of CNHs
Reprinted with permission from Ref.'7® Copyright (2010) American Chemical
Society.

In a further development, the electrocatalytic activity of
CNHs was combined with an enzymatic biocatalylic
precipitation (EBC) process to prepare a highly sensitive
impedimetric immunosensor for a-fetoprotein (AFP).1”® This
elaborate sensor was prepared from a number of components
and the design was based on the use of two enzymes
(bienzyme), namely horseradish per-oxidase (HRP) and glucose
oxidase (GOx). The assembly of the sensor involved amide
coupling of a secondary antibody to COOH groups at the
surface of oxidized CNHSs, see Figure 19. These CNHs were
subsequently modified with the two enzymes. A primary
antibody was also immobilized at the surface of a gold
nanoparticle/graphene modified electrode. The recognition of
the analyte results in the assembly of a sandwich configuration.
The subsequent EBC oxidation of 4-chloro-1-naphtol (4-CN)
by hydrogen peroxide in the presence of HRP results in the
formation of an insoluble product on the electrode surface
which results in an additional enhancement of the signal. This
selective sensor exhibited a detection limit of 0.33 pg/mL for
AFP.

A similar methodology was used for the construction of a
multiplexed sensor incorporating AUuNPs, streptadivin and
CNHs for the detection of AFP and carcinoembryonic
antigen.!”® The strategy followed here was based on the in situ
growth of AuNPs on the carboxylated CNHs, followed by
functionalisation with streptavidin, which allows the disposable
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Fig. 19 Schematic diagrams for the preparation of CNHs—bienzyme—-Ab2
bioconjugates Reprinted with permission from Ref.7® Copyright (2014) Elsevier.

sandwich-type immunosensor to recognise biotinylated
antibodies, this sensor presented a detection limit of 0.024
pg/mL and 0.032 pg/mL for AFP and carcinoembryonic antigen
respectively.

Photoelectrochemical (PEC) sensing is a new analytical
technique which uses light to induce electron transfer among
the photoelectrochemical species and the electrode. Recently
Dai et al., reported a TiO,-CNH hybrid sensor. In this device
anatase TiO, mesocrystals (QOAMs) were used as the
sensitising component. These ordered TiO, superstructures
exhibit superior photocatalytic activity and possess quasi-
octahedral shape, high porosity and large specific surface area.
CNHs were employed to compete with the back electron
processes in the anatase and thus improve the transport of
photo-generated electrons to the electrode surface. The sensor
was assembled by binding of the TiO, mesocrystals to a thiol
group from CNHs functionalised with L-cysteine.®® This
arrangement was found to yield excellent transport of the
anatase excited electron to the electrode resulting in a
detectable photocurrent. However, this process is interrupted in
the presence of an electron scavenger such as
4-methylimidozal; a food borne contaminant. This phenomena
resulted in sensing the analyte to a detection limit of 30 pM.

Carbon nanohorn optical sensing

In the absence of intrinsic fluorescence, CNH optical based
sensors generally rely on the ability of the CNHs to quench the
fluorescence of an analyte.’® An example of the use of this
approach was used for the detection of DNA by Zhu et al.. Here
a mix-and-detect strategy was demonstrated for fluorescent
detection of a oligonucleotide sequence related to human
immunodeficiency virus (HIV).*®? The detection mechanism of
the sensor was based on the different binding affinity of CNHs
for ss-DNA and ds-DNA. The dye-labelled probe sequence
Puiv has a high affinity for the CNH surface where it binds
through =-7 interactions, resulting in fluorescence quenching.
However, this affinity is removed as the duplex is formed in the
presence of the target sequence, T, (Figure 20). This sensing
platform was found to selectively detect to single-base
mismatches.
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This same approach has also been applied to detect
thrombin.’®® In this sesnor CNHs were non-covalently
functionalised with a fluorescein labelled peptide whose
fluorescence is quenched by the CNHSs. In the presence of the
thrombin protease the dye-labelled peptide is cleaved. The
weaker interactions of the shortened fluorescein labelled
peptide result in the release of the peptide and the recovery of
the fluorescence. This sensor for thrombin exhibited a detection
limit of 100 pM, which is the same detection limit exhibited by
the sensor for thrombin using a fluorescein labelled aptamer.®
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Fig. 20 (a) A schematic (not to scale) illustrating the CNHs-based fluorescent
nucleic acid detection. (b) Representative fluorescence spectra for 50 nM PHIV in
the presence of various concentrations of T; (from bottom to top): 0, 1, 2, 10, 30,
50, 70, 100, 150, 200, 300 nM. Inset: calibration curve for the fluorescence
intensity of Pyy versus T; concentration. Reprinted with permission from Ref.'®?
Copyright (2012) Royal Society of Chemistry.

Graphene Based Sensors

Graphene has come to the attention of the sensing community
in recent years due to its unique properties and a number of
reviews have been published detailing graphene and its sensing
applications. 84 185 188187 |n narticular, the properties of the 2-D
material have been employed in electrochemical based sensors
as they show promise for the preparation of cheap and easy-to-
use sensors.

Graphene anion and cation sensing

Graphene has been utilized for the detection of several ions,
including Ca2+, 188,189 K+, 189,190 Cu2+, 191 ng+’ 192 F 193 404
nitrate.’® The detection of these ions has largely relied on
fluorescence and electrochemical methods. An aptamer
approach similar to that employed by CNT ion sensors was
developed by Xing et al. for the detection of K*. This system
comprised a dye labelled guanine rich DNA aptamer
immobilised on a graphene oxide sheet, which is an excellent
qguencher of emission. In the absence of the target the DNA
fluorescence is quenched. However, the presence of potassium
ions results in a conformational switch in the guanine-rich
DNA from random coil to G-quadruplex. In the quadruplex
form the dye is located away from the graphene surface and
emission is restored.’® The fluorescence signal was further
amplified in the presence of cationic conjugated fluorenylene

phenylene  polymer, PFP  (poly  [(9,9-bis(6’-N,N,N-
trimethylammonium)hexyl)-fluorenylene phenyl dibromide])
which acted in two ways; firstly, in the absence of analyte it
aids the immobilisation of the aptamer at the graphene surface
and secondly, when the analyte is bound it participates in a
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FRET process that results in a shift and strong increase in
emission, see Figure 21. The use of the conjugated polymer in
this way resulted in very low background fluorescence. The
sensor demonstrated a limit of detection of 3.03 uM for K* with
a linear range from 10 to 100 pM, with a high selectivity
towards K.
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Fig. 21 (a) Schematic representation of a GO-based low background signal
platform for the detection of K*. (b) Fluorescence emission spectra of the assay
system in the presence of different concentrations of K'. Reprinted with
permission from Ref.'®? Copyright (2012) Royal Society of Chemistry.

Electrochemical detection of ions by graphene has also been
described, with two main families of graphene containing
sensors being developed. These involve either modification of
graphene with a ligand to increase the ion specificity or
incorporation of the electrode with an ion-specific membrane
(1ISM).*** An example of an electronic sensor for detection of
heavy metal ions was recently reported. The sensing device
monitors the current flowing in a layer of electrochemically
reduced graphene oxide (ERGO) placed between two gold
electrodes. In this study a glucose receptor molecule was linked
(C; alkyl chain) to a pyrene group via imine binds. The pyrene
molecule anchors the receptor to the ERGO surface via n-n
interactions and the glucose hydroxyl groups as well as the
imine groups can bind to Hg?*. The presence of the mercury
ions disrupts the ERGO charge carriers and causes a decrease in
current. The addition of deionised water results in an increase
in current and taking the ratio of these currents reveals a
detection limit of 0.1 nM, which is significantly lower than
previously reported detection limits and far below the
maximum concentrations of Hg?" allowed in drinking water by
the WHO (30 nM).

Graphene sensing of drug molecules

A wide range of graphene sensors for drug detection have been
reported, including sensors for pesticides,'*® cocaine, % 1%
analgesics,'*'*°  dopamine receptor agonists,?*2"
migraine drugs®®?®® amongst others.?*?%  Two

anti-
recently
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developed optical sensors for cocaine were based on aptamer-
based fluorescence turn-on and turn-off mechanisms. Qiu et al.
developed sophisticated sensor that uses a turn-on mechanism
in tandem with an isothermal circular strand-displacement
amplification (ICSDA) method.'®® The sensor uses a DNA
hairpin sequence comprising two specific regions; the cocaine
aptamer region and a region specifically designed to hybridize
with a seven base DNA primer. The fluorescence in this system
originates from SYBR Green 1 (SG) dye that binds to double-
stranded regions of the DNA. In the absence of the analyte the
hairpin sequence bhinds to the graphene oxide (GO) sheet
resulting in fluorescence quenching, see Figure 22. However, in
the presence of cocaine the aptamer undergoes a
conformational which causes the hairpin to open and bind to the
DNA primer. The addition of polymerase to this configuration
releases the cocaine molecule and elongates the primer
sequence, which generates a longer double-stranded DNA
region that (1) has a low affinity for the graphene surface and
(2) possesses a greater number of sites to bind the fluorescent
dye and so amplifies the signal.
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Fig. 22 Schematic representation of the label-free fluorescent aptamer-based
sensor method for cocaine detection based on GO and hairpin elongation.
Reprinted with permission from Ref.'% Copyright (2013) Royal Society of
Chemistry.

In a related study, Shi et al. took advantage of the inherent
fluorescence of graphene oxide to prepare a fluorescence-off
sensor.'®” Here, negatively charged graphene oxide (GO) was
immobilized on a positively charged glass slide to which an
amine modified cocaine aptamer is attached. A second cocaine
aptamer functionalised with gold nanoparticles (AuNPs) is then
introduced. In the presence of cocaine, a three way junction is
formed which locates the AuNPs close to the GO surface,
quenching the graphene fluorescence through electron transfer.
The results for the two methods of cocaine detection are
comparable. While the turn-off method has the slightly better
limit of detection, 100 nM versus 190 nM for turn-on, the turn-
on method benefits from the ability to monitor the appearance
of fluorescence, rather than to determine the percentage that is
quenched.

Electrochemical detection of drug molecules by graphene
based sensors is most commonly achieved using the
conventional three electrode system to exploit the charge carrier
dynamics of graphene. The method of using graphene modified
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GCE has been employed to detect a range of drugs including
pramipexole,?®* cabergoline,®® valganciclovir,?®® L-Dopa®"’
and caffeine.?’® These systems show good sensitivity with the
limits of detection ranging from the lowest of 3.1 nM for
valganciclover to 91 nM for caffeine. Jain and Seetharamappa
have separately publishing a number of papers demonstrating
the detection of a several drug molecules graphene modified
glassy carbon electrodes, including the detection of the anti-
migraine  drug rizatriptan  benzoate.?*?® In 2014
Seetharamappa reported the wuse of differential pulse
voltammetry to measure the oxidation of the drug using glassy
carbon electrode modified with electrochemically reduced
graphene oxide. Using this system a linear response over the
range of 0.1-40 nM and a limit of detectability of 57.1 nM was
obtained.?® Also in 2014 Jain and Pandey investigated the
enhancement effect on the detection of rizatriptan by a
graphene modified GCE due to the presence of the cationic
surfactant cetyltrimethyl ammonium bromide (CTAB) in the
sample solution. The anodic peak was found to increase in the
presence of CTAB, up to a concentration of 0.12%, at greater
concentrations the formation of micelles resulted in a decrease
in the current.?®® In this sensor an improved limit of
detectability of 36.3 nM was obtained and this improved
electrochemical response may be attributed to the presence of
the long hydrophobic chain in CTAB which act to
accumulation the analyte at the electrode surface. This
approach has also been used to sense caffeine. 2%

In general, the selective electrochemical detection of
different drugs is typically poor as it is hindered by the overlap
of anodic peaks. This limitation has begun to be addressed
through the preparation of modified graphene coatings on the
working electrode and by the use of screen printed electrodes
with either molecular imprinted film?** or graphene modified
carbon ink.’® In particular, screen printed electrodes have
emerged as a cost effective solution. In one recent example a
screen printed electrode comprising a two distinct molecularly
imprinted films has allowed simultaneous detection of
methcaninone and cathinone.?®* The limits of detection of for
the drugs were found to be 20.2 pM and 59.6 pM respectively
and minimal cross-talk was between the two molecularly
imprinted films was observed. In addition, using graphene
modified carbon ink, the pesticides isoproturon and
carbendazim could be simultaneously detected with square
wave voltammetry peaks at 0.78 V and 1.08 V respectively, see
Figure 23.1%

o

a Counter electrode
— Graphene modified

w\\orkingelﬂ'lrﬂde 200 --- Non-modified
& N B 1.50

Background
Reference electrode

/;
Peak Current (1A)
:

Insulating liyer

EW
Fig. 24 (a) Schematic of a standard screen print electrode (b) Representative
square wave stripping voltammetric traces for mixed solution isoproturon and
carbendazim pesticides (5.0 mg/L each) for (i) graphene-modified carbon sensor,
and (ii) non-modified carbon sensor, compared to (iii) the background. Reprinted
with permission from Ref.'*®> Copyright (2014) Elsevier.
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Modified Graphene/GCEs have demonstrated improved
enhancement of sensitivity for single, and multiple drug
molecule detection. A graphene/GCE modified with NiFe,O,4
nanoparticles was recently shown to facilitate simultaneous
detection enhancement of tramadol and acetaminophen; two
analgesic drugs. Impedance measurements showed that the
electron transfer resistance decreased in the presence of the
nanoparticles. This is attributed to the increase of surface area,
the conductivity of the nanoparticles and the added
electroactivity arising due to the interaction of the molecules at
the nanoparticle surface.'%

Graphene sensing of biomolecules

Graphene containing sensors have been used to detect a wide
range of biomolecules, including; target DNA strands,?%2!!
norepinephrine,?*? glucose,*® glutamate,*?** uric acid,?%2®
ascorbic acid®*>#® and L-cysteine.?’” While, the greatest focus
has been directed towards the detection of dopamine.?'%216:218-
221 Xing et al. demonstrated the use of graphene oxide as a
platform for to detect target DNA through the use of a FRET
based process.?’® The same group used this approach to detect
K* (Figure 22). Fluorescein (FAM)-labelled single stranded
DNA was immobilized onto a sheet of graphene oxide where
the emission is quenched. In the presence of the complementary
strand of DNA binding occurs preventing the interaction of the
fluorescently labelled sequence with the graphene oxide. The
cationic conjugated polymer, PFP, is then added, which binds
to the newly formed double stranded DNA, inducing FRET and
giving a fluorescent signal. This detection is sensitive to single
mismatches. In the presence of two or more mismatches the
sequence remains at the GO surface. This is another nice
example of a DNA sensor as its limit of detection was
determined to be 40 pM with a fluorescence turn on ratio of
7.60 in the presence of GO, as opposed to a ratio of 1.20 from
traditional PFP systems.

Whilst taking advantage of the inherent properties of
graphene, increasingly biosensors are being developed that
exploit ‘synergistic’ electrocatalytic activity displayed by
graphene in the presence of a wide range of substances
including gold nanoparticles,”® Fes0,%° nickel hydroxide®'®
and cobalt phthalocyanine.?” As already noted in previous
examples this synergetic effect may be attributed to additional
surface area provided by the presence of nanoparticles,
increased affinity for the analyte or improved redox properties
conferred to the sensor. However, it should be noted that
simultaneous detection typcailly occurs with less sensitivity
than dedicated sensors.

Wau et al. developed an Fe;0,-NH,@Graphene/GCE system
to detect and quantify ascorbic acid (AA), dopamine (DA) and
uric acid (UA) simultaneously.?’® The Fe;0,-NH,@graphene
electrode exhibits enhanced electrochemical catalytic oxidation
of AA, DA and UA in comparison to the simple graphene-
GCE, see Figure 25a. In addition it facilitated the resolution of
the overlapping anodic peaks with a linear response see Figure
25b.%® The authors note the presence of a mesoporous structure
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Fig. 25 (a) Differential pulse voltammograms (DPV) for AA, DA and UA at (i) bare
GCE, (i) GS/GCE and (iii) Fe304,-NH,@GS/GCE (b) Fe;0,-NH2@GS modified
electrode in PBS (pH 7.0) containing 100 pumol L AA, 5.0 umol L DA and
different concentrations of UA. (c) Preparation of MIPs-GR/GCE and its
recognition for DA. (a-b) Reprinted with permission from Ref.”’® (c) Adapted
from ref 22, Copyright (2012 & 2013) Elsevier.

at the surface of the magnetic nanoparticles with a pore size of
12 nm which contributes to enhanced surface area.

Excellent dopamine sensitivity was demonstrated by Liu et
al. using a molecularly imprin ted polymer (MIP)
electrochemical sensor based on an graphene-chitosan
composite.??® This involved synthesising a dopamine-graphene-
chitosan complex before electrodeposing it onto a glassy carbon
electrode. The dopamine was then eluted off the sensor, see
Figure 25c. The selectivity to dopamine was high, with the MIP
sensors showing little change in the peak current ratio (/1
where 1, is the current response to 1.0 x 10 M dopamine and |
is the current response when various concentrations of co-
existing species are present), see Table 2.2%

Overall, it can be seen that graphene containing sensors can be
used on a wide range of biomolecules with great selectivity and
sensitivity. The most recent focus has been on the development
of sensors that exhibit the ‘synergistic’ effect and can be
utilized in the simultaneous determination of multiple

Chemical Society Reviews

biomolecules, or the development of sensors that can target
single molecules down to low/ sub nM levels.

Carbon Nanomaterial Safety Considerations

This review has highlighted how the unique and advantageous
properties of carbon nanomaterials make them ideal platforms for
sensing. However, significant concerns exist in relation to the
safety of nanosized materials. 2?2 22% 2% Depending on the
nature of exposure, nanoparticles may enter the body through
the lungs, the skin and the gut.?®® Thus the explosion in cell
permeable engineered materials raises important questions
about cell interactions, including the mechanism of entry, the
final destination in the cell and the possible adverse effects.??®
Consequently, information on the risk posed by exposure of
humans and/or the environment to nanomaterials has been the
subject of sustained discussion and investigation which aims to
put in place regulations that minimize the risk of
nanomaterials.??’

In particular, the high aspect ratio of CNTs has led to their
comparison with harmful fibrous materials such as asbestos.??®
229,230 A number of reviews have considered physico-chemical
properties of CNTSs that contribute to toxicity. 2% 232233 A Jarge
number of studies have considered the toxicity of CNTs to
biological function by considering cellular uptake?** and cell
death.2® 2% The impact of CNTs on workplace safety and
environmental health has also been reported.?® ?2° These and
numerous other studies have revealed CNTs to have summarize
negative effects on living organisms. This has been attributed to
factors such as the size of the nanoparticles, the presence of
toxic residual catalyst particles and the presence of surface
bound carbonaceous fragments that can act as ROS species.?®
With this information to hand we can now begin to describe the
conditions under which it is safe to use CNT materials and this
was recently described in a review on the safe clinical use of
carbon nanotubes in the area of innovative biomaterials by
lijima and co-workers.?*®

However, some CNMs have demonstrated less toxicity.
CNHs and nanodiamonds have been found to demonstrate low
or no toxicity.®> ° However, CNOs have been found to exhibit

Table 2: Table summarising the detection of analytes by Graphene based sensors. (LR= linear range, LOD = limit of detection)

Graphene Sensor Type Detection Type Target Cation LR LOD Ref.
Graphene Oxide Sheet/fluorescent tagged ssDNA Fluorescence ssDNA 0.05-20 nM 0.04 nM 20
Cu,0/Graphene/GCE Current Dopamine 0.1-10 uM 10 nM 28
Multi layers of Reduced graphene oxide/AuNPs on GCE Current Dopamine 1-60 uM 20 nM 219
Uric Acid 10-120 uM 270 nM
Porphyrin fuctionalized graphene/GCE Current Dopamine 0.1-1 uM 22 nM 2
L ) 1-100 nM; 0.1- 220
Molecularly imprinted polymer-Graphene/GCE Current Dopamine 100 M 10 pM
Graphene Oxide-cobalt phthalocyanine/GCE Current L-cysteine 0.01-200 uM 5nM 2
Graphene modified palladium/GCE Current Norepinephrine 0.5-500 pM 67.4 nM 2
Fe;0,@Graohene Sheets/GCE Current Dopamine 0.2-38 uM 126 nM
Uric Acid 1-850 uM 56 M 26
Ascorbic Acid 5-1600 pM 74 nM
Graphene/nickel hydroxide/GCE Current Dopamine 0.44-3.3 uM 120 nM
Uric Acid 2-15 uM 460 nM i
Ascorbic Acid 150-300 uM 30 uM

This journal is © The Royal Society of Chemistry 2012
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size dependent toxicity with smaller CNOs being less toxic.?*°
241 Graphene is now the subject of investigation®*? and it is felt
that lessons may be learnt from the study of CNTs.?** Such
studies are is particularly relevant due to the high number of
sensors being developed from this material. As yet there is
limited data on the toxicity of Cdots but indications are that
they exhibit low toxicity.?** These considerations may act to
influence the choice of CNM for sensor application.

Conclusions and Outlook

Carbon nanomaterials have emerged as an excellent sensing
platform. These sensors and biosensors are notable for the high
surface area, which allow many simultaneous detection events.
CNM s are truly distinguished from other nanomaterials by their
diverse and robust intrinsic optical and electronic properties.
The versatility of these materials is demonstrated by the use of
carbon dots, carbon nanotubes and graphene as either discrete
molecular-like sensors or as assemblies and composites which
can be integrated into devices. This continues to stimulate
advances in the area of sensing and biosensing with an ever
growing variety of systems being developed year on year.

In this review we have considered recent developments in
the area of CNM sensors. We have described examples of
CNM fluorescence based sensing by CNDs, Cdots, CNTs and
GO materials. In particular the combination of biocompatibility
and NIR luminescence of semiconducting nanotubes holds
great promise for in vivo sensing. Other exciting developments
include the use of carbon nanomaterial platforms for in vitro
sensing of cellular processes under exposure to different
external stimuli. Going forward, it is expected that Cdots will
find greater application for in vivo sensing. The combination of
supramolecular chemistry, and aptamer based approaches with
CNMs optical properties offers great potential for selective
optical-based sensing in the presence of interferents, which can
be enhanced by amplification of CNMs sensor arrays.

CNM based electrochemical sensors are considered as the
second sensing pillar. The electroactivity of CNO, CND, CNTs
and graphene have been extensively demonstrated for sensing,
where their increased conductivity and surface area are readily
exploited. Furthermore, the promise of cheap disposable
sensors has been aided by developments in screen printed
CNM-based electrodes using carbon ‘inks’. However, a note of
caution is required as a recent study by Ma et al. has shown that
CNTs activity is greatly varied due to the adsorption of
carbonaceous fragments, which are a by-product of acid
treatments.?*® Significantly, the removal of the carbonaceous
fragments resulted in a decrease in the electrocatalytic
oxidation of ascorbic acid by the CNT electrode. This result
suggests that further research is required to understand the
contribution of these impurities to electrochemical CNM
Sensors.

Going forward it is clear that realising the potential of
CNMs for routine sensing, and to see their widespread
integration into sensing devices, necessitates the availability of
sufficient quantities of pure and safe materials. This requires

16 | J. Name., 2012, 00, 1-3

continued efforts in the areas of size selective synthesis,
purification and separation of CNM species and consensus
regarding the safety considerations. With progress on these
fronts the future of carbon nanomaterial sensors is very bright
indeed.
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