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Recent applications of carbon nanomaterials in
fluorescence biosensing and bioimaging

Jia Wen,? Yonggian Xu,” Hongjuan Li,” Aiping Lu®* and Shiguo Sun *

Carbon based nanomaterials as important agents for biological applications have emerged in
past few years due to their unique optical, electronic, mechanical, and chemical properties.
And many of these applications are rely on successful surface modifications. This review
article is comprised of two main parts. In the first part, we briefly review the properties and
surface modifications of several classes of carbon nanomaterials mainly carbon nanotubes
(CNTs), graphene and its derivatives, carbon dots (CDs) and graphene quantum dots (GQDs)
as well as some other forms of carbon-based nanomaterials such as fullerene, carbon
nanohorns (CNHs) and carbon nanoonions (CNOs); in the second part, we focus on the
biological applications of these carbon nanomaterials, in particular, the applications for

fluorescence biosensing as well as bioimaging.

Introduction

In recent years, numerous classes of carbon nanomaterials
such as carbon nanotubes (CNTs), graphene and its derivatives,
carbon dots (CDs), graphene quantum dots (GQDs), fullerene,
carbon nanohorns (CNHs) and carbon nanoonions (CNOs) have
been explored for potential applications in the field of biology,
owing to their unique physical and chemical properties.
Among them, CNTs, graphene and its derivatives, CDs, GQDs as
well as their nanocomposites are subjects of fundamental
research.

CNTs consist of carbon atoms arranged in one (single-walled
carbon nanotubes: SWCNTs)1 or more (multiwalled carbon
nanotubes: MWCNTs)2 graphene sheets and rolled up to form
a cylinder.3CNTs are nanostructures with excellent properties,
including high surface area, rigid structure, and good electrical
conductivity,4 making them appealing for biological agents.
Owing that, biological applications of carbon nanotubes, such
as biosensing, bioimaging, drug delivery, therapy are emerging
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in recent years.s's Since the discovery of graphene by Geim et
al’ in 2004, graphene and its derivatives such as graphene
oxide (GO), (RGO) and GO-
nanocomposites have attracted significant interest owing to

reduced graphene oxide
their unique optical, structural, chemical and electronic
. 10-12 . . .

properties. Especially in the area of biology, graphene-
based materials have attracted tremendous interest in recent

13-19 . . aps
years. Owing to their specific and large surface area,
graphene and its derivatives can interact with various
biomolecules such as DNA, proteins and the like for
applications in biosensing, bioimaging, drug delivery and so

20-23 . .

on. CDs are a new form of zero-dimensional carbonaceous
nanomaterials,>?” which are first obtained during purification
of SWCNTs via preparative electrophoresis in 2004.% They are
quasi-spherical carbon nanoparticles with a diameter of less
semiconductor
quantum dots (QDs), CDs are superior in terms of low
cytotoxicity and excellent biocompatibility.w'a‘l Therefore, CDs
have been widely used in biosensing and bioimaging.32'3‘6 As a
kind of CDs, GQDs, not only have the properties of CDs but
also have the excellent performance of graphene. In recent

than 10 nm. Compared to conventional

years, GQDs are also enormously used

37-44

in biosensing,
Some other classes
carbon nanomaterials such as fullerenes which are the zero-

bioimaging, drug delivery and so on.
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dimensional form of graphitic carbon and can be visualized as
an irregular sheet of graphene being curled up into a sphere by
incorporating pentagons in its structure;45 CNHs which appear
as conical, single-walled carbon nanostructures related to
CNTs;46 CNOs which consist of several individual spherical
graphitic layers of carbon usually with a fullerene Cgy or its
larger analogues in the centre,” also have exceptional physical
and chemical properties as well as can be implemented for
fluorescence biosensing and bioimaging.

Recent research trends show focusing effects on the
biological applications of these carbon nanomaterials (Fig. 1).
In this review article, we will focus on the properties and
surface modifications, the latest biological applications
especially biosensing and bioimaging, as future
prospects of these main carbon nanomaterials.

as well

Biosensing

0

Fig. 1 Examples of carbon nanomaterials for biological applications.

Modifications of carbon nanomaterials

Owing to their exceptional physical and chemical properties,
CNTs,48 graphene and its derivatives, CDs,37’ 49-52 GQDS,37'44"F’3'54
fullerene, CNHs and CNOs have attracted great interest in
many different fields including biology in recent years. What's
more, most of biological applications of carbon nanomaterials
are rely on the modifications. In order to improve the
properties of carbon nanomaterials, the modification of
carbon nanomaterials is emerging. Many applications of
carbon nanomaterials depend on the successful modifications
which are mainly classified into two categories: covalent
modifications and noncovalent modifications. Here we briefly
discuss the covalent and noncovalent approaches to modify
carbon nanomaterials mainly CNTs, graphene and its
derivatives, CDs, GQDs. For detail, the readers may refer to
several previous articles on this topic.53"57

Covalent modifications.

For CNTs, the covalent modifications are mostly applied via
chemical reactions like oxidations, halogenations,

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

cycloadditions or electrochemical reactions.’® These reactions
can change the shape and even structures of CNTs, or change
the length of CNTs, or create some chemical groups on the
edge of CNTs.>® The covalent modifications mostly enhance
the biocompatibility and hydrophilic of CNTs and are hence
widely used in biology and medical research. For graphene and
its derivatives, some chemical groups, commonly, carboxylic (—
COOH) and hydroxyl (—OH) groups, can be covalently added on
their surface using strong acids and/or oxidants. The chemical
groups created on the graphene and its derivatives’ surface
are used as chemical handles to graft functional molecules like
proteins, carbohydrates, polymers through covalent bonding,
hence increasing the biocompatibility, sensitivity and
specificity of graphene and its derivatives. Yan et al.®® modified
graphene with perfluorophenylazide (PFPA) through
photochemical or thermal activation, successfully synthesizing
graphene with well-defined functionalities whose solubility in
organic solvents or water depended on the properties of the
functional group on PFPA. For CDs, owing to their easy
functionalization, there are many ways to modify CDs through
the surface chemistry or interactions. The modifications of CDs
not only tune or enhance the luminescence but also make
them superior for biological applications. For example, Liu and
co-workers® fabricated a kind of amino-functionalized CDs
with low cytotoxicity and excellent biocompatibility through
hydrothermal carbonization of chitosan, which were applied
for bioimaging in cells. Like CDs, GQDs also can be modified
through many methods. Modification of the GQDs can not only
improve their properties further but also provide a way to
modulate their properties.sz'64 As an example, Zhang et al.®®
reported a new strategy to prepare GQDs in mass scale by
modified GQDs with carboxylic groups through Fenton reagent
(Fe®*/Fe**/H,0,) under an UV irradiation.

Noncovalent modifications.

However, covalent modifications will affect or even destroy
the microstructure and properties of cabon nanomaterials to
some extent. To avoid this shortage, noncovalent modification
is emerging as an
nanomaterials. Because of their benzene ring structures, CNTs
can noncovalently
biomolecules through m—mt stacking, electrostatic interactions,
van der Waal’s forces, hydrogen bonding and so on. These
advantages provide approaches to control biological behavior,
such as the toxicity and biocompatibility of CNTs. For example,
Sansom and co-workers have modified a designed amphiphilic
peptide helixon CNTs which successfully enhancing the
selective solubilisation and manipulation of CNTs.®® Wallace et
al> used an aligned CNT array membrane electrode as a
nanostructured supporting platform for polypyrrole (PPy) films,
significantly improving the controlled release of neurotrophin.
Graphene and its derivatives which are highly negatively
charged, are able to electrostatically adsorb oppositely
charged molecules. In addition, m—mt stacking, hydrophobic or
van der Waals interaction may assist the physical adsorption.
Through this process, some biomolecules like single-stranded

important way to modify cabon

interact with aromatic polymers or
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DNA (ssDNA) can be anchored on graphene or its
derivatives.®””7® For example, Ju et al.”* have successfully used
polyethylenimine-modified graphene asa vector for in situ
detection of gene and gene therapy. There are also many ways
to modify CDs and GQDs through noncovalent interactions,
such as m—mt interaction:;,77 hydrophobic interactions, van der
Waals interaction and so on.

Carbon nanomaterials for fluorescence biosensing

Owing to the sensitivity of the biological and chemical
properties of carbon nanomaterials to the surrounding
advantage for
biosensors. In recent years, carbon nanomaterials have been

environment, it provides an exceptional
used to sense a variety of analytes including biomolecules,
gases and solvents. A majority of them are by means of
fluorescence. In this section, we will review some of the
achievements of the successful fluorescence biosensing based
on carbon nanomaterials mainly CNTs, graphene and its
derivatives, CDs, GQDs in recent five years.

CNTs for fluorescence biosensing

In recent years, biosensing based on CNTs have called
enormous attention of scientists because of their advantages,
such as a broad absorption spectrum, low background, high
signal-to-noise ratio, label-free detection, real-time monitoring,
high sensitivity, and simplicity of apparatus. CNTs also have an
ultrahigh surface area for loading multiple molecules achieving
multiplexed sensing. Meanwhile, CNTs attached by nucleic
acids or proteins78 can protect these biomolecules from
enzymatic digestion or degradation in the biological
environment. Given these properties in relation to the design
of fluorescence biosensing system, CNTs have become a
promising candidate for fluorescence biosensing. Many groups
including us have devoted to exploring CNTs-based biosensing
systems. As follows, we demonstrate some specific examples.
Liang et al.” have developed an amplified chemiluminescence
turn-on sensing platform for ultrasensitive DNA detection
which depended on SWCNTs. The sensing platform was based
on the modulation in chemiluminescence resonance energy
transfer (CRET) efficiency between the SWCNTs acceptor and
the chemiluminescent donor. The chemiluminescence of the
sensor was switched on by the exonuclease-recycled DNA
cleavage and turned off by CRET on the SWCNTs surface, thus,
resulting in the amplification of the read-out signal, obtaining
three orders of magnitude detection sensitivity over
traditional biosensors and higher specificity for the target
molecules (Fig. 2).

In our previous work,80 the SWCNTs was used to quench the
fluorescence of acridine orange (AO), due to the formation of a
hybrid complex between AO and SWCNTs. Approximately 18-
times fluorescence enhancement can be observed after the
addition of certain amount of DNA into the above mentioned
solution. The fluorescence increase was linearly proportional
to the amount of DNA added in the concentration range of O-
50.75 uM, and the limit of detection (LOD) of DNA was down

This journal is © The Royal Society of Chemistry 2012
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to 8.56x10 2 M. Huang et al.®! have successfully constructed a
novel and efficient method for the label-free and turn-on
fluorescent detection of the respiratory syncytial virus gene
sequence with a LOD of 24 nM based on the fluorescence
resonance energy transfer (FRET) between MWCNTs and DNA—
AgNCs. The notable fluorescence enhancement of the DNA—
AgNCs resulted from the specific binding of DNA—AgNCs with
target DNA and the quench of the fluorescence of the DNA—
AgNCs with an extraordinarily high quenching efficiency
(85.8%) resulted from MWCNTs.
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Fig. 2 Schematic illustration of the sensing principle with the proposed amplified
SWCNT-mediated CRET platform for DNA detection. Copyright 2012 Royal
Society of Chemistry.79

CNTs are widely used for the highly specific and rapid
detection of target proteins owing to their large binding
surface area. Recently, Kwon et al® have fabricated
horizontally aligned carbon nanotubes (ACNTs), which were
functionalized with specific aptamers with ability to specifically
bind to biomolecules such as thrombin. The detection system
was based on scanning probe microscopy (SPM) imaging for
ACNTs that specifically reacted with target biomolecules at an
ultra-low concentration with a high detection sensitivity to 1
pM.

Moreover, many of biosensing systems are based on the
change in the near-infrared (NIR) emission spectra of the CNTs.
Their fluorescence in the NIR region (between 820 and 1600
nm), where absorption of biological tissues is usually negligible,
inherent photostability and tissue transparency are
exceptional characteristics for the design of in vitro and in vivo
sensors. As an example, Yudasaka et al.® demonstrated an
immunoassay by using a NIR CNT labels conjugated to
immunoglobulin G (IgG) antibodies. The NIR emission of the
conjugated CNTs at 1000-1200 nm confirmed that most of the
CNT-conjugated IgG was successfully immunoprecipitated with
protein G-attached magnetic beads and eluted from them. For

J. Name., 2012, 00, 1-3 | 3
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result, the photoluminescence intensity of the CNT labels was
strong enough to detect antigens at 600 pM by above-
mentioned procedures.

Moreover, some of the applications
development of glucose sensors. For example, Dasqupta and

based on the

co-workers® have exploited a lipid functionalized SWCNT-
based self-assembly super-micellar structure to trap glucose
oxidase in a molecular cargo for glucose sensing. The
remarkable feature of such a molecular trap is that all
components of this unique structure are reusable and
rechargeable. What’s more, the glucose sensing was achieved
without any hybrid fabrication.

Similarly, CNTs are widely used to detect nitric oxide (NO)
due to their high surface area. The ability to detect NO
quantitatively may assist the study of NO carcinogenesis and
chemical signaling, as well as medical diagnostics for
inflammation. Strano et al.®® reported the selective detection
of single NO molecules based on a specific DNA sequence of
d(AT),5 oligonucleotides, adsorbed to an array of NIR
fluorescent semiconducting SWCNTs (AT,5-SWCNT). When the
sensor was exposed to NO, a stepwise fluorescence decrease
was observed and these quenching traces were described by
using a birth and-death Markov model, whose maximum
likelihood estimator reported the adsorption and desorption
rates of NO. The adsorption rate showed a linear dependence
upon NO concentration.

Graphene for fluorescence biosensing

On the basis of their fluorescence and quenching abilities,
graphene and its derivatives can serve as either an energy
donor or acceptor in a FRET sensor. They have been
extensively investigated for the sensing of DNA, protein or
other biomolecules, detection of single-base mismatches,
analysis of the melting of DNA duplexes and so on.®® For the
detection of DNA, Lin et al.® reported a GO based
fluorescence quenching-recovery sensor to detect ssDNA with
a LOD of nM range. Because of ssDNA retained on the GO
surface was indigestible by DNAase, their sensors can perform
even in the presence of DNAase. Two similar DNA sensors,
with ability to distinguish single-base-mismatch, have also
been exploited.gl' 2 In our recent research, a hybrid
graphene/ZnAl-LDH nanocomposite has been fabricated via a
one-step process and used as a facile shelf of the Ru(phen);Cl,
(tris(1,10-phenanthroline)ruthenium(ll) dichloride) sensor to
selective DNA. Moreover, both of the shelf and the sensor can
be easily collected and used for the next sample if no DNA
existed in the solution.”® Some researchers have combined
graphene and its derivatives with noble metal nanoparticles to
induce a double-quenching effect that resulted in an increase
in the achievable signal-to-noise ratio hence obtaining the
amplification of the achievable sensitivity. For example, Ren et
9 nanocluster-GO nanohybrid
material for the detection of multiple nucleic acid targets with
low LOD and high sensitivity and selectivity, which was
attributed to the high achievable signal-to-noise ratio resulting
from the high quenching efficiency of GO.

al reported a DNA-silver

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

Graphene and its derivatives are also widely used for
fluorescence biosensing of proteins. For example, In our
previous work,” chemically converted graphene (CCG) was
utilized to effectively quench the fluorescence emission of Cy3
dye 1 (the intensity is down to 1/38 of 1 alone) in aqueous
solution (Fig. 3). After the addition of a certain amount of
bovine serum albumin (BSA), about 60 times fluorescence
enhancement was observed for the hybrid CCG—-1. This was
employed to discriminate BSA: the fluorescence intensity was
found to be proportional to the BSA added in the
concentration range from O to 8x10°® M, and the LOD of BSA
was down to 5x10° M.

Fluorescence On

Quenched down to 1/38

60 Times enhancement

Fig. 3 Schematic illustration of the fluorescence detection of BSA using the hybrid
of 1 and CCG. Copyright 2013 Royal Society of Chemistry.®

Huang’s group designed a simple, selective and sensitive
fluorescent GO-based molecular aptamer beacon (MAB) for
PrPS detection via using GO as a quenching reagent.96 As a
result, the TAMRA-labelled MAB moved away from the surface
of GO, and the fluorescence of MAB was recovered. Owing to
the high energy transfer efficiency between the GO and the
fluorophore, the background signal was significantly reduced.
Also for the detection of PrPC, the authors then developed a
new FRET strategy via using QDs as the energy donor and GO
as the energy acceptor through the specific recognition
between the two binding aptamers and PrP¢ with high
sensitivity and good selectivity.g7 The detection signals were
greatly improved by the high FRET efficiency between QDs and
GO.

Graphene and its derivatives have been enormously used in
other biosensing applications like enzymatic reaction
monitoring and biomacromolecules detection. Nie et al.®®
proposed a novel and versatile biosensing platform for the
detection of protein kinase activity based on GO-peptide
nanocomplex and phosphorylation-induced suppression of
carboxypeptidase Y (CPY) cleavage. Kinase catalyzed
phosphorylation protected the fluorophore-labeled peptide
probe against CPY digestion and induced the formation of a
GO/peptide nanocomplex resulting in fluorescence quenching,
while the nonphosphopeptide was degraded by CPY to release
free fluorophore thus restoring fluorescence. This GO-based

This journal is © The Royal Society of Chemistry 2012
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nanosensor has been successfully applied to sensitively detect
two model kinases, casein kinase (CKIl) and cAMP-dependent
protein kinase (PKA) with low LOD of 0.0833 mU uL'1 and 0.134
mU uL'l, respectively. Li et al.®® reported a versatile biosensing
platform capable of achieving ultrasensitive detection of both
small-molecule and macromolecular targets. The system
consisted of three parts: a nanomaterial (graphene), a
biomaterial (DNA aptamers), and an isothermal signal
amplification technique (RCA). Graphene was chosen for its
ability to adsorb ssDNA molecules nonspecifically. The key to
the design was grafting a short primer to an aptamer sequence,
which resulted in a small DNA probe that allowed for both
effective probe adsorption onto the graphene surface to mask
the primer domain in the absence of the target and efficient
probe release in the presence of the target to make the primer
available for template binding and RCA. The detection was
highly sensitive and feasible for protein target, DNA sequence

and small-molecule analyte.
I’O !

A

L 5

Cholesterol
_—

Fig. 4 Schematic illustration of the fluorescence detection of cholesterol by using
of the fluorescence of B-CD incorporated R6G. Copyright 2012 Royal Society of
Chemistry.m1

Glucose detection is clinically significant for diagnosis and
management of diabetes. Its detection can be realized by using
graphene and its derivatives as the mediator. Wang et al.*®
demonstrated an efficient biosensing system for glucose
detection based on enzyme like activity of graphene oxide
integrated with chitosan. The chitosan-functionalized
graphene oxide (CS-GO) hybrid was demonstrated to be a
good enzyme mimetic for oxidation of a typical substrate (TMB)
under visible light (A = 400 nm) stimulation and was
independent of destructive hydrogen peroxide. Avijit Mondal
and Nikhil R. Jana developed a fluorescence based cholesterol
detection method using competitive host—guest interaction
between graphene bound B-cyclodextrin (B-CD) with
rhodamine 6G (R6G) and cholesterol (Fig. 4). Fluorescence of
B-CD incorporated R6G was quenched by graphene but was
restored by cholesterol as it replaced R6G from the B-CD
host.™*

CDs for fluorescence biosensing

Based on their excellent properties, CDs can be applied for
biosensing as fluorescent labels for DNA, aptamers, proteins,
glucose, phosphate, metal ions and so on."%8 As for the
detection of nucleic acids, Sun et al.”” demonstrated an
effective fluorescent sensing platform for nucleic acid

detection using CDs. The dye-labeled ssDNA probe was

This journal is © The Royal Society of Chemistry 2012
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adsorbed onto the surface of the CDs via m—m interaction,
quenching the dye. A double-stranded DNA (dsDNA) hybrid
formed, recovering dye fluorescence. Kim and co-workers'"’
successfully prepared a CDs-based miR124a imaging sensor
with no evidence of cellular toxicity and a high level of self-
promoted uptake The CDs -based miR124a

molecular beacon (CMB) was easily internalized into P19 cells

into cells.

and successfully visualized a gradual increase in miR124a
expression during neuronal differentiation by providing signal-
on imaging activity. The CDs were purified from candle soot
(cCDs) by thermal oxidation. The dsDNA oligonucleotide
containing a miR124a binding site and black hole quencher 1
(miR124a sensing oligo) was further conjugated with the cCDs
to form the miR124a CMB. P19 cells were incubated with the
miR124a CMB to miR124a during
neurogenesis.

Another kind of application is based on the exploitation of
aptamers. The aptamers are usually based on a conformational
change induced by the target and could result in a detectable
change in response. Qu et al.'® developed an aptamer—CDs-
based sandwich system for sensitive and selective detection of
thrombin with a LOD of 1 nM (Fig. 5). The presence of
thrombin can induce the aptamer-modified fluorescent CDs to
form a sandwich structure with aptamer-functionalized silica
nanoparticles through specific protein/aptamer interaction.

The concept of fluorescence intensity changes is also
applied to the detection of proteins. Das et al**® developed a
fluorimetric histone sensing technique with a LOD of 0.2 ng
mL"  via using quaternized carbon dot (QCD)-DNA
nanobiohybrid for the first time. The QCD-ds-DNA hybrid was
prepared through electrostatic attraction. The emission of the
QCD was quenched in presence of ds-DNA but recoverd
through the addition of histone to this QCD-ds-DNA hybrid due
to the strong binding affinity between histone and ds-DNA.

sense expression

‘s ’

s
\:\p‘;'\,‘ Thrombin W TBA-C-Dots EW&I
b

i

TBA,s-SNPs

Centrifugation 1

_»TBA s binding site () Silica nanoparticles (SNPs) Redispursimll
T&TBAy, binding site @& : C-Dots \Q;
eg
aa TBA 1 TTTTTTGGTTGGTGTGGTTGG ;. Wi‘
M\ TBA: TITTTIAGTCCGTGGTAGGGCAGG TTGGGGTGACT ‘f" \\‘.

Fig. 5 Schematic illustration of the sandwich-based thrombin detection principle
using the CDs. Copyright 2012 Royal Society of Chemistry.118

In addition to biomolecules, CDs have also shown promise
as fluorescent probes in the detection of small bioanalytes like
drugs, dopamine (DA), ascorbic acid (AA),

., 114 .
glucose and so on. For example, Niu’s group " synthesized a
new type of eco-friendly molecularly imprinted polymer (MIP)
through an efficient one-pot room-temperature sol-gel
polymerization and applied it as a molecular recognition

anti-bacterial
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element to construct DA fluorescence optosensor. The new
MIP-based DA sensing protocol was successfully applied to
detect DA concentration in aqueous solution with a LOD of 1.7
nM as well as in human urine samples without the
interference of other molecules and ions. Sun et al'™
demonstrated an on—off fluorescent CD probe of simplicity,
convenience, rapid response, high selectivity, and sensitivity,
for detecting Cr(VI) based on the inner filter effect (IFE)
because the absorption bands of Cr(IV) fully covered the
emission and excitation bands of CDs. They successfully
employed AA as an example molecule to demonstrate this off—
on type fluorescent probe. S. Kiran and R. D. K. Misra
demonstrated a new class of “inert” non-enzymatic and
boronic acid functionalized CDs-based sensors facilitating
intracellular detection of glucose.120 The study suggested that
the mechanism of detection of glucose involved selective
assembly and fluorescence quenching of the CDs with
excellent dynamic response to varying concentration of
glucose within the biological range (1-100 mM). The strong
dynamic response was related to high selectivity to

biomolecules and inertness of CDs.

GQDs for fluorescence biosensing

GQDs not only have the good properties of CDs but also
possess some of the excellent properties of graphene, such as
good electron mobility and chemical stability. They are also
widely used for biosensing.‘m‘ 121126 The fluorescence of GQDs
can be effectively quenched by selectively interacting with
specific cations, anions, or chemical groups.m'131 This feature
allows GQDs to be used as sensors to detect nucleic acids. For
example, Feng et al™® established a novel and effective
fluorescent sensing platform for the detection of DNA based
on FRET, by regulating the interaction between GO and GQDs
for the first time. It can be used as a universal strategy for DNA
detection as well as can distinguish complementary and
mismatched nucleic acid sequences with high sensitivity and
good reproducibility.

What’s more, GQDs also can be used as sensors to detect
various biomolecules like proteins. Chen et al*® synthesized a
kind of highly blue-luminescent nitrogen-doped graphene
quantum dots (N-GQDs) with quantum vyield (QY) as high as
32.4% via a facile one-step hydrothermal treatment of citric
acid and dicyandiamide. The as-prepared N-GQDs can be used
as efficient fluorescent probes for the detection of glutathione
(GSH) with a LOD of 87 nM. Yu et al*®* developed a facile
method for the highly sensitive and selective sensing of
biothiols based on GQDs with strong blue fluorescence in an
aqueous buffer solution. It was observed that mercury(ll) ions
could efficiently bind and quench the fluorescence of the
GQDs. When a biothiol compound (glutathione, cysteine, or
homocysteine) was added to the assay mixture of GQDs and
mercury(ll), it bound to mercury(ll) ions. Hg2+—GQD complex
dissociated, and fluorescence restored. The emission intensity
changes of the GQDs could be directly related to the amount
of biothiol added to the assay solution. The LOD for GSH, Cys
and Hcy were 5 nM, 2.5 nM and 5 nM, respectively.

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

In addition to biomacromolecules, GQDs have also shown
promise as fluorescent probes in the detection of small
bioanalytes like glucose. For example, Yang et alt® proposed a
DNA-mediated silver nanoparticle and graphene quantum dot
hybrid nanocomposite (AgNP-DNA@GQDs) for
fluorescent detection of H,0, and glucose (Fig. 6). The sensing
mechanism was based on the etching effect of H,0, to AgNPs
and the cleavage of DNA by as-generated hydroxyl radicals
(eOH). The formation of AgNP-DNA@GQDs nanocomposite
can result in fluorescence quenching of GQDs by AgNPs
through the resonance energy transfer. Upon H,0, addition,
the energy transfer between AgNPs and GQDs mediated by
DNA was weakened and obvious fluorescence recovery of
GQDs could be observed. For the oxidation of glucose and
formation of H,0,, this nanocomposite can be further
extended to the glucose sensing in human urine combining
with glucose oxidase (GOx). The glucose concentrations in
human urine were detected with satisfactory recoveries of
94.6-98.8% which held potential for ultrasensitive quantitative
analysis of glucose.

°-

[ @A SV DrA GODs Y -OH |

sensitive

o H,0,

or Glucose + GOx

Ag+H,0,+ H' —=Ag' + *OH + H,0 i

Fig. 6 Schematic description of H,0, and glucose detection based on AgNP-
DNA@GQDs. Copyright 2014 American Chemical Society.**”

Carbon nanomaterials for bioimaging

As  materials with high aqueous solubility, good
biocompatibility, low cytotoxicity as well as superior resistance
to photobleaching, carbon nanomaterials show great potential
for fluorescent bioimaging and multimodal bioimaging of cells
and tissues. In this section, we will discuss the use of carbon
nanomaterials for bioimaging in recent five years.

CNTs for bioimaging

CNTs not only can be applied for fluorescence biosensing, but
also can be used for fluorescence bioimaging further. In recent
years, CNTs have been widely studied as in vitro and in vivo
imaging agents.Bs’ 37 For example, Kaeriyama et al*®
demonstrated a simple approach for cell specific imaging and
diagnosis by combining the folic acid (FA) treated carboxyl
functional SWCNTs with a copolymer poly(para-phenylene)
(PPP) containing polystyrene (PSt) and poly(e-caprolactone)
(PCL) side chains (PPP-g-PSt-PCL) via m-mt stacking reactions.
The conjugates which bound to FA can specifically target Hela
cells and possess great potential for targeting and imaging
studies. Hassan et al.**® introduced a novel method for in vivo
imaging of the biodistribution of SWCNTs labeled recombinant
thermo-stable Luciola cruciate luciferase (LcL). They
demonstrated for the first time that LcL chemically bound to

This journal is © The Royal Society of Chemistry 2012
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SWCNTs was a powerful tool for CNTs in vivo imaging
applications. Moreover, they also showed that the loading of
CNTs with drugs did not inhibit the chemiluminescence of LcL.
Banerjee et al*®  have synthesized a highly versatile
multifunctional nanosystem by covalently assembling Fe;0,
nanoparticles, polyethylene glycol (PEG), and fluorescein
isothiocyanate (FITC) dye on CNTs for fluorescence bioimaging
both in vitro and in vivo. In vitro time kinetic experiments
using confocal microscopy demonstrated a higher uptake of
the Fe30,4-PEG-FITC-CNT nanosystem localized at the
perinuclear region of MCF7 cells compared to the free FITC. In
addition, the CNT nanosystem demonstrated no evidence of
toxicity on cell growth. In vitro, surface conjugation of
multicomponents enhanced cellular uptake for FITC and site
specific targeting ability with non-toxicity.

What’s more, Raman imaging is one of the most promising
and powerful bioimaging form of CNTs.*® NIR excitation for
Raman imaging can make one to minimize autofluorescence of
biological specimen and/or photobleaching of CNTs. Recently,

immunoassay using biotinylated SWCNTs as
141

a versatile
a Raman label was reported by Musselman and co-workers.
They used avidin-biotin to link targeting ligands to the label,
and confocal Raman microscopy to image whole cells. Shen et
al™*? reported a flexible nanoplatform based on electrostatic
assembly of conjugated polyelectrolytes (CPEs) and
carboxylated multi-walled carbon nanotubes (cMWNTs). The
obtained nanocomposites inherited intrinsic optical properties
of CPEs and characteristic Raman vibration modes of MWNTSs,
providing a fluorescence—Raman dual-imaging method for
intracellular tracking and locating of MWCNTSs both in vitro and
in vivo applications.

CNTs are also widely used for magnetic resonance imaging
(MRI). Wu and co-workers™ developed a simple and novel
layer-by-layer (LBL) assembly in combination with covalent
connection strategy for the synthesis of multifunctional CNTs-
nanohybrids as multimodal
cellular imaging agents for detecting human embryonic kidney
(HEK) 293T cells via MRI and confocal fluorescence imaging
with higher intracellular labeling efficiency due to the ability of
CNTs for penetrating into cells.

CNTs have great potential for effective drug delivery. The
large surface area, availability of multiple functional groups
and the hydrophobic nature are advantages of CNTs for
loading and deliverying drugs, proteins, DNA, and siRNA
including fluorophores efficiently.l‘m_149 Owing that, many
biological applications have been made for CNTs combined
drug delivery and bioimaging. What's more, through
modification, CNTs offer more advantages such as bigger drug-
loading capacity, high cell internalization, selective targeting
and imaging. There are many biological applications of CNTs
for bioimaging combined with drug delivery. For example,
Yong et al™® have reported PEG modified SWCNTs as a
nanocarrier for siRNA delivery into pancreatic cancer cells. The
positively charged SWCNTs were complexed with siRNAs for
targeting the mutant K-Ras gene in PANC-1 cells by
electrostatic interaction, thereby promoting gene therapy. A

based magnetic-fluorescent
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high siRNA transfection efficiency mediated by the nanoplex
formulation was observed through fluorescent imaging and
quantitative flow cytometric analysis.

Also, CNTs offer excellent photo-to-acoustic conversion
efficiency and photothermal-acoustic response, making them
one of the most promising contrast agents in photoacoustic
imaging of tumors. Recently, Cui et al®? reported for the first
time that RGD-conjugated silica-coated gold nanorods on the
surface of MWCNTs successfully used for
targeted photoacoustic imaging of gastric cancer cells in vivo.
The RGD-conjugated silica-coated gold nanorods/MWCNT
probes with good water solubility and low cellular toxicity
could target gastric cancer cells in vivo as well as obtain strong
photoacoustic imaging in the nude model. Gambhir’s group152
presented a family of novel photoacoustic contrast agents
based on the binding of small optical dyes to SWCNTs (SWCNT-
dye). They found that SWCNTs coated with either
QSY,; (SWCNT-QSY) or indocyanine green (SWCNT-ICG)
exhibited over 100-times higher photoacoustic contrast in
living animals with high sensitivity compared to plain SWCNTSs.
Then they conjugated the SWCNT-dye with cyclic Arg-Gly-Asp
peptides to molecularly target the a,B;integrin, which was
associated with tumor angiogenesis. Intravenous
administration of these tumor-targeted imaging agents to
tumor-bearing mice showed significantly higher photoacoustic
signal in the tumor than in mice injected with the untargeted
contrast agent. They also were able to spectrally separate the
photoacoustic signals of SWCNT-QSY and SWCNT-ICG in living
animals injected subcutaneously with both particles in the
same location, opening the possibility for multiplexing in

were

vivo studies.

Graphene for bioimaging

Owing to their intrinsic physical especially optical properties,
graphene and
biosensors but also can be applied in bioimaging meanwhile.
The excellent optical properties of graphene and its derivatives
such as the visible and NIR photoluminescence, characteristic
Raman bands, and photo-acoustic and photothermal
responses153 make them attractive for bioimaging, especially in
live cells. Thus, a lot of efforts have been devoted to exploiting
graphene and its derivatives as fluorescent probes for
intracellular imaging in vitro and in vivo. #1418 o example,
in 2013, our group developed a method to detect and image
DNA in vivo via GO—-Ru hybrid.159 GO was employed to
effectively quench the fluorescence of Ru(phen);Cl, via m-1t
interaction and electrostatic interaction, as well as load and
delivery Ru(phen)s;Cl, into living cells nuclei to detect and
image DNA, while Ru(phen);Cl, alone cannot enter into cells.
Similarly, we successfully employed GO to delivery propidium
iodide for live cell imaging.160 Chen and co-workers™® reported
that semiconductor QDs with strong fluorescence could be
tagged to water-soluble polypeptide modified RGO, obtaining
QD-RGO nanocomposites with largely retained QD
fluorescence because of a suitable nanosized spacer
separating QDs and RGO, which was useful in cell imaging.

its derivatives not only can be used as
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Analogously, Wang et al.*®? reported that gold nanoclusters

with NIR photoluminescence were anchored on RGO and used
for cell imaging. Xue et al.*® reported a portable method to
prepare fluorescent nanocomposites incorporating water-
soluble GO sheets and Zn doped AgInS, nanoparticles. The
PEGylated AIZS-GO nanocomposites could be easily up-taken
by NIH/3T3 cells (mouse embryonic fibroblast cell line) while
no distinct cytotoxicity was observed. Moreover, this as-
prepared AIZS-GO-PEG nanocomposites could be used for in
vitro cellular imaging of NIH/3T3 cells. Further, graphene and
its derivatives also can be used for MRI. For instance, by
growing iron oxide nanoparticles (IONP) on the surface of GO,
a large number of groups have successfully fabricated
superparamagnetic GO-IONP nanocomposites which could be
employed as anticancer drug carriers as well as contrast agents
in MRI-ISS, 164

The large surface area, two dimensional m-stacked structure
and CNT-like surface chemistry allow graphene and its
derivatives to chemically conjugate or physically adsorb a large
amount of cargos such as anticancer drugs.lss'174 Contacting
the excellent optical properties of graphene and its derivatives,
many applications have been made for biomaging meanwhile
deliverying drug. For example, Zhao and co-workers'”> have
successfully fabricated graphene oxide wrapped gold
nanoparticles (AU@NGO) by one-step. Surface enhanced
Raman scattering from the Au@NGO nanoparticles was
utilized for intracellular Raman imaging in Hela cells. The
Au@NGO nanoparticles could also serve as a carrier for
anticancer drug delivery with sustained intracellular drug
release in cancer treatment. In 2011, a real time method for
monitoring the drug load and release on GO in a cuvette is
reported using rhodamine B (RB) as a drug model by Zhang et
al.”’® RB can be loaded on GO with a capacity of 0.5 mg mg'l.
The release of RB was pH sensitive, showing that higher pH
values led to a weaker hydrophobic force and hydrogen
bonding interactions, and thus higher rate of releasing. Some
biomolecules can also be transported by conjugating with
graphene and its derivatives and this process is visual based on
fluorescence bioimaging. Huang et alt”’ developed a novel,
multifunctional aptamer-QD-GO nanocomposite via a facile
decoration of aptamer-labelled CdSe@ZnS QDs on GO
nanosheets (Fig. 7). The formation of such nanocomposites
was based on the n-it stacking between the DNA bases on the
QD surfaces and the GO. The QDs decorated on the surfaces of
GO could serve as fluorescent labeling probes for tracking the
intracellular transport, while the GO combined with the
aptamer conjugated on the outside of the nanocomposites
facilitated the targeted drug delivery with enhanced loading
capability.

Apart from drug delivery, graphene and its derivatives also
show great potential in therapy. Owing to the low toxicity, low
production costs, and strong optical absorbance in the NIR
region of graphene and its derivatives, many applications
combined therapy and bioimaging have been investigated
recently.ls’ 7L 178182 Chen and co-workers™®! reported a novel,
strongly fluorescent, nontoxic semiconductor quantum dots-

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

tagged reduced graphene oxide (QD-rGO) nanocomposite
serving as an imaging agent in the visible-light region and a
photothermal cancer therapy agent in the NIR region.
Remarkably, the generated heat the QD-rGO
simultaneously caused a temperature increase and an obvious
decrease in the QD brightness, which provided a mean for in
situ heat/temperature sensing as well as photothermal
therapy. Liu et al.'® prepared nanographene sheets (NGS) with
PEG coating by a fluorescent labeling method. PEGylated NGS
showed highly efficient tumor passive targeting and relatively
low retention in reticuloendothelial systems. What’s more,
ultra efficient tumor ablation achieved after
administration of NGS and low-power NIR laser irradiation on
the tumor owing to the strong optical absorbance of NGS in
the NIR region.
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Fig. 7 Schematic presentation of the bio-imaging and cell-targeted drug delivery
by using the aptamer-QD-GO nanocomposites. Copyright 2014 Royal Society of
Chemistry.””’

Uptake and drug release

CDs for bioimaging

As previously discussed, CDs have multiple advantages
including comparable optical properties and good chemical
and photochemical stability. CDs can not only be used for
biosensing, but also may be an attractive candidate for
bioimaging because of their excellent photoluminescence
properties and low toxicity. Traditional QDs, such as CdTe and
related core—shell nanoparticles, have been used variously in
vitro and in vivo optical imaging experiments.183'185 However,
the QDs contain toxic heavy metals, their application may
bring health and environmental problems,184 applying CDs for
bioimaging has formed a trend. Moreover, because of the high
photostability and biocompatibility, the CDs are also well
suited for cellular imaging. For example, a fluorescent CDs-
based, alternative, nontoxic imaging probe which is suitable
for diagnostics was reported recently. These carbon
nanoparticles were transformed into various functionalised
nanoprobes as cell imaging probes with hydrodynamic
diameters of 5-15 nm."®® Li et al."®’ synthesized CDs with high
yield (41.8%), high fluorescence QY (21.6%) and excellent
stability in one simple step by carbonization of sucrose with oil
acid. The obtained CDs can be well used for cell imaging. Nan
et al.’®® used a simple and effective route employing lithium-
intercalated graphite from lithium-ion batteries as a carbon
source to prepare CDs. These CDs with water-soluble,

This journal is © The Royal Society of Chemistry 2012
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nanosized and biocompatible can easily enter into Hela cells
to act as a cell-imaging reagent without any further
functionalization. Recently, Liu et al*® developed a simple
hydrothermal approach to prepare the amorphous CDs with
high  two-photon fluorescence from  hyperbranched
poly(amino amine) and citric acid without further modification.
The as-synthesized CDs exhibited excellent fluorescence
properties and excitation-dependent fluorescence behavior
with the corresponding QY of 17.1% in aqueous solution.
Moreover, the CDs showed low cytotoxicity against L929
normal cells.

As fluorescence nanomaterials, CDs can delivery drugs with
high loading efficiency as well as observe drugs distribution
and monitor their effects.’**%? Chowdhury et al*®*
successfully prepared a novel carbon dot coated alginate
beads (CA-CD) with peculiar stability and high loading
efficiency in comparison to calcium alginate (CA) beads. Kim et
al** coupled CDs with gold nanoparticles for an assembly,
which was then conjugated with polyethylenimine-plasmid
DNA (pDNA) for delivering DNA to cells. The fluorescence
emissions from the assembly of CD-gold nanoparticles could
be quenched by pDNA while the release of pDNA could be
probed by the recovery of the fluorescence signals. Sharon et
al.**® used phenylalanine derived non-toxic CDs as a vehicle for
the delivery of anti-psychotic drug haloperidol (HaLO).
Cysteamine hydrochloride (CysHCI) as a linker can offer
controlled release under physiological conditions for more
than 40 h following the Hixson—Crowell model under
standardized conditions. Moreover, the CDs-CysHCI-HalLO
conjugate was found to have a much higher compatibility with
MDCK cells at pH 7.2 in comparison to bare HalLO.

As a kind of fluorescence nanomaterials, CDs also can
combine medical therapy and bioimaging diagnostics for drug
distribution visual and monitoring of their effects.”® " sun et
al**® prepared a multifunctional theranostic agent (CD-Oxa) by
the conjugation of an anticancer agent (oxidized oxaliplatin,
Oxa (IV) -COOH) on the surface of CDs (Fig. 8). CD-Oxa
successfully combined the optical properties of CDs and the
therapy performance of Oxa. In vitro, CD-Oxa performed good
biocompatibility, bioimaging function, and anticancer effect. In
vivo, the distribution of the drug can be monitored by the
fluorescence signal of CD-Oxa.

EDC, sulfo-NHS H,N+ £ NH,

COO¢ [ == »
o~ |— g 2
H M ™
;
N 07 HN TN, % 2 in vivo
an/ S:Io HN - NH, Theranostics
Hy

Oxa(IV)-COOH cD CD-Oxa(IVv)

Fig. 8 Synthetic scheme for CD-Oxa and its applications in bioimaging and
theranostics. Copyright 2014 Wiley»VCH.158

Analogously, Zhou et al.*® successfully synthesized
multifunctional hybrid nanoparticles (NPs,~100 nm) which
combined magnetic Fe;0, nanocrystals and CDs in porous
carbon (C) via a one-pot solvothermal method by simply
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increasing the H,0, concentration. The mesoporous carbon
shell and hydrophilic surface functional groups endowed the
hybrid NPs with high loading capacity. Meanwhile, the
Fe3;0,@C-CDs hybrid NPs can absorb and convert NIR light to
heat due to the existence of CDs, and thus, can realise NIR-
controlled drug release and combined photothermal
treatment for high therapeutic efficacy.

GQDs for bioimaging

Optical properties are the key of GQDs to be put into practical
use. GQDs can be dissolved in most polar solvents without
further chemical modifications and have high stability
compared with other fluorescent dyes. So that GQDs can be
used for bioimaging. Owing to bright PL, low cytotoxicity,
excellent solubility and biocompatibility, GQDs are particularly
eco-friendly and have been demonstrated to be excellent
probes for bioimaging.m’ 173, 200-203 Gong et al”®
demonstrated that nitrogen-doped graphene quantum dots
(N-GQDs) were facilely prepared via a one-pot solvothermal
approach using dimethyl formamide (DMF) as solvent and
nitrogen source. The N-GQD exhibited a two-photon
absorption cross section as high as 48 000 GM and were
demonstrated as an efficient two-photon fluorescent probe for
cellular and deep tissue imaging. Similarly, a one-step
solvothermal method to prepare fluorescent GQDs for labeling
and imaging cells was reported by Yang et al.*. Singh et al”®
reported a simple method for reducing the toxicity of GQDs by
embedding them in PEG matrix. The enhanced
biocompatibility of polymer modified GQDs can be used for
the reduction of reactive oxygen species generation as well as
cell imaging.

a)drug loading

b)GQDs capping

cleavage bond

DOX

GQDs

Fig. 9 Schematic representation of pH-triggered release of drug molecules from
GQD-capped MSNs. Copyright 2014 Royal Society of Chemistry.208

GQDs could be used for loading cancer drugs through simple
physical absorption via n-mt stacking.zoa’ 205-207 Contacting the
excellent optical properties of GQDs, many applications have
been made for bioimaging meanwhile deliverying drug. For
example, Nigam et al*® applied hyaluronic acid and GQDs
functionalized human serum albumin nanoparticles for
bioimaging and targeted delivery of gemcitabine to pancreatic
cancer. Gemcitabine, the most preferred drug for pancreatic
cancer treatment, was encapsulated in albumin nanoparticles.
Fu et al.”®® designed a biocompatible pH-responsive drug
delivery system by grafting GQDs on the surface of
mesoporous silica nanoparticles (MSNs) via acid-cleavable
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acetal bonds which could effectively prevent the leakage of
drug molecules at neutral pH and release them at acidic pH
(Fig. 9).

GQDs also can be applied in medical therapy. Like CDs, as a
kind of fluorescence nanomaterials, GQDs can combine
medical therapy and bioimaging. For example, Li et al.”®
reported a one-step fabrication of multifunctional core-shell
structured capsules using a coaxial electrospray method in
order to achieve the integration of targeted therapy and
bioimaging. The TiO, shell suppressed the initial burst release
of paclitaxel while Fe;0, and GQDs inside the oil core
functioned successfully for magnetic targeting and
fluorescence imaging, respectively. Moreover, depending on
the intrinsic fluorescence properties, GQDs with ultra-small
sizes and visible fluorescence emission have also been
developed in recent years for applications in biomedical
imaging. Guo et al?® successfully used GQDs to enhance
nuclease activity of copper complexes. Owing to the efficient
electron-transfer from the electron-rich GQDs to the copper
complexes, GQDs promoted the reduction of copper ions and
accelerated their reaction with O,, forming superoxide anions
and copper-centered radicals, which then oxidized DNA
molecules. Recently, the development of GQDs as antibacterial
agents developes quickly.211 Qu and co-workers®*? reported an
antibacterial system combining GQDs, with a low level of H,0,.
They found that the peroxidase-like activity of GQDs originated
from their ability to catalyze the decomposition of H,O,,
generating -OH. Since the -OH had a higher antibacterial
activity, the conversion of H,0, into ‘OH improved the
antibacterial performance of H,0,, which made it possible to
avoid the toxicity of H,0, at high levels in wound disinfection.
More importantly, GQDs-Band-Aids were prepared, which
exhibited an excellent antibacterial feature in vivo when
combining with a low concentration of H,0,, as illustrated in
Fig. 10, indicating that GQDs-Band-Aids have promising
applications for wound disinfection.

=y

The wound treated with
GQDs-Band-Aids and 100 uM H20:

Fig. 10 (A) The designed system based on GQDs and low level of H,0, for the
antibacterial application. (B) The GQD Band-Aids used in wound disinfection in
vivo. Copyright 2014 American Chemical Society.212
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Fullerene, CNHs and CNOs for bioimaging

There are also applications of fullerene, CNHs and CNOs for
.. . . 213
bioimaging in recent years. For example, Chen et dal
fabricated a composite nanofibrous material, consisting of
by a simple
electrospinning method which were successfully used as

fullerene nanoparticles and poly(L-lactide)

substrates for bioimaging in vitro. Xu et al®* synthesized a
nanocomposite consisted of amino-modified NaYF,:Yb,Er
upconversion luminescent nanoparticles and single-walled
CNHs via covalent the first time. The
nanocomposite covalently coupled with rabbit anti-CEA8
antibody was successfully used as a cell labeling agent for the

linkage for

immunolabeling and imaging of Hela cells. Sarkar and co-
workers*™® successfully used water-soluble CNOs as highly-
fluorescent bioimaging agent for in common food web of two
model organisms: unicellular Escherichia coli (E. coli) and
multicellular Caenorhabditis elegans (C. elegans) with no toxic

effect.

Summary and outlook

The past five years have witnessed the tremendous
development of carbon materials. They are extensively used
for various biological applications including fluorescence
biosensing and bioimaging. This review article mainly focuses
on the modifications as well as fluorescence biosensing and
bioimaging applications of carbon nanomaterials such as
carbon nanotubes, graphene, carbon dots, graphene quantum
dots, fullerene, CNHs and CNOs. Furthermore, the
modifications of these carbon nanomaterials are widely used
for better applications of fluorescence biosensors, imaging
probes and so on. Also, conjugating various targeting
molecules, drugs, genes and contrast agents to carbon
nanomaterials is widely investigated in the bioimaging and
treatment of cancer cells and tumors. Biological applications of
carbon nanomaterials are significantly impacting current
biotechnology. Especially, the carbon nanomaterials enable
the development of biosensors with enhanced sensitivity,
better selectivity and a wide range of detection. Multiple-
detection has also been achieved with a low LOD and a high
sensitivity. The biocompatible properties of carbon
nanomaterials make them applicable for in situ detection of
living cells.

In summary, carbon nanomaterials have proven themselves
as highly promising fluorescence biosensing and bioimaging
tools. In order to realize their more enormously biosensing and
bioimaging applications combined diagnosis and therapy, it is
important to appropriately control and tune the size, shape,
morphology modifications of carbon
nanomaterials to satisfy requirements of high biocompatibility,

and  surface

long-time stability and accurate targeting ability in vivo. The
current research suggests that carbon nanomaterials have a

promising outlook for various biological applications.
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