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1. Introduction

Carbon nanostructures have had a tremendous impact in sci-
entific research and technology progress. The unifying prop-
erty of zero-dimension fullerenes,[1] one dimensional carbon 
nanotubes (CNTs),[2] the two-dimensional carbon allotrope 
graphene[3] and recently synthesized carbon quantum dots[4] 
is the sp2-bonded carbon atoms that are generally arranged in 
hexagonal lattices. These features, combined with the inter-
esting electrical, chemical, and mechanical properties of carbon 
nanomaterials, have led to numerous applications in diverse 
fields. The potential of carbon nanomaterials in biology–e.g., as 
conduits for biosensing, bioimaging, and as novel biomimetic 
materials–has been recognized early on. While carbon nanoma-
terials have been initially used in biosensing and as potential 
drug carriers, recent years saw expansion of their applications 
into regenerative medicine, tissue engineering, bioimaging, 
and therapeutics. Reviews discussing biological applications 
of CNTs,[5] graphene,[6] and carbon quantum dots[7,8] have been 
published.

This Review focuses on biologically oriented applications of 
the three main families of carbon nanostructures–CNTs, gra-
phene (pristine graphene, graphene oxide, and reduced gra-
phene oxide), and carbon quantum dots. Figure 1 presents an 
outline of the contents of this Review article. Our goal is to 
provide a broad overview of the diverse applications of these 
nanomaterials, emphasizing the significance of their respective 
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unique properties. Due to the breadth 
of this field and considerable volume of 
research papers published we discuss 
below fraction of the (recent) literature on 
the subject, and readers are encouraged to 
expand their knowledge further on specific 
topics. Overall, we hope that this Review 
would highlight the significant contribu-
tions of carbon nanomaterials to biological 
research, and their potential for future sci-
entific and technological developments.

2. Carbon Nanotubes and their 
Derivatives

Carbon nanotubes [abbreviated CNTs; also 
categorized as single-walled carbon nanotubes (SWCNTs) or 
multi-walled carbon nanotubes (MWCNTs), Figure 2] have been 
among the early members in the “carbon nanotechnology” uni-
verse. The remarkable properties of CNTs, including high ten-
sile strength, mechanical flexibility, and electrical conductivity, 
have attracted significant scientific and technological interest; 
Indeed, CNTs are already employed in varied products. Biolog-
ical applications of CNTs, in particular, have been touted and 
explored mostly due to the diverse surface chemistry modifica-
tion pathways enabling attachment of recognition elements and 
biomolecular cargoes to the nanotubes. These features have 
opened the way for applications in biosensing, drug delivery, 
and tissue engineering, discussed below.

A notable aspect of CNTs, which adversely affects their 
biological applicability is their low solubility in aqueous solu-
tions. Specifically, CNTs exhibit high affinity towards agglom-
eration, mostly due to strong surface interactions. Dispersion 
of CNTs can be achieved either by covalent or non-covalent 
modification of their surfaces. Enhanced dispersion of CNTs 
in aqueous solvents can be accomplished through non-covalent 
functionalization with biocompatible conjugates such as phos-
pholipid-polyethylene glycol.[9] Attachment of amphiphilic small 
molecules and polymers has been also reported.[10] Noncovalent 
functionalization of CNTs is particularly useful as this treatment 
does not disrupt the carbon lattice, thus generally preserving 
the physico-chemical properties of CNTs. Ideally, noncovalent 
functionalization should provide higher water solubility, bio-
compatibility, stability in various biological solutions and func-
tional groups that are available for further bioconjugation.[9]

2.1. CNT-Based Biosensors

CNTs have been a focus of intensive research as conduits for 
biosensing applications due to their extensive surface onto 
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which recognition elements and capture agents can be dis-
played for detection of biological species. In general, CNT-
based biosensors exhibit important advantages, such as high 
surface area-to-volume ratio, feasibility of immobilizing varied 
recognition molecules without adversely affecting their biolog-
ical functions, and fast response times as CNTs can efficiently 
mediate electron transport processes. Moreover, CNTs exhibit 
high stability and low surface fouling over time, contributing to 
practical biosensing applications.[11,12]

2.1.1. Glucose Biosensor

Enzyme-based CNT biosensors have been widely reported. The 
most common enzyme-based biosensor is the glucose sensor, 
mostly targeted towards monitoring glucose levels in the blood 
of diabetic patients. Figure 3 depicts the most ubiquitous glucose 
sensing mechanism. A glucose-specific enzyme, glucose oxidase 
(abbreviated as GOx) catalyzes glucose oxidation (i.e., trans-
formation of glucose to gluconolactone). In this process, the 
enzyme’s redox cofactor, flavin adenine mononucleotide (FAD) 
is converted to its reduced form flavin adenine dinucleotide 
(FADH2). The process by which the reduced form of the enzyme 
is converted back to its oxidized state occurs through direct elec-
tron transfer from the working electrode, and the obtained elec-
trochemical signal can be related to glucose content (Figure 3).[13]

CNTs in glucose sensing have been mostly used as conduits 
for electron transport, e.g., as conductive nanowires. Patolsky 
et al. demonstrated the use of SWCNTs as electrical linkers 
between the enzyme (FAD) redox centers and the electrodes,[14] 
in which sensing relied upon the direct electron transfer mech-
anism (Figure 4a). FAD was first covalently attached to the 
SWCNT terminus, and GOx was subsequently reconstituted 
upon the immobilized FAD (Figure 4a). In this system, the 
SWCNTs acted as effective electrical nano-connectors, linking 
the active site of the enzyme and the electrode surface. In par-
ticular, this arrangement enabled electron transport over rela-
tively long distances (>150 nm), while the rate of electron trans-
port was controlled by the length of the SWCNTs. The results of 
this study revealed the compatibility of SWCNTs with the prep-
aration of novel biomaterial hybrid systems that can be used as 
biosensing platform for glucose.

Figure 4b outlines another glucose sensor design in which 
CNTs enhanced electron transfer in a GOx-based sensing 
platform.[15] The basic assembly comprised of enzyme precipitate 

coating electrode (EPC-E) in which enzyme immobilization ena-
bled the sensitive detection of glucose. The CNTs in that system 
constituted useful substrates for enzyme coating and also as 
conduits of electron transport. Notably, significantly enhanced 
sensitivity (≈7-fold) and charge transfer rate were achieved in a 
setup that combined EPC-E with CNTs (Figure 4b). The greater 
sensitivity in the composite EPC-E/CNT was ascribed to the 
CNTs acting as an “electron transport highway” to increase the 
efficiency of electron movement from the enzyme active sites to 
the electrode surface.[15]
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Figure 1. Carbon systems and applications discussed in the Review.
Figure 2. Schemes of a single-walled carbon nanotube (SWCNT) and 
multi-walled carbon nanotube (MWCNT).
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Glucose biosensors based on CNT nanocomposites com-
prising metal oxide nanoparticles were also reported. Figure 4c 
depicts the backbone of a GOx/MnO2/MWCNT sensor.[16] The 
presence of the MnO2 nanoparticles on the surface of the CNTs 
enhanced the enzymatic activity and reversibility of the GOx-
mediated redox processes, in turn enhancing the sensitivity and 
stability of the electrochemical glucose biosensor. Similar com-
posite sensors comprising MWCNT/ZnO/GOx,[17] MWCNT/
Au/GOx,[18] and MWCNTs/gold colloid/poly diallyldimethylam-
monium chloride) (PDDA)[19] were also reported.

2.1.2. Acetylcholine and Organophosphates Biosensing

CNTs were also employed as core sensor elements for detection 
of organophosphates (OPs) affecting neurotransmitters such as 
acetylcholine (ACh). ACh plays an important role in commu-
nicating between motor nerves and muscles, especially in the 
heart, bladder, and stomach.[20] OPs, mostly used as pesticides, 
are highly toxic to humans as they inhibit the activity of the 
enzyme acetylcholine esterase (AChE) leading to accumulation 
of acetylcholine, which may lead muscular paralysis, convul-
sions, bronchial constriction, and even death by asphyxiation.[21] 
Figure 5 depicts CNT-based AChE biosensors facilitating sen-
sitive detection of both OPs and Ach. Specifically, CNTs func-
tioned as an excellent conductive support between the enzyme 
and electrode surface, enhancing the electrochemical reactivity 

and stability of the enzyme (AChE). CNT surfaces in particular 
have been amenable for immobilization of AchE, without 
adversely affecting its functionality.[20–24]

Different CNT-based supports, Au-MWCNTs/GCE,[22] 
and MWCNTs/Nanoporous gold electrode (linked through 
cysteamine)[23] were also used to immobilize the bio-recognition 
layer comprising AChE for selective sensing of OPs. Notably, the 
high sensitivity of those sensors for OPs was ascribed to enhanced 
electrochemical response of the composite electrode affected by 
the excellent bioactivity of the immobilized enzyme. In other 
reported schemes, CNTs were interspersed within conductive 
polymers (CPs) which synergistically enhanced AChE bioactivity 
and sensor performance.[24] CNT-based sensors were employed 
for detection of many other biomolecular targets, including galac-
tose,[25] neurotransmitters (dopamine,[26] epinephrine,[27] and 
norepinephrine[28]), amino acids (i.e., glutamic acid,[29] D- and 
L-amino acids[30]), immunoglobulins,[31] albumin,[32] and others.

2.1.3. DNA Biosensors

CNTs have been also coupled to deoxyribonucleic acid (DNA) 
for sensing applications. DNA-based sensors have been widely 
used in medical diagnostics, forensic science, and other appli-
cations.[12] The core sensing elements in DNA biosensors 
are either single stranded DNA (ssDNA) or double stranded 
(dsDNA), which constitute the biological recognition layers. 
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Figure 3. Generic enzyme-mediated glucose sensing. The sensing mechanism is through direct electron transfer. Enzyme containing a prosthetic group 
of glucose oxidase (GOx) and its cofactor flavin adenine dinucleotide (FAD) are immobilized upon the electrode surface.

Figure 4. Enzyme-based glucose sensors utilizing SWCNTs. a) The SWCNT serves as a linker between the electrode surface and GOx reconstituted 
on the FAD units, facilitating electron transport. Reproduced with permission.[14] b) Enhanced sensing properties accomplished by combining enzyme 
precipitate coated electrode (EPC-E) with free CNTs as electron transfer promoters. Reproduced with permission.[15] Copyright 2015, Elsevier Ltd. 
c) Electrochemical deposition of MnO2 on MWCNTs/glassy carbon electrode (GCE), with subsequent immobilization of GOx on the MnO2/MWCNTs/
GCE. Reproduced with permission.[16] Copyright 2016, The Royal Society of Chemistry.
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Researchers have found that DNA efficiently adsorbs onto 
CNT surfaces and forms supramolecular complexes which 
consequently benefit from both the distinctive properties of 
the nanotubes and the outstanding recognition capabilities 
of DNA.[33] DNA-coupled CNTs exist as well-defined chemical 
entities in aqueous solutions due to the strong non-covalent 
interactions between DNA and the CNTs.[33] As shown in 
Figure 6, DNA can “coil” around CNTs, or binds either onto 
the basal or the side surface. Functionalization of CNTs with 
DNA also contributes to greater CNT solubility thus increasing 
practicality of composite materials as sensors.[34] DNA-CNT 
hybrids have been used as biosensors for detection of varied 
analytes, including peroxide,[35] dopamine,[36] proteins[37] and 
others.

CNT-DNA conjugates have been employed for detection 
of specific oligonucleotide sequences. In most such systems 
ssDNA has been used as probe, designed to hybridize com-
plementary target DNA.[32–39] The sensitivity, specificity, and 
stability of CNT-DNA sensors could be enhanced by further 
conjugating the hybrid with reduced graphene oxide (rGO)[38] 
or CuO nanowires.[39] These additives are believed to accelerate 
electron transport properties of the hybrid materials. Similarly, 
MWCNTs functionalized with methylene blue (MB) enabled 
sensitive electrochemical detection of DNA.[40]

In yet another study, Zhao et al. developed a sensing plat-
form based on MWCNT signal amplification and fluorescence 
polarization (FP) for sensitive and selective detection of DNA 
methyltransferase (DNA MTase) activity (Figure 7).[41] This 
assay uses a fluorescein amidite (FAM)-labeled DNA probe, 
which contains a dsDNA part to serve as the specific recognition 
sequence of both DNA MTase and its corresponding restriction 

endonuclease, and a ssDNA component for anchoring the DNA 
to the surface of MWCNTs. In the absence of DNA MTase, this 
FAM-labeled DNA probe is cleaved by restriction endonuclease, 
and generates the very short DNA fragments carrying the FAM 
dye that cannot bind to the MWCNTs. In this situation, the FAM 
dye exhibits relatively small polarization. However, in the pres-
ence of DNA MTase the specific recognition sequence within the 
FAM-labeled DNA probe is methylated and blocked the cleavage 
by its corresponding restriction endonuclease. Thus, the FAM-
labeled methylated DNA product was adsorbed onto CNTs via 
strong π–π stacking interactions leading to significant increase 
in polarization due the slow rotation of the DNA/MWCNT 
complex.

2.1.4. Cancer Biomarker Detection

Sensors designed to report on specific molecular cancer 
markers are highly sought for as “early warning” agents in 
cancer diagnostics. Different classes of CNT biosensors have 
been developed to detect a wide variety of cancer biomarkers 
through conjugation with aptamers (oligonucleotide sequences 
employed for biomolecular recognition,[42] antibodies, peptides, 
proteins, and enzymes).[43,44] In particular, CNTs have been 
shown to promote electron transfer reactions involving pro-
teins and enzymes.[45] Figure 8 outlines a generic experimental 
scheme for detection of cancer markers by CNT-immobilized 
antibodies (Abs).[46] The transduction principle in such sys-
tems is based upon modulation of the electrical current flowing 
through the CNTs, induced upon binding of cancer antigens to 
the Abs immobilized upon the CNTs’ surface.[47]

Researchers reported use of antibody-
functionalized CNTs for detection of varied 
cancer biomarkers. A nanostructured CNT 
“forest” was constructed for ultrasensitive 
detection of interleukin-6 (IL-6), a multifunc-
tional cytokine characterized as a regulator 
of immune and inflammatory responses, in 
serum of disease-free and cancer patients.[48] 
The immunosensor comprised of an electri-
cally conductive, high surface area substrate 
featuring densely packed, upright SWCNTs 
mimicking a “forest” onto which ends specific 
antibodies (Ab1) were attached. Antigens were 
bound to the Ab1 molecules, subsequently 
detected by an enzyme-bound secondary 
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Figure 5. CNT-based acetylcholine esterase (AChE) biosensor for detection of organophosphates and ACh. AChE-decorated CNTs are prepared either 
by covalent bonding or by conductive polymer wrapping.

Figure 6. Wrapping of single stranded (ss)/double stranded (ds) DNA on CNT surface. Shown 
are non-covalent (left) or covalent (middle and right) modification of CNTs with ss/ds DNA.
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antibody. Antibody-loaded MWCNTs facilitated simultaneous 
detection of the cancer biomarkers prostate specific antigen 
(PSA) and Interleukin 8 (IL-8).[49]

A different strategy for CNT-based cancer detection was 
reported in which electrochemical impedimetric immuno-
sensing for cancer biomarkers was accomplished using CNTs 
modified with Au NPs.[50] In the system, the Au NPs rather 
than the CNTs functioned as protein-immobilization surfaces. 
Ultrasensitive chemo-resistive biosensors comprising single 
MWCNTs embedded in epoxy nanofibers and further dis-
playing monoclonal antibodies (mAbs) for human cardiac bio-
markers such as myoglobin, cardiac Troponin I, and creatine 
kinase were reported.[44]

CNT field-effect transistor (FET) sensors have been recently 
demonstrated. A case in point is a study depicting detection 
of the cancer marker osteopontin (OPN).[51] In this method, 
a genetically engineered OPN-binding protein was covalently 
bound onto the surface of CNTs, displaying OPN concentra-
tion-dependent modulation of source–drain currents. Intro-
duction of “defect sites” upon the CNT sidewalls increased 
OPN sensitivity through electron scattering. Another strategy 
achieved sensitive voltammetric detection of cancer cells using 
vertically aligned MWCNTs which enabled entrapment of 
cancer cells. Mechanical and electrical interactions between the 
CNT tips and entrapped cell membranes modulated the system 
electrical potential.[52,53] The MWCNTs were termed “cellular 
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Figure 7. DNA detection by fluorescence polarization using CNTs. The detection strategy uses a fluorescein amidite (FAM)-labeled DNA probe, which 
contains dsDNA which serves as the recognition sequence of both DNA MTase and its corresponding restriction endonuclease, and single-stranded 
DNA (ssDNA) residue for anchoring the recognition element to the surface of the MWCNTs via π–π stacking interactions. Reproduced with permis-
sion.[41] Copyright 2014, Elsevier Ltd.

Figure 8. Detection of cancer biomarkers by CNTs. Cancer biomarker antigens dock onto antibodies immobilized upon the CNT surface. Detection of 
the binding events is accomplished through modulation of electrical current transported in the CNTs. Reproduced with permission.[46] Copyright 2016, 
The Royal Society of Chemistry.
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cancer endoscopes” reporting on the electrical signals produced 
by single cell membranes.[52]

2.2. CNTs in Drug and Gene Delivery

CNT-based drug delivery systems have been explored for treat-
ment of a variety of diseases, primarily cancer therapy. Two 
main strategies have been pursued: selective targeting accom-
plished through functionalization of CNT surfaces with specific 
tumor recognition elements, and CNT-mediated controlled 
release of drugs in tumor environments.[54,55] CNTs have been 
shown to deliver small amounts of drugs to specific tumor 
sites, thus minimizing systemic toxicity and reducing unde-
sirable side-effects. Chen et al. constructed peptide-modified 
SWCNTs through a noncovalent approach which were further 
loaded with the anticancer drug tamoxifen (TAM).[56] This 
system was tested in vitro and in vivo and showed efficient 
tumor targeting and high antitumor activity. Functionalized 
MWCNTs have been used for targeting cancer cell nuclei and 
releasing the common anticancer drug doxorubicin (DOX).[57] 
Several studies reported dye-labeling or radioactive-labeling of 
CNTs to track the release, location, and movement of drugs 
inside the cell.[58,59]

The release of drug cargo from CNTs at delivery sites is a 
major challenge in CNT-based drug delivery. pH-induced 
release of DOX from SWCNTs was reported and evaluated 
through a two-dye approach (Figure 9a).[59] The SWCNTs were 
first labeled with fluorescein isothiocyanate (FITC) emitting 
at 520 nm, while DOX was separately labeled with a red dye 
emitting at 590 nm. Confocal microscopy was then applied to 
track the location of both SWCNTs and DOX cargo. Notably, 
release of the drug molecules from the SWCNTs took place in 
the lysosomes, with subsequent migration into the cytoplasm 

and finally into the nucleus. The SWCNT carriers, on the other 
hand, remained in the lysosomes.

Bandyopdhyay et al. reported controlled release of various 
anti-inflammatory[60] and anti-anginal drugs[61] from nano-
composite membranes comprising CNTs (Figure 9b). Con-
trolled drug release was achieved by tuning the hydrophobic 
characteristics of a polymer matrix. Essentially, water-induced 
swelling led to faster release of the encapsulated drug while 
slower swelling retained the drug for longer duration within in 
the polymer matrix. Bandyopdhyay and co-workers used varied 
concentrations of differently functionalized CNTs to tune the 
hydrophobic characteristics of the polymer nanocomposite and 
thus the swelling properties.[60,61] Similarly, Pal and co-workers 
developed carboxymethyl cellulose (CMC) and acid-function-
alized MWCNTs which formed biodegradable nanocomposite 
hydrogel for the sustained release of diclofenac sodium.[62] 
Notably, ∼98% of the diclofenac sodium molecular cargo was 
not decomposed over time in the release system upon the 
incorporation of MWCNTs.[62] pH- and temperature-induced 
controlled release system, polyethyleneglycol (PEG)-functional-
ized MWCNTs for cancer therapy were reported.[63] That study 
also showed biocompatibility of the conjugated particles and 
efficient delivery of the therapeutic compound to tumor cells.

SWCNTs non-covalently coupled to DOX and further func-
tionalized with a tumor-specific ligand (folic acid) shown to 
exhibit controllable loading/release of DOX as well as selective 
killing of tumor cells.[55] Following binding to the cell-surface 
folate receptor, the SWCNTs–ligand complex was cell-internal-
ized through endocytosis. Inside the endosomes, higher acidity 
induced release of DOX from the SWCNTs, resulting in effec-
tive tumor inhibition.[55] In another study, an electroresponsive 
poly(methylacrylic acid) (PMAA)-based hydrogel matrix con-
taining pristine MWCNTs was assembled for pulsatile drug 
release.[64] In this system, low electric field was applied for a 
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Figure 9. CNT-based drug delivery and release. a) Direct monitoring of DOX release route from carbon nanotubes in living cells, based on a dye labe-
ling method. The dye fluorescein isothiocyanate (FITC) covalently attached to chitosan-coated carbon nanotubes (CS/SWNTs) monitors the nanotube 
location inside cells. DOX, emitting red fluorescence, was attached to the SWCNTs via π-stacking. pH-induced drug release is shown. Reproduced 
with permission.[59] b) CNT-based polymer membranes prepared through in situ grafting method for controlled drug release. Controlled release of the 
embedded drugs was achieved upon swelling of the copolymer matrix with water molecules.
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short duration to induce disintegration of the hydrogel and 
consequent drug release; the incorporated CNTs aided the elec-
trical stimulation and drug release.[64]

CNTs have also contributed to the burgeoning research in 
gene therapy. Therapeutically active oligonucleotides, including 
plasmid DNA (pDNA), small hairpin RNA (shRNA) small-
interfering RNA (siRNA) and micro-RNA (miRNA), have all 
been used to either overexpress or inhibit expression of target 
proteins.[65] In particular, functionalization of CNTs with cati-
onic groups has enabled delivery of negatively charged DNA 
into cells. In contrast to this well-known strategy for DNA 
delivery, other reported approaches utilized covalent attachment 
of linear pDNA to carboxylated MWCNTs.[66] The resulting bio-
conjugate was successfully transported into Escherichia coli cells 
and the transformed cells able to express green fluorescent pro-
tein, inspected manually on ampicillin agar plates.

DNA (e.g., gene) delivery is not only the most important but 
also the most problematic aspect of gene therapy. CNTs were 
applied for combined gene and drug delivery into human gas-
tric cancer cells (Figure 10).[67] Synergistic cancer cell death 
was achieved by a targeted delivery system comprising B-cell 
plasmid lymphoma-extra-large (pBcl-xL)-specific shRNA and 
a very low DOX content, which simultaneously activated an 

intrinsic apoptotic pathway. Specifically, modified branched 
polyethylenimine (PEI) was grafted through a polyethylene 
glycol (PEG) linker to carboxylated SWCNTs. The SWCNT-
PEG-PEI conjugate was covalently attached to an aptamer tar-
geting overexpressed nucleolin receptors on tumor cell sur-
face and loaded with the therapeutic drug DOX. Overall, this 
system revealed that a combination of shRNA-mediated gene-
silencing strategy with chemotherapeutic agents constituted 
a valuable and safe approach for antitumor activity.[67] Similar 
positively charged functionalized polymeric units on CNTs 
were employed for docking genes and deliver them to cellular 
targets.[67,68] SWCNTs were also conjugated to small interfering 
RNA (siRNA) designed as a vehicle for gene therapy of pancre-
atic cancer.[69]

Recent studies have shown effective protein delivery into 
cells through coupling with CNTs. Chen et al. conjugated 
SWCNTs with therapeutic proteins[70]; the SWCNTs in that 
system served both as nanocarriers for the protein cargo as 
well as photothermal agents – generating heat following illu-
mination with near infrared (NIR) light, cleaving the protein-
nanotube bond, and releasing the protein. This strategy was 
demonstrated for delivery and NIR-activation of a therapeutic 
protein, saporin in living cells (Figure 11).[70] The activity of 
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Figure 10. Gene and drug delivery mediated by CNTs. Modified branched SWCNT-PEG-PEI covalently attached to AS1411 aptamer as the nucleolin 
ligand to target the co-delivery system to the tumor cells. Reproduced with permission.[67] Copyright 2017, Elsevier Ltd.
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the proteins attached onto the SWCNTs was inhibited due 
to steric hindrance. However, once inside the cells, NIR irra-
diation cleaved the linkage between the protein cargo and 
SWCNTs. The released proteins became active and performed 
their cellular functions.

Ohta and co-workers have developed another multifunctional 
CNT-based carrier platform for drug and gene delivery.[71] In 
this particular system, the researchers PEGylated SWCNTs that 
were further modified with the cationic amphiphilic peptide, 
H-(-Lys-Trp-Lys-Gly)7-OH [denoted as (KWKG)7]. This treat-
ment improved the solubility and stability of the composite in 
cell cultured medium.[71] The PEGylated peptide-functionalized 
SWCNTs displayed an extensive surface that could be employed 
for immobilizing of gene cargo.[71] Other examples of CNT-
assisted protein delivery into cells were reported.[72]

2.3. CNTs in Photoacoustic Imaging and Phototherapy

Photoacoustic imaging is a new tissue imaging technique 
providing enhanced spatial resolution through generation of 
acoustic signals from light-absorbing molecules in biological 
systems.[73] In many instances, photoacoustic agents are addi-
tionally used to increase imaging contrast due to their specific 
photophysical properties (high molar extinction coefficient, 
peak absorption in the NIR window (620–950 nm), high 
photostability, and efficient conversion of heat energy to pro-
duce acoustic waves).[74]

CNTs might serve as useful photoacoustic contrast agents as 
they exhibit absorption peaks in the near infrared (NIR) spec-
tral range and possess lower molar extinction coefficients than 
gold.[74] In particular, the electronic, and thus optical, properties 
of CNTs can be tuned through changes to the tube structure (for 
example, diameter and chirality).[74] CNTs functionalized with 
peptides,[75] dyes,[76] or silica-coated gold nanorods (sGNRs)[77] 
were used for photoacoustic tumor imaging. Specifically, 
bare SWCNTs generated transient photoacoustic signals due 
the rapidly cleared nanotubes, while SWCNTs coupled to the 

cyclic Arg-Gly Asp peptide (denoted SWCNT-RGD) bound to 
the tumor vasculature, generating a continuous photoacoustic 
signal from the tumor.[75]

SWCNTs coupled to an amine-reactive quencher (SWCNT-
QSY) or indocyanine green (SWCNT-ICG) exhibited approxi-
mately two orders of magnitude greater photoacoustic contrast 
in vivo compared to bare SWCNTs. This observation was 
ascribed to the increase in the particles’ optical absorption 
upon conjugation with the dyes[76] Furthermore, the excellent 
sensitivity was also aided by the affinity of the RGD motif to 
cancer-specific receptors in tumor-bearing mice. Cui and 
co-workers enhanced the NIR absorption of MWCNTs through 
covalent attachment of silica-coated gold nanorods (sGNRs).[77] 
The sGNR/MWCNT composite was further conjugated with 
the tumor specific RGD peptide successfully targeting gastric 
cancer cells in mice achieving strong photoacoustic imaging.[77]

Phototherapy encompasses light-triggered treatment for 
tumor ablation and growth inhibition via photodynamic 
therapy (PDT) and photothermal therapy (PTT). PDT utilizies 
photosensitized chemical agents responsible for cell toxicity, 
while in PTT, specific compounds absorb NIR irradiation to 
generate heat for thermal ablation of cancer cells. CNTs have 
attracted particular interest because of their extraordinary light-
to-heat energy conversion efficiency with a high absorption 
cross-section of NIR light.[78] PTT applications were reported 
for bare CNTs[79–81] and CNTs coupled to tumor-specific Abs.[82] 
SWCNTs were applied as PTT agents together with anticancer 
drugs, DOX[80] and paclitaxel.[79] CNTs functionalized with 
noble metals[83] enhanced the photothermal efficacy presum-
ably due to strong plasmonic coupling with the noble metal 
NPs. Synergistic effects for tumor therapy were reported both 
in case of PTT and PDT [mediated by the photosensitizer 
tetrahydroxyphenylchlorin (mTHPC)].[84] In this particular 
system, the mTHPC was quenched by the MWCNTs (probably 
due to a charge transfer) and inactivated in the extracellular 
medium, but once in the cytoplasm after endosomal uptake 
of the MWCNT complexes it was released and became active 
following 650 nm light irradiation.[84] Importantly, when CNTs 
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Figure 11. Photothermal activation of SWCNT-delivered proteins. A therapeutic protein is chemically conjugated onto the surface of SWCNTs via a desthio-
biotin–streptavidin linkage. Following cell internalization, NIR irradiation generates localized heating and subsequent breaking of the protein-CNT bond. 
The released protein then carries out its therapeutic action inside the cell. Reproduced with permission.[70] Copyright 2016, American Chemical Society.
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sequestered in the lysosomes were irradiated at 808 nm, local 
heating was generated, inducing cellular damage and apoptosis.

CNTs were also examined in photoacoustic imaging-guided 
phototherapy, which generally utilizes materials obtained by 
complexing photosensitizers with PTT nanomaterials. For 
example, SWCNTs coupled to indocyanine Green (ICG) and 
hyaluronic acid nanoparticles (HANP),[85] Chlorin e6 (Ce6)[86] or 
cyanine 5.5 (Cy5.5)[87] acted as photoacoustic imaging substances 
for guiding the particles towards the PTT targets. These new bio-
compatible materials allow complementary imaging modalities 
and improved tumor accumulation for PDT/PTT treatment com-
pared to the components applied individually. Known magnetic 
resonance imaging (MRI) contrast agents such as gadolinium 
(Gd),[88] MnO with polyethylene glycol (PEG)[89] and Mn2+ 
(chelated with polydopamine–polyethylene glycol (PDA–PEG) 
poly mer)[90] were also tagged with CNTs for tumor cell imaging.

2.4. CNTs in Tissue Engineering and Regenerative Medicine

The unique physico-chemical properties of CNTs make them 
good candidates for use as multi-functional nanomaterials in 
tissue engineering and regenerative medicine applications.[91] 
CNTs have been examined as useful platforms for improving 
the mechanical and electrical properties of artificial tissue scaf-
folds,[92–94] bone regeneration,[95] augmentation,[96] and cell stim-
ulation actuators.[97] The addition of CNTs significantly improve 
the conductivity of gelatin methacrylate (GelMA) hydrogels[91,94] 
and chitosan-hydrogel,[93] improving the spontaneous beating 
frequencies and physiological functions of encapsulated cardio-
myocytes. CNTs were used to increase the mechanical properties 

of gelatin nanofibers and scaffolds for myotubes (multinucle-
ated cells, containing at least three nuclei), and upregulated the 
activation of mechanotransduction-related genes.[92]

Interesting applications of CNTs as components of scaffolds 
mediating cell stimulation have been described. Shin et al. seeded 
cardiomyocytes onto crosslinked gelatin methacrylate (GelMA) 
hydrogels reinforced with COOH-MWCNTs.[91] The researchers 
noticed a 3-fold enhancement in spontaneous beating frequency 
of the cardiomyocytes in comparison to GelMA-only hydrogels. 
Specifically, significantly low external voltage was sufficient 
to induce cell beating due to increased electrical conductivity 
of the hybrid hydrogels incorporated within the CNTs. These 
findings were attributed to the presence of aligned sarcom-
eric structures with tight intercellular junctions. In yet another 
study, incorporating of SWCNTs in gelatin/chitosan solutions 
improved the conductivity of hydrogels even at very low concen-
trations (<100 ppm), thereby aiding signal transmission, pro-
moting functional maturation and synchronous beating of the 
cardiomyocytes.[95] Specifically, 3D porous chitosan frameworks 
with different contents of nanocrystalline hydroxyapatite and 
SWCNTs were fabricated to support the growth of human osteo-
blasts (bone-forming cells). Two types of SWCNTs were synthe-
sized through arc discharge, with a magnetic field (B-SWCNT) 
and without (N-SWCNT), and were utilized for improved bone 
regeneration.[95] The presence of B-SWCNTs in chitosan nano-
composite had a considerable effect on osteoblast attachment 
and bone regeneration. This might be due to the small aspect 
ratios of the magnetically synthesized SWCNTs compared to 
their conventionally synthesized counterparts.

Bio-hybrid tissue actuators (Figure 12) constitute an inter-
esting use of CNTs in tissue engineering.[97] In this work, an 
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Figure 12. CNT-based tissue actuator. Vertically aligned “CNT forest” microelectrode arrays constructed on a Si substrate utilizing CVD method and 
used as the catalyst. The CNT forest/PEG hydrogel actuator was released from the Si substrate manually, and then placed over a CNT-methacrylol 
modified gelatin (GelMA) prepolymer. The final hybrid cell culture scaffold (50 µm thick), prepared upon the irradiation of UV light, which not only 
polymerized the gel prepolymer but also improved the attachment of CNT-GelMA to the underlying substrate. Reproduced with permission.[97]
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aligned CNT “forest” microelectrode arrays were constructed 
and employed as scaffolds for cell stimulation. The aligned 
CNTs were embedded within flexible and biocompatible hydro-
gels exhibiting anisotropic electrical conductivity. Bio-actuators 
were engineered by culturing cardiomyocytes on the CNT 
microelectrode-integrated hydrogel constructs. The resulting 
cardiac tissue featured homogeneous cell organization with 
improved cell-to-cell coupling and maturation, and displayed 
outstanding mechanical integrity with incorporated micro-
electrode arrays and advanced electrophysiological functions 
exhibiting strong muscle contraction.[96] This centimeter-scale 
bio-actuator had an excellent mechanical integrity and was 
capable of spontaneous actuation behavior.[97] Such devices 
could be used in bio-robotics and drug screening applications.

Hanein and co-workers used CNT electrodes as conduits for 
retinal prosthetics.[98,99] Specifically, a semiconductor nanorod-
CNT (NR-CNT) platform was prepared for wire-free, light 
induced retina stimulation.[98] CdSe/CdS NRs were covalently 
attached onto neuro-adhesive, three-dimensional CNT surfaces 
using polymerized acrylic acid. The interface provided highly 
efficient photosensitivity and enabled binding between the 
tissue and the optoelectronic device. The NR-CNT electrodes 
exhibited good efficiency (i.e., lower threshold for evoking 
action potentials), durability, flexibility, and demonstrated gen-
eration of localized stimulation. In particular, the capacitive 
charge transfer mechanism and low impedance of CNTs under-
lined the construction of an effective platform for efficient neu-
ronal light induced stimulation.[98] In another study, the same 
group used CNT electrodes to stimulate retinal ganglion cells 
(RGCs) in a mouse model for outer retinal degeneration.[99] 
In this system, CNTs in the diseased retina enabled gradual 
remodeling of the inner retina, due to progressive increase of 
the coupling between RGCs and the CNT electrodes.[99]

Table 1 summarizes the reports discussed above concerning 
bio-applications of CNTs and their derivatives.

3. Graphene-Based Materials for 
Biological Applications

Graphene is a single layer two-dimensional carbon nanomate-
rial exhibiting unique physicochemical properties, including 
high surface area, excellent thermal and electrical conductivity, 

mechanical strength, and ease of functionalization.[100] Gra-
phene, graphene oxide (GO), and reduced graphene oxide 
(rGO) (Figure 13) are the most common graphene forms and 
have been used in wide range of applications. Pristine gra-
phene (Figure 13a) is a single-crystalline lattice of sp2-bonded 
carbon atoms adopting honeycomb-like patterns.[101] Polycrys-
talline graphene is composed of single-crystalline graphene 
grains of distinct orientations with a mosaic-like organization 
restricted by specific grain boundaries generating topological 
defects, generally termed dislocations.[102] Graphene oxide (GO) 
(Figure 13b) is a honeycomb lattice with sp2-bonded carbon 
atoms incorporating sp3 carbon “defects”, displaying oxygen-
containing functional groups, such as carboxyl groups exposed 
on the edges and hydroxyl and epoxy groups on the basal 
planes.[103] Reduced GO (rGO, Figure 13c) comprises of GO, 
reduced through chemical or physical methods.[104]

In contrast to pristine graphene, which is hydrophobic 
and thus not soluble in water, GO and rGO can be manipu-
lated and made water-soluble, which is often crucial in bio-
sensing and biological applications. The lateral size of these 
graphene derivatives modulates the capacity and kinetics of 
molecular adsorption.[105] Indeed, water solvation properties 
and varied surface functionalization routes have made GO 
and rGO promising platforms for biological applications. Fur-
thermore, heterogeneous electron transfer (HET) kinetics of 
graphene derivatives are directly related to their oxygen con-
tent and the density of defect sites, which directly affect their 
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Table 1. CNT-based materials in biological applications.

Carbon nanotubes Ref.

1 CNT-based biosensors

Glucose biosensor [13–19]

Acetylcholine and organophosphates biosensing [20–24] and [25–32]

DNA biosensors [34–41]

Cancer biomarker detection [45–52]

2 CNTs in drug and gene delivery [56–72]

3 CNTs in photoacoustic imaging and 

phototherapy

[74–90]

4 CNTs in tissue engineering and regenerative 

medicine

[91–99]

Figure 13. Graphene derivatives. Graphene (a), graphene oxide (b), and reduced graphene oxide (c).
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functionalization efficiencies and thus contribute to their bio-
medical applicability.[106]

Most biological applications of graphene and graphene deriv-
atives have been directed at sensing. This is mostly due to the 
unique physicochemical properties of graphene, particularly 
high surface area available for binding of target molecules, 
excellent conductivity providing a sensitive transduction mech-
anism, relative ease of functionalization, and feasibility of mass 
production. Below we summarize the main research avenues 
for graphene utilization.

3.1. Graphene-Based Biosensors

3.1.1. Glucose Biosensing

Graphene has been successfully employed as a component in 
glucose sensors, likely the most important biomedical sensing 
application. Graphene, in general, facilitates direct electrochem-
ical conversion of glucose-oxidase (GOx), the enzyme at the 
core of numerous glucose sensors.[107] For example, researchers 
reported sensitive glucose biosensors based on direct electron 
transfer between GOx and electrode, GOx was either covalently 
attached or self-assembled upon the surface of electrochemically 
reduced graphene oxide (abbreviated as ErGO).[108] In those 
systems, the electron transfer properties of the rGO scaffold 
were readily tuned through the electrochemical reduction 
method thus enhancing the direct electron transfer between 
surface-immobilized GOx and the conductive substrate (GCE), 
in turn increasing the sensing performance.[108] Superior glu-
cose sensing properties of nitrogen- and sulfur-doped gra-
phene together with GOx was also reported.[109] The improved 
performance was ascribed to interactions between the N and 
S heteroatoms. Similar studies have focused on preparation of 
nanocomposites comprising graphene and conducting poly-
mers. In particular, incorporation of graphene within polymer 
matrixes exhibiting hydrophilic groups could improve water 
solubility, enhance the electrical conductivity of graphene, and 
overall improve the activity of immobilized GOx.[110]

Researchers utilized Au-graphene nanocomposites as glu-
cose biosensors.[111] Au NPs in such materials provided a 
suitable microenvironment to immobilize GOx and facilitate 
efficient electron transfer kinetics at the substrate/enzyme 
interface. Such nanocomposites were prepared either by cova-
lent modification or by electrodeposition of Au NPs. Graphene 

composites comprising other types of nanoparticles have been 
developed, mostly designed to effectively immobilize GOx in 
glucose sensors, including MnO2/rGO[112] and ZnO-rGO.[113]

Graphene-based field effect transistors (FETs) could be 
useful biosensing platforms as such devices transduce the 
enzyme recognition events to electrical signals with very high 
sensitivity.[114,115] Protein-encapsulated graphene based-FET 
enzymatic biosensors were reported for glucose sensing. For 
example, You et al. developed a CVD-grown graphene-FET 
enzymatic glucose biosensor that utilized silk protein as both 
device substrate and enzyme immobilization matrix. Through 
modulating drain-source current of the graphene-FET while 
sweeping the gate voltage, glucose levels could be continuously 
monitored.[114]

Graphene-metal hybrids constituted glucose sensors through 
surface-enhanced Raman scattering (SERS). SERS can enhance 
the “fingerprints” of target molecules interacting with metal 
composites’ surfaces through both an electromagnetic mechanism 
(EM) and chemical mechanism (CM). EM enhancement is 
usually obtained with electromagnetic “hot spots” exhibiting 
strongly enhanced local fields,[116] while CM is based on charge 
transfer and the mixing of molecular orbitals between adsorbed 
molecules and the SERS substrate.[116] Graphene or GO, in par-
ticular, has been shown to enhance SERS via CM due to the 
high affinity of probe molecules to the GO/graphene layer. For 
example, Gupta et al. constructed GO-Au/Ag-NPs as a SERS-
active substrate for detection of glucose in blood samples.[117] 
The sensor further contained mercaptophenyl boronic acid 
(MBA) which contributed to sensitivity and selectivity through 
complexation between the boronic acid moieties and diol 
groups of glucose.

3.1.2. DNA Biosensors

Graphene has been used as a substrate for oligonucleotide 
immobilization and signal amplification in varied DNA-based 
biosensors. The considerable surface area of rGO enables high 
loading of single stranded DNA (ssDNA) probe at the electrode 
surface, and the high conductivity of graphene accelerates the 
electron transfer kinetics at the interface.[118–120] Figure 14 illus-
trates the general fabrication process and sensing mechanism 
of such sensors. Specifically, electrochemically reduced GO 
(ErGO) coated conductive substrates are used to anchor the 
ssDNA probes.[119] Hybridization with the target DNA strain 
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Figure 14. Fabrication of a graphene-based DNA biosensor. Immobilization of probe ssDNA on graphene-modified conductive substrate for the detec-
tion of target ssDNA by monitoring the indicator electrochemical response. CILE – carbon ionic liquid electrode, ERG – electrochemically reduced 
graphene oxide, ssDNA-single standard DNA, dsDNA -double standard DNA. Reproduced with permission.[119] Copyright 2014, Elsevier Ltd.
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was monitored by measuring the response of electrochemical 
indicators, such as potassium ferri/ferro cyanide, methylene 
blue.

As an example, Sun and co-workers fabricated an electro-
chemical DNA biosensor for detection of ssDNA sequence 
related to transgenic maize, employing ErGO-modified carbon 
ionic liquid electrode (CILE) as the working electrode, and 
methylene blue (MB) as the hybridization indicator.[119] In this 
study, the ssDNA sequence was immobilized on the surface 
of an ErGO/CILE through electrostatic adsorption; indeed, 
the presence of ErGO increased the amount of probe ssDNA 
sequence adsorbed, thereby enhancing the sensitivity of bio-
sensor. In yet another study, the probe ssDNA was covalently 
attached onto the ErGO, making possible sensitive detection 
of the target ssDNA of HIV-1 gene using [Fe(CN)6]3−/4− as 
the hybridization marker.[118] Similarly, Liu et al. coated a 
GO/graphite fiber hybrid electrode with probe ssDNA through 
π-stacking interactions between the ssDNA bases and the hex-
agonal carbon units of GO.[120] In this example, the GO sheets 
were formed in situ upon the surface of the graphite fibers, in 
parallel displaying the probe ssDNA.

In some instances, signals emanating from graphene-based 
DNA biosensors have been amplified through co-addition of 
Au nanoparticles.[121] Au NPs have been used in such systems 
to amplify hybridization events of ssDNA through increased 
loading of probe ssDNA on Au NPs. Chen and co-workers 
have used N-doped graphene-Au nanocomposite for detec-
tion of the human multidrug resistance gene using MB as 

an electrochemical indicator.[122] Interestingly, N-doped gra-
phene introduced “defect sites” upon the graphene surface to 
improve the electrocatalytic properties of the indicator at the 
interface.

An interesting signal amplification strategy was presented 
using Au nanocluster (NC)/graphene nanohybrids and exonu-
clease III (Exo III) enzyme-induced cascade.[123] Notably, the 
graphene-templated Au NC platform was superior to protein-
templated AuNCs in electrochemical performance. Niu and 
co-workers coupled graphene to perylenetetracarboxylic acid di-
imide (PDI), a p-type organic semiconductor, also incorporating 
Au NPs.[124] PDI comprises a five-connected benzene ring (core) 
which bound graphene through π–π interactions, while the two 
positive side-chains (arms) acted as a bridge to graft AuNPs. 
The Au–PDI–graphene nano-hybrid exhibited high sensitivity 
DNA detection and mismatch recognition, and could detect the 
genetic trace of HIV-1.[124]

A “sandwich-type” DNA detection strategy has been devel-
oped, based on a capture probe immobilized on the surface 
of Au NRs attached onto rGO sheets (Figure 15).[125] Specifi-
cally, the target DNA strands hybridized with the reporter DNA 
probe were loaded onto Au NPs, resulting in the formation of 
capture probe-target DNA-reporter probe “sandwich complex”. 
Voltammetry was used to interrogate the hybridization event 
by monitoring the peak current of an electrochemical indicator. 
Au NRs could offer enhanced sensitivity likely due to their 
capability in loading hundreds of reporter DNA probes. At the 
same time, the Au NR–rGO conjugates further increased the 
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Figure 15. “Sandwich complex” DNA detection using rGO/Au nanorod (NR) composite. The capture probe was anchored onto the Au NRs–rGO 
through Au-S linkage. Following reaction of the target DNA with the capture and reporter probes a “sandwich complex” i.e., probe-target-reporter probe 
was formed. Reproduced with permission.[125] Copyright 2014, Elsevier Ltd.
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sensor performance. Other self-assembled capture probes on 
graphene-gold nanocomposites were used in similar sandwich 
complex gene detection schemes.[126]

A novel biosensor for detection of specific DNA insertion 
sequences of Mycobacterium tuberculosis was developed using 
rGO–AuNPs as a sensing platform and Au NP–polyaniline 
(Au–PANI) as a tracer label for signal amplification.[127] In 
this construct, the rGO-AuNPs matrix was first assembled on 
a glassy carbon electrode (GCE), providing a large surface area 
for rapid and efficient electron transfer. The electrochemi cal 
signal generated by the Au–PANI nanocomposite following 
DNA hybridization enabled detection of M. tuberculosis with 
in a low detection limit. A similar PANI-aided rGO-AuNPs 
nanocomposite sensor for detection of oncogenes was 
reported.[128]

Zheng et al. fabricated an electrochemical DNA biosensor 
by exploiting the redox reaction of iron at the core of hemin 
(an iron-containing porphyrin).[129] The electrochemical trans-
ducing interface was formed on AuNPs and a hemin-func-
tionalized rGO-modified GCE. A decrease in the voltammetric 
response was induced by hybridization between the target DNA 
and the immobilized probe DNA (pDNA), which consequently 
blocked the redox reaction of hemin.

Researchers have also used metal oxide NPs in the fabrica-
tion of DNA biosensors. Metal oxide NPs in many instances 
enhanced oligonucleotide hybridization upon the electrode 
surface. Specifically, NiO/graphene/ssDNA was shown to effec-
tively detect the pathogenic bacterium Salmonella enteritidis.[130] 
Similarly, N-graphene/Fe3O4/ssDNA was used for detec-
tion of DNA sequences in blood plasma.[131] Similar to other 
graphene-based sensors discussed above, graphene contrib-
uted high conductivity and large surface area, important both 
for maintaining efficient electron transfer and for providing 
sites for the deposition of metal oxide nanoparticles. Gra-
phene or rGO-FET biosensors have enabled label-free detec-
tion of target ssDNA. In such systems, hybridization induced 
sensor response through monitoring drain current or drain 
voltage.[132] Utility and sensitivity of such sensor platforms are 

related to high carrier mobility and ambipolar fields in gra-
phene, large surface/detection area, and low intrinsic electrical 
noises.

DNA sensing avenues have been demonstrated via GO-
induced fluorescence quenching.[133–135] Graphene-induced 
quenching has been ascribed to three possible mechanisms: 
Forster resonance energy transfer (FRET), surface energy 
transfer (SET), and photo-induced electron transfer. In a recent 
study, ssDNA aptamers served as the recognition elements 
together with aggregation-induced emission (AIE)-active probes 
as fluorescent indicators (Figure 16).[134] GO served in this 
system as a fluorescent quencher, overall yielding a label-free 
“turn-on” DNA sensor with high selectivity and sensitivity. Ini-
tially, the ssDNA aptamer (probe ssDNA, P1) and AIE probe 
formed a complex, resulting in fluorescence enhancement. 
Subsequent addition of GO significantly quenched the fluores-
cence of P1-probe complex, due to fluorescence energy transfer 
between the ssDNA aptamer and GO that exhibit pronounced 
binding and close proximity. However, in the presence of the 
complementary ssDNA target (T1), hybridization of T1 with 
P1 generated a rigid duplex structure (dsDNA, P1-T1), which 
weakened the binding between DNA and GO thus lowering 
the fluorescence quenching induced by GO.[134] GO-induced 
quenching was also employed as a key parameter in develop-
ment of a sensitive and rapid method for detection of disease-
related DNA.[135]

3.1.3. Graphene-Based Sensors for Other Biomolecular Targets

Graphene based materials have been used as ethanol sen-
sors.[136–138] In such schemes, both electrochemical and elec-
trochemiluminescence (ECL)-type detection methods have 
been used. In electrochemical sensing techniques, the electron 
transfer process of enzymatic reaction (involving alcohol dehy-
drogenase, denoted as ADH) is monitored and is correlated 
to ethanol concentration.[139] As an example, a graphene–Au 
nanorod (Au NR) nanocomposite, synthesized by a simple 
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Figure 16. Fluorescence DNA graphene oxide sensing platform. The addition of ssDNA aptamer (probe ssDNA, P1) to an aggregation-induced emis-
sion (AIE) probe resulting in the formation aggregated complex of ssDNA aptamer and AIE (P1-probe complex) which enhances the fluorescence. 
Upon GO addition, the P1-probe fluorescence is quenched due to FRET between the AIE probes and GO. When the target ssDNA (T1) is present, the 
hybridization of T1 with P1 forms a rigid duplex structure (dsDNA, P1-T1), which weakens binding between the DNA and GO, thereby lowering the 
fluorescence quenching ability of GO. Reproduced with permission.[134]
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self-assembly process, provided a suitable environment to retain 
ADH activity and facilitating the electron transfer process in the 
enzymatic reaction.[137]

ECL has been also used in conjunction with graphene in 
ethanol sensing. In its essence, ECL is a process of converting 
electrochemical energy into radiative energy on the surface of 
an electrode.[140] ECL has been mostly carried out by organic 
dyes such as tris(2,2′-bipyridine) ruthenium(II) [Ru(bpy)3

2+].[138] 
In this context, graphene can provide an effective platform for 
immobilizing ECL-active molecules.[136] Gao and co-workers 
fabricated an ECL-based ethanol biosensor based on Ru(bpy)3

2+ 
and enzyme (ADH) immobilized upon a rGO/bovine serum 
albumin (BSA) composite film. In this case, the Ru(bpy)3

2+ was 
used to increase the ECL signal while the enzyme was employed 
to attain selectivity towards the ethanol target. Figure 17 depicts 
the stages of the ECL sensor construction, in which Ru(bpy)3

2+, 
GO, BSA, and ADH were consecutively deposited upon the 
electrode.[136] In this example, graphene was prepared hydro-
thermal reduction of GO (at 80 °C for 24 h).

A similar ECL ethanol biosensor was developed by co-
immobilizing the enzyme and Ru(bpy)3

2+ on poly (3,4-eth-
ylene dioxythiophene) and polystyrene sulfonate functionalized 
(PEDOT-PSS) graphene nanocomposite film.[141] In this specific 
example, positively charged Ru(bpy)3

2+ was immobilized on the 
electrode surface through affinity to the negatively charged PSS. 
Moreover, the introduction of PEDOT, a conductive poly mer, 
contributed to acceleration of the electron transfer.

Graphene-based materials have been used for detection of 
organophosphates (OPs).[142–145] Specifically, electrochemical 
detection of OPs was accomplished by anchoring an enzyme 
(acetylcholine esterase denoted as AChE) onto Fe3O4/gra-
phene[145] or ZnSe quantum dots/graphene-chitosan.[143] These 
AChE sensors functioned through inhibition of AChE electro-
chemical activity upon the reaction OPs, making the signal 

generated inversely proportional to OP concentration. In these 
systems, Fe3O4 or ZnSe quantum dots aided stabilization of 
the enzyme, while graphene enhanced electron transfer at the 
sensor interface, thus increasing sensitivity.

Lei and co-workers have reported an esterase-coated chitosan/
AuNPs/graphene for selective detection of OPs in fruit.[142] Sim-
ilar to AChE discussed above, inhibition of enzyme activity of 
plant esterase by OPs has been the sensing principle. Graphene 
facilitated effective electron transfer and electric conductivity in 
this sensing platform.[142] ECL and photo-electrochemical (PEC) 
biosensors were reported for OPs based on enzyme/graphene/
quantum dot (QD) composites.[144] Here, rGO was used not 
only as a substrate to anchor the inorganic QDs and OP-specific 
enzyme (AChE), but also to significantly amplify the ECL and 
PEC signals.

3.1.4. Cancer Diagnostics

Carcinoembryonic antigen (CEA), a tumor marker, has been 
widely used for early recognition of lung cancer, ovarian car-
cinoma, breast cancers, and cystadenocarcinoma. Electro-
chemical immunosensors based on graphene derivatives 
were reported for the detection of CEA via the monitoring of 
antigen-antibody complexation. For example, Yu et al. have 
used rGO to immobilize the antibody directed against CEA 
together with AuNPs and poly(l-Arginine).[146] The combina-
tion ofvAuNPs high surface area, excellent electron transfer 
capabilities of rGO, contributed to high antibody loading 
upon the electrode surface and pronounced electrochemical 
responses.

Similar CEA detection schemes, based on anchoring of 
ultrathin Au-Pt nanowire-decorated thionine/rGO on the glassy 
carbon electrode (GCE) surface, were reported.[147] Samanman 

Adv. Healthcare Mater. 2017, 6, 1700574

Figure 17. Electrochemiluminescence-based ethanol biosensor. Formation of ECL ethanol biosensor based on Ru(bpy)3
2+-graphene/BSA composite 

film. Ethanol sensing is carried out through the release of Ru(bpy)3
2+ from the nanocomposite, Ru(bpy)3

2+/enzyme/rGO/bovine serum albumin (BSA). 
Reproduced with permission.[136] Copyright 2013, Elsevier Ltd.
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et al. prepared sensing filaments through a layer by layer 
assembly, depositing thin films of silver, and then conjugating 
with a AuNPs-rGO-chitosan nanocomposite functionalized 
with anti-CEA antibody.[148] Under optimized conditions, the 
electrochemical response of silver was linearly related to the 
CEA concentration in the range of 1.0 fg to 1.0 ng·mL−1 with 
a detection limit of 0.1 fg·mL−1. In another work, Au electrodes 
were initially altered with rGO-SWCNT-chitosan nanocom-
posite (Chi-rGO-CNTs) followed by electrodeposition of Au and 
Pt NPs, and then functionalized with anti-CEA antibody.[149] 
Kumar et al. reported a new graphene paper electrode built on 
PEDOT:PSS/rGO as a favorable alternative to expensive con-
ventional electrodes (ITO, gold, or GCE).[150] Sandwich-type 
graphene-based immunosensors for CEA detection have been 
also reported. High-affinity antibodies and appropriate labels 
have been usually employed in such systems.[151] In particular, 
graphene or rGO sheets have been used both for immobiliza-
tion of primary antibodies (Ab1) and as tracers for labeling the 
secondary antibodies (Ab2).[152]

A CEA sensor in which the graphene surface was altered 
with magnetic beads (MBs) that were labeled with CEA anti-
body (Graphene/MBs-Ab1) was reported.[153] Other sandwich-
type architectures of graphene-based electrochemical CEA 
immunosensors were described.[154] In these systems, graphene 
could enhance the sensitivity through both conjugating recog-
nition elements and increasing the electron transfer kinetics. 
The prostate specific antigen (PSA) is another important tumor 
marker, employed in prostate cancer diagnosis and screening. 
A methodology based upon highly conductive “wrinkled” rGO/
AuNPs, utilized as a sensing element for PSA determina-
tion.[155] The 3D immunosensor displayed a linearity in the PSA 
concentration range of 0.5 to 10 ng·mL−1 with detection limit 
of 0.59 ng·mL−1. Other graphene-based PSA sensors have been 
recently demonstrated.

A multiplex microfluidic chip combined with a GO-based 
Forster resonance energy transfer (FRET) approach to produce 
a screening assay for in situ detection of tumor cells was also 
described.[156] Particularly, a single fluorophore-labeled aptamer 
(FAM-Sgc8) was selected as a model of the ‘signal-on’ molecular 
probes due to its high affinity for CCRF-CEM cells. In the free 
state, the FRET probe of GO/FAM-Sgc8 showed a quenched 
fluorescence because of π–π stacking interactions, whereas in 
the presence of target cells, the interaction between FAM-Sgc8 
and T-cell acute lymphoblastic leukemia cells (CCRF-CEM) 
cells was strong enough to discharge FAM-Sgc8 from GO con-
sequently recovering the fluorescence.

3.2. Graphene in Drug and Gene Delivery

The biocompatible material, graphene/rGO/GO has been 
widely used as vehicle for the delivery of drugs/gens to the 
target site from locate of administration, because of its pre-
cise surface area of graphene and ease of polymeric alteration 
and, conjugation approaches.[157] For example, GO-sodium 
alginate (SA) conjugate was used as a carrier for the anti-
cancer drug, DOX.[158] In this study, DOX was loaded onto 
the surface of GO-SA hybrid via pi-pi stacking and hydrogen-
bonding interactions. High drug loading onto the carrier matrix 

and good release profile were achieved. In another study, GO 
modified with surfactants (hydroxyethyl cellulose-neutral and 
hydroxyethyl cellulose-anionic surfactant) via noncovalent 
attachment) was shown to improve the stability and dispersion 
of a GO-DOX composite under physiological conditions.[159]

DOX delivery has been also achieved by decorating rGO with 
antibodies or receptors. For example, an anti-human epidermal 
receptor 2 (anti-HER2) antibody-conjugated poly L-lysine func-
tionalized rGO (anti-HER2-rGO-PLL) nanocarrierfor efficiently 
delivered DOX to cancer cells over-expressing HER2.[160] The 
combination of specific antibody and conjugation of PLL, a 
cell-penetrating peptide, lead to an excellent cell uptake. In a 
similar approach, folic acid (FA)-rGO (FA-rGO) loaded with 
DOX showed specific targeting to MDA-MB 231 cancer cells 
(expressing the FA receptor) and exhibited excellent drug-
release efficiency.[161] In other studies, GO functionalized with 
lactobionic acid (LA), another cancer cell specific ligand, dis-
played targeting for cancer cells over expressing the ASGPR 
receptors.[162]

Chen and co-workers prepared a Fe3O4–PEG–GO nano-
composite, for both magnetic imaging and drug delivery.[163] 
The hybrid exhibited good physiological stability and did not 
adversely affect cell viability. Moreover, high loading of an 
anti-cancer drug (DOX) was achieved. Notably, the nanocom-
posite exhibited significantly improved T2-weighted magnetic 
resonance imaging (MRI) contrast compared to bare Fe3O4 
NPs, ascribed to formation of Fe3O4 NP aggregates upon the 
GO sheets. In a similar approach, GO grafted with dendrimers 
capped with amino groups and functionalized with gadolinium 
diethylene triaminepentaacetate (Gd-DTPA) and an antibody 
targeted to prostate stem cell antigen (PSCA) was employed 
for targeting and MR imaging of cancer cells overexpressing 
PSCA.[164] Yet in another study, pH-responsive supramolecular 
polymeric shell around a mesoporous silica-coated magnetic 
GO (Fe3O4@GO@mSiO2) was used for DOX delivery to can-
cerous tissue in a controlled manner. Fe3O4 endowed mag-
netic field sensitivity of the GO composite, designed to enable 
delivery DOX to target sites by application of external magnetic 
fields.[165]

Fluorescent manganese-doped zinc sulfide (ZnS/Mn) 
nanocrystals were covalently attached to GO-PEG for drug 
delivery and cell labeling.[166] Specifically, DOX was physi-
cally adsorbed onto the GO surface, while PEG enhanced the 
solubility and biocompatibility of the material. The fluorescent 
ZnS/Mn nanocrystals used label the HeLa cells.[166] Bare GO 
and hydroxyl-ethylated GO were used as delivery agents for the 
anticancer drug methotrexate (MTX).[167–169] MTX was loaded 
either through covalent bonding (via amide linkage)[167] or by 
noncovalent bonding,[168] and pH-based release mechanisms 
were demonstrated. Noncovalent bonding (via π−π stacking 
and hydrophobic interactions) between the drug cargo and GO 
was also reported.[169]

Graphene-based materials have been useful conduits for 
gene delivery.[170] In a representative study, GO-branched poly-
ethylenimine (denoted as BPEI) fabricated through conjugation 
of low-molecular weight BPEI with GO improved DNA binding 
and condensation and transfection efficiency. The BPEI–GO 
hybrid was used as a delivery vehicle for siRNA. In another 
study, GO nanocarriers were conjugated by covalent linkage 
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or electrostatic interactions with varied cationic polymers and 
employed for delivery of plasmid DNA (pDNA).[171]

3.3. Phototherapy Applications of Graphene Derivatives

Graphene materials (GO, rGO, and GO composites) have 
shown promise as platforms for photothermal therapy (PTT), 
due to strong interactions with low-frequency photons at 
infrared frequencies. Graphene derivatives exhibit plasmonic 
effects upon NIR irradiation generating heat through plas-
monic photothermal conversion.[172] GO systems implemented 
for PTT have included rGO nanomesh (rGONM) functional-
ized with polyethylene glycol (PEG), arginine–glycine–aspartic 
acid (RGD) recognition peptide, and cyanine 7 (Cy7).[173] In 
another study, peptide-conjugated polydopamine-modified rGO 
(pDA/rGO) was constructed, promoting a “bystander effect” (in 
which individual damaged cells transfer toxic signals to adja-
cent cells), and used as a conduit for cancer treatment using 
NIR-activated PTT.[174]

Lim and co-workers have used a gold nanoshells and 
nanorods coated with rGO that produce an enhanced PTT effect 
upon NIR irradiation.[175] Another group reports water soluble 
Cu2O nanocrystal–rGO as cancer therapeutic agent.[176] The 
narrow direct band gap of Cu2O (2.0–2.2 eV) made this material 
useful for killing cancerous cells under visible light irradiation. 
Functionalized rGO, gold nanostars (GNS), and doxorubicin 
(DOX) (denoted as rGO-GNS@DOX) have been developed 
for combined photothermal treatment and chemotherapy of 
metastatic breast cancer.[177] In this example, the NIR absorb-
ance of rGO was enhanced by introduction of in the composite, 
which will certainly improve the PPT. Many more graphene 
based reports also available for PTT.

Combined photo acoustic (PA) therapy and PTT were 
employed by indocyanine green-loaded polydopamine-rGO 
(ICG-PDA-rGO) for cancer theranostics (e.g., therapy and dia-
gnostics).[178] The nanocomposite induced local hyperthermia 
thereby killing breast cancer cells under NIR irradiation. In vivo 
GO-enabled PA imaging in tumor bearing mice was applied 
demonstrated significantly stronger PA signal than its controls 
(Figure 18). In another study, a theranostic probe Cy5.5-pep-
tide-PEG-GO/Au was prepared through chemical conjugation, 
in which GO/Au facilitated strong NIR absorbance and higher 
photoconversion efficiency.[179] This probe possessed high 
tumor accumulation and significantly enhanced fluorescence 
and photo acoustic signals for in vivo cell imaging.[179] Recently, 
size-tunable rGO-coated gold superparticles (e.g., Au nanocrys-
tals forming colloidal assemblies) (rGO-GSPs) were used 
for both photoacoustic imaging and enhanced photothermal 
therapy.[180]

3.4. Graphene Biomaterials in Tissue Engineering

Graphene, GO, rGO, and their composites further containing 
metals or polymers) offer exciting opportunities to stimu-
late cells in artificial scaffolds, primarily due to their tunable 
surface properties. In particular, the physicochemical proper-
ties of graphene-based materials intimately influence surface 
interactions of individual cells and cell populations.[181] Sev-
eral studies explored applications of graphene or GO as sub-
stances for bone[182–184] and neural[185] tissue engineering. In 
a representative study, graphene constituted a platform for 
non-covalent display of osteogenic inducers, which accelerate 
stem cell growth.[182] The oxygen functionalities of GO facili-
tated differentiation the stem cells through intermolecular 
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Figure 18. In vivo PA imaging of ICGPDArGO. In vivo PA imaging of tumor treated with PBS, GO, GO composites. Reproduced with permission.[178] 
Copyright 2016, Ivyspring.
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interactions (π–π interactions, electrostatic attraction, or 
hydrogen bonding with cell proteins).[182]

Other interesting graphene nanostructures such as self-sup-
porting graphene hydrogel (SGH) films were employed for rat 
bone regeneration, primarily due to the corrugated and porous 
surface of the material which exerted mechanical stimulation 
on the cytoskeleton.[183] In another study, graphene nanogrids 
prepared via unzipping of multiwalled carbon nanotubes were 
used as two dimensional selective templates for differentiation 
of human mesenchymal stem cells (hMSCs). This was pre-
sumed to occur through the induced mechanical stress upon 
the nanogrids.[184] In other approaches, polymer-functionalized 
GO could effectively induce stem cell growth, due to the syner-
getic effect of graphene and the macromolecules.[185] In these 
studies, biopolymers or synthetic polymers provided surface 
charge and different chemical moieties such as amine, car-
boxyl, hydroxyl, and sulfate on the graphene surface, which 
were important for cell growth and differentiation studies (via 
effective intermolecular interactions).

In an interesting application, GO-nanofiber hybrid scaf-
folds selectively guided differentiation of neural stem cells into 
mature oligodendrocytes, which are the myelinating cells of the 
central nervous system.[186] Figure 19 depicts a GO-nanofiber 
hybrid scaffold composed of polycaprolactone nanofibers 
coated with GO and seeded with neural stem cells (NSCs). The 
NSCs cultured on the GO-nanofiber hybrid scaffolds exhib-
ited enhanced stem cell differentiation into oligodendrocyte 
lineage cells. In this system, the synergetic effect provided by 
the three dimensional features of the nanofibers and the sur-
face properties of GO were highly beneficial for protein adsorp-
tion and cell adhesion.[186] Other examples described growth 
of functional neural circuits upon graphene matrixes and 
improved neural performance and electrical signaling in the 

network through the interactions between graphene and neural 
stem cells.[187] Table 2 summarizes the publications discussed 
above pertaining to biological applications of graphene-based 
nanostructures.

4. Graphene Quantum Dots and Carbon Dots

Graphene quantum dots (denoted GQDs, Figure 20a) and 
carbon dots (C-dots, Figure 20b) constitute a fairly novel class 
of zero-dimensional carbon nanostructures.[7,188] These carbon 
nanoparticles generally exhibit tunable photoluminescence 
(PL), low photo-bleaching, biocompatibility, and low cytotoxicity, 
making them viable alternatives to traditional fluorescent dyes, 
fluorescent proteins, and semiconductor quantum dots.[189] In 
particular, these features have made GQDs and C-dots useful 
and promising conduits for biological sensing and bio-imaging 
applications. In addition, the significant surface area and 
abundant edge sites contribute to efficient electron transfer 
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Table 2. Graphene-based nanomaterials for biological and biomedical 
applications.

Graphene-based materials Ref.

1 Graphene-based biosensors

Glucose biosensing [108–117]

DNA biosensors [119–135]

Graphene-based sensors for other biomolecular targets [136–145]

Cancer diagnostics [146–156]

2 Graphene in drug and gene delivery [158–171]

3 Phototherapy applications of graphene derivatives [173–180]

4 Graphene biomaterials in tissue engineering [182–187]

Figure 19. Graphene-nanofiber hybrid scaffolds for stem cell applications. Polymeric nanofibers (prepared by electrospinning) coated with GO and 
then seeded with neural stem cells (NSCs). NSCs cultured GO-hybrid scaffold enhanced the differentiation of stem cells into oligodendrocyte lineage 
cells. Reproduced with permission.[186]
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processes upon GQD and C-dot surfaces, enabling their use in 
electrochemical sensing and electrocatalytic applications.

4.1. GQD- and C-Dot-Based Biosensors

4.1.1. Glucose Biosensing

Due to the biomedical importance of glucose sensing, many 
applications have been developed for using GQDs and C-dots 
as platforms for glucose detection. Qui et al. prepared boron-
doped GQDs (BGQDs) through hydrothermal synthesis, and 
utilized these nanoparticles for selective detection of glu-
cose through an aggregation-induced photoluminescence 
(PL) increase mechanism.[190] Specifically, rigid BGQDs−glu-
cose aggregates were formed through binding between two 

cis-diol units in glucose and boronic acid 
groups upon the BGQDs’ surface, restricting 
the intramolecular rotations and thereby 
enhancing PL intensity (Figure 21). Boronic 
acid functionalized GQDs, however, often 
suffers from lack of selectivity among sac-
charides (e.g., fructose, mannose, galactose, 
sucrose, lactose and maltose). To address 
this, Qu et al. prepared GQDs functionalized 
with phenylboronic acid (3-aminophenylbo-
ronic acid functionalized GQDs, e.g., APBA-
GQDs.[191] Selective detection of glucose was 
accomplished through the APBA functional 
units and surface quenching states (SQS) 
induced mechanism.

PL quenching was the transduction mecha-
nism in another study depicting C-dots pre-

pared through the carbonization of citric acid and APBA as a 
passivating agent.[192] In comparison, PL recovery of C-dots pas-
sivated with 4-cyanophenylboronic acid (CPBA) was used for 
monitoring blood glucose.[193] Initially, CPBA passivation of the 
C-dots resulted in PL quenching via charge transfer from C-dots 
to CPBA; however, addition of glucose gave rise to modulation of 
electron distribution in the aromatic moiety of CPBA leading to 
increase of fluorescence emission.

C-dots were also functionalized with boronic acid for detec-
tion of glucose in blood serum samples (Figure 22).[194] In that 
study, the C-dots were prepared through hydrothermal car-
bonization of phenylboronic acid (Figure 22A). PL quenching 
occurred upon addition of glucose, due to the covalent 
binding between the cis-diols of glucose and boronic acid of 
the C-dot surface leading to intercalation among the particles 
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Figure 20. Structural features of graphene quantum dots (a) and carbon dots (b). The graphitic 
planes are shown.

Figure 21. Boron-doped graphene quantum dots (BGQDs) for glucose sensing. a) Schematic structure of BGQDs; b) “Aggregation-Induced PL 
Increase” Mechanism for glucose sensing by BGQDs. Reproduced with permission.[190] Copyright 2014, American Chemical Society.
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(Figure 22B). The covalent network gave rise to quenching of 
the C-dots’ fluorescence as apparent in Figure 22C.

Using similar concepts, hemin-functionalized GQDs[195] and 
metalloporphyrin-functionalized GQDs[196] coupled to glucose 
oxidase (GOx) facilitated “on-off” glucose detection in serum 
samples. In both systems, hydrogen peroxide released fol-
lowing the reaction between GOx and glucose, disrupted the 
passivated GQDs’ surface, resulting in fluorescence quenching 
(Figure 23). Specifically, in the hemin-GQDs catalyzed H2O2 

reaction, free radicals (hydroxyl and carbon-centered radicals) 
were generated and induces further oxidation of surface passi-
vated units of GQDs or destroy the passivation of GQDs, leading 
to significant fluorescence quenching of GQDs (≈86%). In the 
latter study, the metalloporphyrin induced PL quenching of the 
GQDs, as its absorbance band overlapped with the emission 
band of the GQDs; the “on” PL state was re-introduced upon 
reaction between H2O2 and metalloporphyrin to dipyrroles and 
monopyrroles.[196]
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Figure 23. Hemin-functionalized GQDs for glucose detection. Hemin is attached to GQDs through electrostatic and π−π interactions. Hemin in the 
nanocomposite catalyzes H2O2 reaction with the GQDs (generated upon the reaction between glucose and glucose oxidase, GOx) generating free 
radicals, resulting in fluorescence quenching. Reproduced with permission.[195] Copyright 2014, Elsevier Ltd.

Figure 22. Glucose detection by C-dots prepared from boronic acid. A) Synthesis scheme of the C-Dots; B) Working principle of glucose sensing; interca-
lation of adjacent boronic acid-functionalized c-dots upon the addition of glucose results in fluorescence quenching; C) Glucose concentration-dependent 
quenching of C-dot fluorescence emission (excitation at 320 nm). Reproduced with permission.[194] Copyright 2014, American Chemical Society.
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In an interesting strategy, Zhou and co-workers immobilized 
C-dots onto glucose-imprinted polymer microgels and demon-
strated continuous selective detection of glucose in physiolog-
ical pH.[197] The glucose-imprinted microgels could reversibly 
quench the fluorescence signals of the embedded C-dots in 
response to glucose. In another investigation, GQD nanofibers, 
prepared through electrospinning of water-soluble GQDs with 
polyvinyl alcohol (PVA), was utilized for glucose and H2O2 
detection.[198] The sensing modality was based upon quenching 
of the GQDs’ upon addition of glucose or H2O2.

4.1.2. Biomarker Detection

Several types of immunosensors based on C-dots and GQDs 
have been developed for disease diagnosis. Miao and co-workers 

prepared COOH-functionalized C-dots through carbonization 
of tomato juice, and coupled them to aptamers recognizing 
the carcinoembryonic antigen (CEA), a cancer biomarker 
(Figure 24).[199] In the experiment, the CEA-aptamers were 
attached onto the C-dots through pi-pi stacking, giving rise to 
fluorescence quenching. Binding of the CEA to the C-dot-dis-
played aptamers caused their detachment from the C-dots and 
concomitant recovery of the C-dots’ fluorescence (Figure 24B). 
This scheme produced continuous, sensitive, and recyclable 
CEA assay.

A ratiometric nanoprobe was prepared by chelation of Tb3+ 
ions with carboxyl and amine groups upon C-dots’ surface, 
employed for detection of an anthrax biomarker, dipicolinic 
acid (DPA).[200] In this study, prior to DPA addition, the emis-
sion spectrum was dominated by the band of C-dots; however 
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Figure 24. C-dot fluorescence sensor for CEA. A) Synthesis scheme showing the C-dots prepared from tomato juice as the carbon precursor. B) sensing 
strategy; the fluorescence of the C-dots was quenched upon surface binding of CEA-aptamer; addition of CEA gave rise to fluorescence recovery due to 
release of the CEA-aptamer from the C-dots through competitive binding. Reproduced with permission.[199] Copyright 2016, Elsevier Ltd.

Figure 25. C-dot/nanoparticle ECL for detection of cancer biomarkers. Ab1 was immobilized on a conductive substrate via Fe2O3 and Ab2 functional-
ized with the ECL label CdTe@C-dots. Signal transduction was based upon SCCA sandwich between the two antibodies. Reproduced with permis-
sion.[203] Copyright 2014, Elsevier Ltd.
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Figure 26. pH sensing by functionalized C-dots. The receptor AE-TPY is bound onto the C-dots through condensation reaction. N atoms upon the 
C-dots’ surface participated in protonation/deprotonation, leading to modulation of C-dots’ emission. Reproduced with permission.[208]

Figure 27. DNA detection by C-dot/AuNPs. The PL of C-dots, prepared upon the carbonization of histidine and further coated with probe ssDNA 
is quenched upon addition of AuNPs. The C-dots’ fluorescence can be recovered in the presence of target ssDNA. Reproduced with permission.[219] 
Copyright 2017, Elsevier Ltd.
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as C-dots and DPA excite with the same wavelength, the emis-
sion intensity of the Tb3+ ions was enhanced though energy 
transfer from DPA, in the presence of the marker. The fluores-
cence peaks of C-dots in aqueous solution were unchanged as a 
reference, while the Tb3+ ions exhibited enhanced fluorescence 
emission upon binding of DPA, enabling ratiometric DPA 
detection. A similar detection concept was reported in which 
Eu3+-functionalized GQDs, prepared through chelation of Eu3+ 
ions onto carboxyl and amine groups upon the GQDs’ surface, 
were used for DPA detection.[201] A rapid and sensitive immuno-
assay was developed for detection of ovarian cancer biomarkers 
through chemiluminescence resonance energy transfer (CRET). 
In the experiment, signal transduction was based upon CRET 
from a chemiluminescent reagent (luminol) to the GQDs.[202] 
GQDs offers various advantages, as the energy acceptor avoids 
the photo-bleaching problem, which is usually associated with 
organic dyes, and enables efficient energy transfer.

Electrochemiluminescence (ECL) sensors utilizing GQDs or 
C-dots have been developed for detection of cancer biomarkers. 
While GQDs and C-dots generally generate weak ECL sig-
nals, their coupling to metal or semiconductor NPs enhances 
their ECL signal through enrichment of C-dots concentration. 
In a representative example, C-dots/CdTe were synthesized, 
designed to serve as ECL labels for the sensitive detection of 
squamous cell carcinoma antigen (SCCA), a cancer biomarker, 
through electrochemiluminescent resonance energy transfer 
(ECRET) (Figure 25).[203] Specifically, C-dots/CdTes were immo-
bilized on a carrier antibody (C-dots/CdTe@Ab2) for capture of 
the SCCA antigen in solution. The SCCA was “sandwiched” 
between Ab2 and another antibody, immobilized on Fe2O3-
modified electrode (Fe2O3 NPs/Ab1). Electrochemically excited 
species (C-dots/CdTes) emit luminescence upon the recogni-
tion SCCA by both the Abs, as shown in Figure 25.[203] In the 
presented work, two Abs have been used to enable the sensi-
tive detection of biomarkers, one that is Ab2, used to pre-con-
centrate the antigen and other one that is Ab1, immobilized on 
the electrode surface for transduction of antigen-Ab2. In addi-
tion, both Abs were immobilized on NPs to enhance the sensi-
tivity through enrichment of Abs surface concentration (intern 
increase the antigen-antibody interaction) and C-dots (which 
leading to enhance the ECL signal).

In another example, like C-dots, GQDs have been also 
employed as ECL labels for cancer biomarker detection through 
the above explained mechanism.[204] In the experiment, GQDs 
assembled PtPd NPs, used as ECL label, to enhance the ECL 
biosensing performance and Au-Ag NPs, used to modify 
the electrode substrate to increase the electrochemical reac-
tion.[204] Specifically, the recognition layer constitutes PtPd NPs, 
employed to enrich the concentration of GQDs to enhance the 
ECL signal, and Au-Ag NPs which enhanced the electrochem-
ical reaction.

4.1.3. Detection of Metal Ions and pH in Biological Systems

C-dots constitute both efficient electron donors and electron 
acceptors, enabling detection of metal ions and pH through elec-
trostatic attraction. In particular, functional groups upon C-dots’ 
surface (formed either by carbonizing the carbon precursor 

containing specified functional groups, or by chemical coupling 
of desired functional groups after C-dot synthesis) have dis-
tinctive affinities to different target metal ions and pH, which 
results in modulation of the C-dots’ fluorescence. Numerous 
reports of such ion and pH sensors have appeared in the litera-
ture. As an example, a fluorescent sensor was demonstrated for 
intracellular detection Cu2+ by C-dots synthesized from citric 
acid and polyethylenimine (PEI) as carbon precursors via a one-
step microwave method at low temperature.[205] In the experi-
ment, the amine groups on the C-dots’ surface retained their 
Cu2+ recognition capabilities, quenching the C-dots’ fluores-
cence following addition of small amounts of Cu2+ ions. Such 
quenching can be ascribed to electrostatic interactions between 
Cu2+ and negatively charged residues upon the C-dots’ surface, 
leading to chelation and aggregation of the dots. Cu2+-mediated 
aggregation and quenching of C-dots’ fluorescence was used as 
a vehicle for copper ion sensing in rat brain’s striatum.[206]

C-dots derived from various starting materials were used 
to detect different ions in physiological solutions and cells, 
including Hg2+, Ag2+, Cr3+, Fe3+, K+, Cl-, and H+.[205,207] The 
ion detection mechanisms are similar, involving quenching 
of the C-dots’ PL via electron or energy transfer mechanisms. 
C-dots have been also employed as pH sensors in living cells 
and tissues. Tian and co-workers synthesized aminomethylphe-
nylterpyridine (AE-TPY) C-dots to probe pH changes in physi-
ological conditions.[208] The sensing mechanism relies upon PL 
quenching through the interaction of protons with the surface 
groups of C-dots (Figure 26). In particular, pH sensing in that 
system exploited two-photon fluorescence (TPF) induced by 
near infrared (NIR) excitation. Importantly, this C-dot sensor 
was successfully applied in living cells and tumor tissues.

A multicolor-emitting block copolymer-integrated 
graphene quantum dots (bcp-GQDs), prepared through 
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Figure 28. Amphiphilic C-dots for labelling of bacterial cells. A) The bac-
terial detection scheme. Bacteria were grown in a medium containing 
amphiphilic C-dots which were inserted into the cell membrane, ena-
bling visualization of the bacteria through fluorescence microscopy.  
B) Multicolor fluorescence confocal microscopy images of E. coli bacte-
rial cells recorded at different excitations (blue-365 nm, green-470 nm, 
magenta-510 nm and red-540 nm). Scale bar corresponds to 5 µm. 
Reproduced with permission.[221] Copyright 2015, The Royal Society of 
Chemistry.
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grafting of blue-emitting thermally responsive block copoly mer 
onto green-emitting GQDs, was employed for simulta-
neous sensing of temperature, pH, and metal ions.[209] In the 
experiment, sensing was accomplished through monitoring 
Förster resonance energy transfer (FRET) between the bcp 
(emitting in blue) and GQDs (exhibiting green emission), 
which was dependent upon the different types of stimuli.

Numerous C-dots-based sensors have been reported for 
detection of diverse biomolecular targets. A C-dot-based 
ratiometric sensor has been developed for detection of ribo-
flavin.[210] other studies reported the fluorescence turn-on or 
turn-off C-dots based sensor for the detection of cysteine,[211] 
dopamine,[212] ascorbic acid,[213] bisphenol,[214] glutathione,[215] 
guanine,[216] hydroquinone,[217] and chelostral.[218]
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Figure 29. C-dot–hydrogel for bacterial detection. A) The hydrogel was prepared through gelation of an amphiphilic glucose precursor together with 
C-dots; (B) The fluorescence of the embedded C-dots was quenched upon addition of bacteria due to enzymatic cleavage of ester bonds and consequent 
aggregation of the embedded C-dots; (C) Digital photographs depicting the hydrogel before and after the addition of bacterial cells, showing fluidization 
of the gel and concomitant fluorescence quenching. Reproduced with permission.[222] Copyright 2017, The Royal Society of Chemistry.

Figure 30. Drug delivery employing hollow C-dots. Hollow C-dots, synthesized through solvothermal carbonization of bovine serum albumin (BSA), 
used for uploading a drug cargo [doxorubicin (DOX)]. The DOX/C-dot composite particles emitted both in blue (C-dots’ fluorescence) and red (DOX 
fluorescence). Reproduced with permission.[224] Copyright 2013, Elsevier Ltd.
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4.1.4. Biosensing of Oligonucleotides

Interactions of specifically designed C-dots with oligonu-
cleotides which result in fluorescence modulation made 
possible use of C-dots as conduits for DNA sensing. Ultrasen-
sitive detection of DNA sequences related to HIV was accom-
plished through FRET between C-dots and AuNPs (serving as 
quenchers) (Figure 27).[219] In the experiment, the PL of C-dots 
functionalized with a probe ssDNA was quenched upon addi-
tion of AuNPs through FRET. Recovery of the PL was achieved 
upon exposure of C-dots-probe ssDNA/AuNps to target ssDNA, 
affected by dissociation of C-dots-duplex DNA and AuNPs, due 
to the strong electrostatic repulsion between the negatively 
charged duplex DNA and AuNPs.

C-dots, prepared though microwave treatment of banana 
peels, were used as reducing agents and stabilizers of 
a Pd/Au/C-dot nanocomposite. This material was used 
for electrochemical detection of colitoxin DNA in human 
serum.[220] Specifically, the probe-DNA was immobilized 
on the Pd-Au@C-dots through covalent bonding between 
COOH groups upon the C-dots and the probe DNA which 
was NH3

+-terminated. Methylene blue (MB) was used as an 
electrochemi cal indicator for monitoring the hybridization 
between the probe DNA and target DNA.

4.1.5. Bacterial detection

Bacterial cells have been shown to modulate the fluorescence prop-
erties of C-dots, opening the way for innovative bacterial sensing 
strategies. Nandi et al. synthesized amphiphilic C-dots functional-
ized with hydrocarbon chains for the detection of bacterial cells 

such as E. coli; S. typhimurium; P. aeruginosa; and B. cereus.[221] In 
the experiment, both the intensity and shift of the C-dots’ fluores-
cence emission were significantly modulated upon insertion of 
the C-dots into the bacterial cells’ membranes, making possible 
bacterial detection through fluorescence spectroscopy or micros-
copy (Figure 28). Distinct binding profiles of the amphiphilic 
C-dots have been observed with each bacterial strain, accounting 
for the different cell surface properties (i.e., different lipid compo-
sitions, molecular organization, and macroscopic structures).

In another study, bacterial detection was achieved by 
employing a hydrogel embedding C-dots (Figure 29).[222] Ini-
tially, the C-dots were distributed within the hydrogel, stabilized 
through a network of hyfrogen bonds. In this environment, 
the fluorescence of the C-dot was high since no aggregation 
occurred. However, in the presence of bacteria, bacterially 
secreted esterases induced cleavage of ester bonds within the 
hydrogel scaffold, resulting in fluidization of the hydrogel. 
This, in turn, gave rise to aggregation of the embedded C-dots 
and consequent quenching of their fluorescence.

In another approach, magnetic carbon dots (Mag-C-dots), 
prepared through combining magnetic Fe3O4 NPs and amine-
functionalized C-dots, were used for sensing the pathogenic 
bacteria Staphylococcus aureus and Escherichia coli in urine sam-
ples.[223] The fluorescence intensity of the Mag-C-dots increased, 
presumably through more pronounced binding of the bacterial 
cells to the nanoparticles.

4.2. Carbon Dots in Drug Delivery

C-dots offer useful pathways for both drug- and gene-delivery. 
Figure 30 depicts hollow C-dots, prepared via a carbonization 

Figure 31. Carbon dots as vehicles for gene transfection. Gene delivery platform comprising polyethylenimine (PEI)-passivated C-dots (synthe-
sized upon the carbonization of glycerol and PEI), employed as a nano-vessel for gene delivery and bioimaging. Reproduced with permission.[225] 
Copyright 2012, Elsevier Ltd.
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process with bovine serum albumin as the carbon source, 
serving as hosts for drug cargo.[224] Of particular impor-
tance is that the C-dots retained their luminescence after 
loading of drug/gene, thus serving both as a vehicle for drug 
delivery, as well as for tracking the particles via fluorescence 
microscopy.[224]

C-dots have been investigated as conduits for delivery of 
genes by surface passivating with positively charged polymeric 
materials, thereby delivering genetic material through elec-
trostatic attraction. As an example, Liu et al. successfully 
prepared a C-dot gene-delivery platform through carboniza-
tion of polyethylenimine (PEI), a positively charged polymer. 
(Figure 31).[225] The outer cationic moieties mediated plasmid 
DNA transfection, and the entrapped C-dots’ fluorescence also 
serves as a vehicle for bio-imaging.

C-dots constituted scaffolds for intracellular delivery of 
small interfering RNA (siRNA, or “silencing RNA”, which is 
capable of deactivating expression of target genes).[226] The 
siRNA transport system was prepared through functionali-
zation of the C-dots with PEI, which had a dual role in the 
system–a carrier for docking the siRNA, and enabling trans-
port of the C-dot complexes across the plasma membrane 
and cell uptake. In another study, direct 
synthesis of C-dots using oligonucleotides 
as the carbon source was explored, using 
the particles as a vehicle for cell imaging 
(using the C-dots’ fluorescence) and drug 
delivery.[227] The C-dots, which were derived 
from genomic DNA (isolated from Escheri-
chia coli), displayed varied surface groups, 
thus facilitating drug transport through 
electrostatic interactions and were readily 
internalized by different types of cells. In 
addition, similar to the example above, the 
C-dots’ fluorescence enabled cell imaging.

In an interesting multifunctional system, 
C-dots served as both target delivery plat-
form, anticancer agents, and imaging con-
stituents.[228] Specifically, the C-dots were 
functionalized with a mitochondria-recogni-
tion moiety (triphenylphosphonium, TPP), 
and a photo-responsive nitric oxide (NO) 
releasing moiety. NO works as a potent cyto-
toxic agent due to its inhibition of mitochon-
drial respiration. The C-dots thus bound and 
damaged intracellular mitochondria via light 
induced NO release, initiating apoptosis of 
the cancer cells (Figure 32). In addition, the 
C-dots’ fluorescence allowed assessment of 
the extent of C-dot buildup and localization 
within the mitochondria.

4.3. Bio-Imaging Applications of C-Dots

The fluorescence properties of C-dots, par-
ticularly their excitation-dependent emis-
sions, make these nanoparticle potentially 
useful for biological imaging applications. 

In a recent study, amphiphilic C-dots were employed for mul-
ticolor cell imaging.[229] In the experiment, C-dots which were 
surface-functionalized with long hydrocarbon chains, were 
incorporated within lipid vesicles that were subsequently cell-
internalized through endocytic pathways. Figure 33 depicts 
confocal fluorescence microscopy images which confirmed 
successful internalization of the C-dots into the cells, and their 
homogeneous distribution within cellular environments such 
as the cytosol and nucleoli.

In another study, C-dots were prepared from three phenylen-
ediamine precursors and employed for imaging epithelial cells 
(Figure 34).[230] The distinct colors of the C-dots were related 
to the three phenylenediamine isomers (ortho, meta, and para), 
resulting in difference in their particle size and nitrogen con-
tent. Cell labeling was accomplished through incubation of 
MCF-7 cells with each C-dot species; the live cells were imaged 
with a confocal microscope under a single 405 nm laser 
excitation.

FRET was exploited for monitoring drug delivery into cells 
(Figure 35).[231] In that study, surface functional groups of the 
C-dots served as energy donor while the loaded drug compound 
doxorubicin (DOX) acted as energy acceptor. These C-dots were 

Figure 32. Multifunctional mitochondria-targeting C-dots. A) Outline of the C-dot’s activity. 
C-dots exhibiting a mitochondria-recognition element (triphenylphosphonium, TPP) and photo-
responsive NO-release moiety were prepared for targeting and damaging the mitochondria, 
leading to apoptosis of the cancer cells. B) Representation and surface moiety structures of the 
C-dots (S-nitrosthiol on the left, and TPP on the right). C) photo responsive release mechanism 
of NO from the surface passivated moiety. Reproduced with permission.[228] Copyright 2014, 
The Royal Society of Chemistry.



© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1700574 (26 of 36)

www.advancedsciencenews.com www.advhealthmat.de

Adv. Healthcare Mater. 2017, 6, 1700574

employed for both fluorescence imaging of the cellular targets, 
and drug distribution through FRET. Specifically, imaging was 
carried out by uv excitation of the C-dots, energy transfer via 
FRET to the DOX molecules which consequently exhibited 
fluorescence emission at 498 nm, allowing for visualization of 
drug distribution. Importantly, time-dependent imaging studies 
revealed the decay of the DOX fluorescence as a consequence 
of their release within the cells.[231]

Cell targeting and imaging through the 
attachment of recognition elements to C-dots 
was also carried out. A recent study demon-
strated cancer cell imaging by displaying folic 
acid on C-dots’ surface (Figure 36).[232] Folic 
acid is a convenient target agent for cancer 
cells in which the surface folate receptors are 
over-expressed. In that study, folic acid units 
were covalently bonded to the C-dots, which 
were then utilized for the selective tagging of 
cancer cells, e.g., HeLa cells. In yet another 
study, C-dots were hydrothermally synthe-
sized from folic acid as carbon precursor, 
consequently enabling selective imaging of 
cancer cells.[233]

C-dots have been also used for in vivo 
imaging. Tumor imaging was demon-
strated by using C-dots that were prepared 
through the carbonization of a mixture 
containing D-glucose and L-aspartic acid 
(Figure 37).[234] Particularly, these C-dots 
displayed more pronounced uptake in can-
cerous glioma cells and tumors, likely due 
to the specific binding of the aspartic acid/
glucose elements of the C-dots and integrins 
(cell adhesion proteins) which are overex-
pressed in glioma cells (Figure 37 Top). In 
the in vivo experiment, the C-dots prefer-
entially collected in the brains of mice with 
glioma tumors, demonstrating that the 
carbon nanoparticles were not only specific 
but could also be effectively transported 

across the physiologically important blood-brain barrier 
(BBB) (Figure 37 bottom).

Other reports presented imaging systems consisting of 
C-dots conjugated with other reporting modalities. C-dots/ 
gadolinium ion conjugates (C-dot-Gd nanoparticles), pre-
pared through the pyrolysis of a positively charged ligand 
and subsequently coupled to a negatively charged Gd3+-
containing complex, can be employed for both fluorescence 

Figure 34. Multicolor cell labeling with C-dots derived from phenylenediamine isomers. Confocal microscopic images (λex = 405 nm) of MCF-7 cells 
treated with C-dots synthesized from meta- (a), ortho- (b), and para- (c) phenylenediamine. Each carbon source produces a corresponding C-dot with 
a distinct fluorescence emission peak (e.g., different color). Reproduced with permission.[230]

Figure 33. Amphiphilic C-dots employed in cell imaging. Bright-field image (A) and confocal 
fluorescence microscopy images of epithelial Chinese hamster ovary (CHO) cells incubated 
with amphiphilic C-dots. The images were recorded at excitation of 405 nm (B); 488 nm 
(C) and 561 nm (D). Scale bar is 10 µm. Reproduced with permission.[229] Copyright 2014, The 
Royal Society of Chemistry.
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Figure 35. C-dots for screening drug delivery. a) Polyethyleneglycol (PEG) and folic acid (FA) passivated C-dots improving the biocompatibility and 
cellular targeting. DOX was the drug cargo. b) Before DOX release, the luminescence was produced from DOX (at 595 nm) via FRET between the C-dot 
and DOX molecules. C-dots emission at 498 nm observed after DOX release. c) Confocal microscopic images of HeLa cells incubated with C-dots-DOX. 
Lowering of DOX fluorescence and instantaneous enhancement of C-dot fluorescence are recorded. Reproduced with permission.[231]
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Figure 37. In vitro and in vivo targeting of C-dots prepared from specific ligands as carbon sources. The C-dots, synthesized from amino acid ligands, 
targeting glioma cancer cells, presumably through binding to over-expressed integrins. Top row) Cell imaging experiments [exc. 405 nm (A,E), 488 nm 
(B,F), 555 nm (C,G)], and flow cytometry profiles (D,H) reflecting more significant labeling in case of cancerous C6 cells as compared to non-cancerous 
L929 cells. Bottom row) In vivo fluorescence images of glioma-bearing mice reveal the amassing of C-dots in the brain and the ensuing systemic clear-
ance. Reproduced with permission.[234] Copyright 2015, American Chemical Society.

Figure 36. Cancer cell imaging with folic acid-functionalized C-dots. Top) Strategy to prepare folic acid passivated C-dots. Folic acid is covalently linked 
with C-dots. Bottom) HeLa cells visualized via confocal fluorescence microscopy, treated with yellow C-dots (right image) functionalized with folic acid. 
Reproduced with permission.[232] Copyright 2013, Nature Publishing Group.
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and magnetic resonance imaging (Figure 38).[235] Gado-
linium is a common contrast agent in magnetic resonance 
imaging (MRI), reducing the T1 relaxation of water pro-
tons and consequently enhancing their magnetic resonance  
signal.

4.4. C-Dots in Photodynamic Therapy

C-dots have been utilized in photodynamic therapy (PDT). 
In PDT, tumor cells are destroyed upon exposure to oxygen 
radicals, released upon light irradiation of a “photosensi-
tizer” (PS). For example, Chen et al. reported a PDT strategy 
based upon two-photon absorbance by C-dots (Figure 39).[236] 

The PDT system consisted of C-dots covalently bound to 
a porphyrin derivative (TMPyP), employed as the PS. A 
fundamental restriction of the use of standalone TMPyP as 
a PS therapeutic compound is that it absorbs light only in 
the visible spectrum. The designed C-dots platform were able 
to absorb light in the NIR (700 nm) region which, crucially, 
penetrates through tissues. Upon irradiation by NIR light, 
the C-dots emitted light which wavelength coincided with the 
excitation of TMPyP; the resultant energy transfer activated 
the TMPyP release of triplet oxygen radicals and subsequent 
cell killing.

In another study, GQDs could serve as PDT agents gener-
ating singlet oxygen radicals (reactive oxygen species, ROS) 
likely due to the transfer of the excitation energy of the C-dots 

Figure 38. Orthogonal imaging modes using C-dot composites. C-dots incorporating gadolinium ions used for both fluorescence imaging and mag-
netic resonance imaging. A) The Gd3+ ions are incorporated into the C-dot matrix through pyrolysis of a mixture comprised of the carbon source, posi-
tive ligand, and Gd3+ complex. B) T1-weighted magnetic resonance images (MRI) exhibiting substantial brightness of the gadolinium-C-dot composites 
(GdQC-dots), analogous to a commercially available MRI contrast agent (Gadovist). No MRI contrast was seen in the case of those C-dots which did 
not contain Gd3+. Reproduced with permission.[235] Copyright 2012, The Royal Society of Chemistry.
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to an “excited triplet state” (Figure 40).[237] As described in 
Figure 40, energy required for generating reactive oxygen spe-
cies (singlet or triplet oxygen) could be produced through two 
transitions – the excited singlet state to the triplet state, and 
the triplet state to the ground state of the GQDs. This multi-
state sensitization mechanism differs significantly from the 
single transition photosensitization mechanism in conven-
tional PDT agents and may enable more efficient PDT activity 
through the production of high concentrations of reactive 
oxygen species by the GQDs. Table 3 outlines publications dis-
cussed above focusing on biological and biomedical applica-
tions of carbon dots.

5. Clinical and Practical Aspects

Although carbon nanomaterials represent an important niche 
in the field of innovative materials for next-generation nano-
medicines, no carbon nanomaterial-based therapeutic prod-
ucts have won regulatory approval yet. Clinical trials of CNTs 
as components of external medical devices for cancer diagnos-
tics were initiated in 2011[238] and as breath nanosensors for 
gastric cancer.[239] The apparent disparity between the signifi-
cant activity and progress in carbon nanomaterial research and 
scant advances in the realm of practical biomedical applications 
might certainly be a detrimental issue for further advances in 
the field.

A prominent issue that is naturally pivotal for potential future 
therapeutic applications of carbon is toxicity. Potential adverse 
effects of CNTs, graphene, graphene oxide, and their derivatives 
have been discussed in several reviews.[240] Specifically, there 
is a need to identify safe morphologies and delivery routes of 
therapeutic carbon nanomaterials. Non-specific adsorption 
of carbon nanomaterials to biological molecules in vivo is 

Figure 40. Multi-state sensitization model for photodynamic therapy in 
GQDs. Mechanisms for generation of reactive oxygen species by GQDs, 
demonstrating greater effectiveness in comparison with conventional 
photosensitizers which rely on single energy transitions. Reproduced with 
permission.[237] Copyright 2014, Nature Publishing Group.

Figure 39. C-dots in photodynamic therapy (PDT). The C-dots are covalently attached to TMPyM (the photosensitizer). C-dots are irradiated with near 
infrared (NIR) light, transferring energy to the TMPyP. In the photodynamic process triplet oxygen is generated, leading to cell killing. Reproduced with 
permission.[236] Copyright 2014 Elsevier Ltd.

Table 3. Biological applications of GQDs and C-dots.

Graphene quantum dots and carbon dots Ref.

1 GQD- and C-dot-based biosensors

Glucose biosensing [190–198]

Biomarker detection [199–204]

Detection of metal ions and pH in biological systems [205–218]

Biosensing of oligonucleotides [219,220]

Bacterial detection [221–223]

2 Carbon dots in drug delivery [224–228]

3 Bio-imaging applications of C-dots [229–235]

4 Photodynamic therapy [236,237]
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considered another important factor affecting their toxicity pro-
file. Graphene, for example, nonspecifically binds to proteins in 
vivo by π-stacking interactions and electrostatic interactions.[241] 
GO displaying reactive COOH and OH groups can be conju-
gated with various functional proteins, leading to irreversible 
denaturation (or activation) of proteins and potential long-term 
toxicity.[242] Graphene was also shown to nonspecifically bind to 
various proteins, even when it is functionalized with targeting 
residues such as aptamers.[133] In addition, nonspecific binding 
of chemotherapeutic agents delivered by carbon nanomaterials 
leads to undesired side effects on normal tissues and insuffi-
cient dosages for killing target cancer cells.[243]

Other safety issues need to be researched before wider 
acceptance of carbon nanomaterials for therapeutic applica-
tions. Among the central questions are aspects pertaining to 
circulation and long-term fate (clearance rate) in blood, interac-
tions of graphene with human blood cells and proteins. Other 
physiological issues include the effects of carbon nanomaterials 
on ion channels and cell signaling pathways. Further, investi-
gating interactions of carbon nanoparticles with pulmonary 
surfactant proteins and their overall pulmonary responses are 
critical due to inhalation of these materials. In addition, the 
effects of carbon nanomaterials on the immune system, repro-
ductive systems, and neural networks have yet to be thoroughly 
investigated.[244]

Technologies for minimizing potentially adverse environ-
mental effects of carbon nanomaterials have been pursued. 
Biodegradation technologies may be able to meet this need. 
For example, recent studies have reported that peroxidase 
enzyme-based processes could lead to oxidative degradation 
of carbon nanoparticles in biological systems.[245] On a cellular 
level, a degradation process has been demonstrated for carbon 
nanotubes[246] and graphene.[247] Very few studies are currently 
available on the capacity of phagocytic cells or specific tissues 
to induce carbon nanomaterial degradation following in vivo 
administration in animal models.[248]

Bacteria and other microorganisms have been proposed 
as conduits for degradation of carbon nanomaterials in the 
environment either through oxidation or through reduc-
tion reactions. As an example, Liu et al. successfully isolated 
a naphthalene degrading bacterium from the contaminated 
soil in a graphite mine, that could degrade graphitic materials 
including GO, graphite, and reduced GO (rGO).[249] Interest-
ingly, the bacterium had different degrading effects on different 
carbon materials. Specific enzymes have been also employed 
for carbon nanoparticle removal. Myeloperoxidase has been 
shown to oxidize SWCNTs.[250] It has been also shown that 
binding of SWCNTs to human serum albumin through electro-
static interactions between the SWCNTs’ carboxyl groups and 
arginine residues of the protein, and π–π stacking interactions 
of SWCNTs with the tyrosine residues significantly enhanced 
SWCNT biodegradation.[251]

6. Conclusions

Carbon nanomaterials, specifically carbon nanotubes (CNTs), 
graphene, and carbon quantum dots, have been used as 
powerful platforms for diverse biological and biomedical 

applications. These nanomaterials have been employed as bio-
sensors, drug and gene delivery vehicles, bio-imaging agents, 
therapeutic materials, and tissue engineering scaffolds. The 
contributions of these carbon nanomaterials to such diverse 
applications have been aided by the unique physico-chemical 
properties of these nanostructures, their biocompatibility, and 
the varied routes of surface derivatization. While technical 
and conceptual challenges still need to be addressed, carbon 
nanomaterials will likely continue to be used in numerous and 
expanding biological applications.
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