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Keywords: Infectious diseases (such as Corona Virus Disease 2019) and tumors pose a tremendous challenge to global public
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patient's condition. Over the past few decades, carbon nanomaterials (CNs) have attracted widespread attention in

Carbon dots different scientific disciplines. In the field of biomedicine, carbon nanotubes, graphene, carbon quantum dots and
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Diseases fullerenes have the ability of improving the accuracy of the diagnosis by the improvement of the diagnostic
Diagnosis approaches. Therefore, this review highlights their applications in the diagnosis of infectious diseases and tumors

over the past five years. Recent advances in the field of biosensing, bioimaging, and nucleic acid amplification by
such CNs are introduced and discussed, emphasizing the importance of their unique properties in infectious
disease and tumor diagnosis and the challenges and opportunities that exist for future clinical applications.
Although the application of CNs in the diagnosis of several diseases is still at a beginning stage, biosensors,
bioimaging technologies and nucleic acid amplification technologies built on CNs represent a new generation of
promising diagnostic tools that further support their potential application in infectious disease and tumor

diagnosis.

1. Introduction

Human beings have been plagued by infectious diseases and tumors
for the past few decades. In the 21st century, there have been successive
epidemic outbreaks of viruses including severe acute respiratory syn-
drome coronavirus (SARS-CoV), Ebola virus, Middle East respiratory
syndrome coronavirus (MERS-CoV) and severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2) (the most recent) [1-3], posing a
great challenge to global public health and economy. In particular,
Corona Virus Disease 2019 (COVID-19), which has spread widely around
the world in the last two years, has caused approximately 350 million
SARS-CoV-2 infections and over 5 million deaths. Although SARS-CoV-2
is less lethal than SARS-CoV or MERS-CoV, it has a higher transmission
rate [4]. Additionally, tumors are considered to be one of the most
harmful diseases worldwide. According to the World Health Organiza-
tion (WHO), cancer-related mortality is predicted to escalate by 70% in
the next 20 years [5]. Hence, early diagnosis of infectious diseases and
tumors can lead to effective control and early intervention of the patient's
conditions.
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Currently, the commonly used clinical diagnostic techniques in in-
fectious diseases and tumors include enzyme-linked immunosorbent
assay (ELISA), chemiluminescent immunoassay (CLIA), polymerase
chain reaction (PCR) and culture for microbial isolation and identifica-
tion techniques [6,7]. Despite the high clinical popularity, sensitivity and
throughput of these techniques, some aspects still need to be improved.
The main disadvantages of the traditional technology include the rela-
tively low specificity, which do not meet the diagnostic requirements. In
addition, traditional detection methods have high technical demands and
necessitate an expensive equipment, the latter resulting in a heavy social
burden to large-scale medical examinations in developing countries.
Especially in the clinical detection of SARS-CoV-2, traditional detection
techniques tend to be cumbersome, time-consuming [real-time fluores-
cence quantitative PCR (qRT-PCR)] and have low accuracy in the
detection of window period (serological antibody detection). Moreover,
the current clinical diagnosis usually detects biomarkers that are free in
plasma or serum, which is less sensitive compared to the detection of
living cells or pathogens. Because of that, the development of
high-throughput, ultra-sensitive and cost-effective novel diagnostic
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technology has become a hot research field. The discovery of new ma-
terials and the feasibility of processing and modification make the
development of detection systems using complex materials a challenging
but necessary research topic for disease diagnosis.

Recent research trends strive to discover and invent new micro- and
nano-materials with unique properties [8]. In particular, as a rising star,
carbon nanomaterials (CNs) have quickly attracted great interest in
material science and biological applications. Indeed, they have excellent
physical, chemical and structural properties, such as large specific surface
area, as well as high mechanical strength and electrical properties [9,10].
CNs are members of the carbon family and include carbon nanotubes
(CNTs), graphene and graphene oxide (GO), carbon dots (CDs) and ful-
lerenes. The most relevant biological applications of CNs mainly include
bioimaging [11-13], fluorescent labeling of cells [14], stem cell engi-
neering [15-17], biosensing [18-20], gene/drug delivery [21-25] and
photodynamic therapy [26-28]. Accordingly, some recent studies have
examined the synthesis of CNs and their applications [29,30], although
they have not focused on their diagnostic applications in infectious dis-
eases and tumors.

This review highlights the application of CNs in the diagnosis of in-
fectious diseases and tumors in the last five years. The relevant properties
of different CNs are introduced as first, such as physical properties, op-
tical properties, and biocompatibility. Next, the promising roles of CNs as
new diagnostic materials in infectious diseases and tumors are summa-
rized. Finally, the future challenges and opportunities for the practical
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application of CNs in the diagnosis of infectious diseases and tumors are
discussed.

2. Carbon nanomaterials

CNs are carbon materials with a dispersive relative scale of at least
one dimension less than 100 nm, mainly including carbon nanotubes
(1D), graphene (2D), carbon dots (0D), fullerenes (0D), carbon felts (1D)
and nanodiamonds (3D). Since the applications of carbon felts and
nanodiamonds in infectious disease and oncology diagnosis is still rela-
tively rare, in this manuscript we focus on the first four CNs. Numerous
studies on CNs have been conducted in recent years, due to their excel-
lent chemical stability, thermal conductivity, electrical conductivity and
optical properties, therefore offering a wide range of applications,
especially in biomedicine. Indeed, they are widely used as biosensor
components, bioimaging contrast agents, and enhancers for nucleic acid
amplification technology (Fig. 1).

2.1. Carbon nanotubes

CNTs are single or multi-layered seamless nanotube structures
composed of carbon atoms that are classified into single-walled carbon
nanotubes (SWCNTs) and multi-walled carbon nanotubes (MWCNTS)
according to the number of layers of carbon atoms [31]. The carbon
atoms in CNTs mainly adopt sp? hybridization conferring excellent
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mechanical strength [32]. Besides, CNTs have promising electrical con-
ductivity when the average wall number is close to 2.7 [33]. CNTs, when
applied to disease diagnosis, generally incorporate numerous surface
functional groups on the surface, including carboxyl and hydroxyl
groups. Consequently, oxidized MWCNTs are chemically more active
than oxidized SWCNTs, thus providing a wider range of applications. Due
to the high density of oxygen-containing functional groups on the side-
walls, finely dispersed nanoparticles (NPs) can attach to the surface of
MWCNTs, thus augmenting the electroactive surface area and ultimately
enhancing the sensitivity of electrochemical sensors [34]. Therefore,
CNTs are now widely used as components of electrochemical biosensors
to obtain approaches for a sensitive and selective detection of
disease-related biomarkers [35,36]. The large specific surface area of
CNTs is also potentially useful in biomedicine, where a large number of
metal particles [37,38], biomolecules [39-41] or other polymorphs [42,
43] can be loaded on the surface of CNTs, improving the biocompatibility
of CNTs and amplifying the detection signal. The large conjugation sys-
tem of CNTs can disperse the energy of the bound fluorescent dyes and
thus quench the fluorescence, leading to their unique application in the
construction of optical sensors. It is also noteworthy that some types of
SWCNTs are able to absorb photons in the visible (400-750 nm) and
near-infrared (NIR)-I (750 nm-1000 nm) windows with fluorescence in
the NIR-II window (1000 nm-1700 nm) [44]. Bioimaging techniques are
developed thanks to this property able to provide precious information
for disease diagnosis [45,46]. Aside from the above applications, CNTs
are also used in nucleic acid amplification technologies (NAAT) since
they bind to single-stranded DNA (ssDNA) via n-n stacking, thus
improving the amplification efficiency and enhancing the accuracy of the
detection [47]. This property allows a further improvement of NAAT for
the application of CNTs in disease diagnosis.

2.2. Graphene and graphene oxide

Graphene has a single-layer two-dimensional honeycomb structure
formed by tightly stacked sp>-hybridized carbon atoms. It has received
tremendous attention in biomedical fields in recent years due to its
excellent electrical, optical, and chemical properties. Graphene has a
remarkably large specific surface area thanks to its polyphenylene ring
surface structure and can be used for the construction of biological
recognition elements and delivery of drugs by binding to ssDNA and
aromatic compounds via n-t stacking [48,49]. Furthermore, graphene
has been extensively studied in electrochemistry since it has a carrier
mobility of approximately 15,000 cm?/(V-s) (room temperature),
exceeding the carrier mobility of silicon materials by a factor of 10 [50].
Moreover, graphene has an excellent thermal conductivity and optical
properties [51,52], enabling the applications in biomedical fields.

However, despite the above-mentioned promising properties, gra-
phene exhibits poor aqueous solubility and dissolves well only in
nonpolar solvents. Therefore, numerous studies focused their attention
on the enhancement of its solubility in water, and various graphene de-
rivatives have been developed, including GO, nitrogen-doped graphene,
and reduced graphene oxide (rGO), with GO as the most extensively
investigated. Despite the highly conjugated surface structure of graphene
is disrupted during oxidation, GO still maintains exceptional surface
properties and laminar structure. The groups containing oxygen of GO
enhance its chemical stability and provide a large specific surface area
and modification sites. Moreover, GO has superior dispersibility in water
compared to graphene [53]. The oxygen-containing groups on the GO
surface can serve as attachment points for electrochemically active ad-
ditives [34]. GO is currently applied in several biomedical fields, such as
biosensors [54,55], bioimaging [56,57] and nucleic acid amplification
[58,59]. In addition, graphitic carbon nitride (gC3N4), often considered
as sp>-hybridized nitrogen-substituted graphene, has also found
increasing applications in biomedical fields in recent years due to its high
specific surface area and a rich variety of nanoscale multilevel structures.
Due to its suitable band gap (~2.7 eV), gCsN4 aptly serves as a
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component of a photoelectric sensor for biomarker determination.

Apart from acting as components of conventional electrochemical
sensors, graphene and GO have been proved to exhibit field-effect tran-
sistor (FET) functionality with resistance that varies with gate voltage
[60]. On the other hand, ordinary graphene and GO have a small band
gap energy and lose their FET properties with little or no gate interaction.
However, it has been found that doping graphene/GO with appropriate
amounts of impurity elements can change their semiconductor electrical
properties, leading to FET behavior with gate response [61]. Therefore,
graphene/GO-based FET sensors lay the foundation for biomolecular
sensing, especially for the rapid detection of SARS-CoV-2. Aside from
their fluorescence quenching ability, graphene and GO have been
discovered to have surface-enhanced Raman scattering (SERS), which
can be utilized for disease diagnosis by amplifying the characteristic
signals of biomolecules in Raman spectra. Additionally, due to the high
degree of heterogeneous chemical and electronic structure of GO, some
GOs exhibit strong fluorescence emission [ultraviolet (UV) to NIR region]
for excellent applications in bioimaging.

2.3. Carbon dots

CDs, first discovered by Xu et al., in 2004, are novel members of the
family of zero-dimensional CNs with a size less than 10 nm [62].
Generally, CDs are classified into carbon nanodots (CNDs), graphene
quantum dots (GQDs), and carbon quantum dots (CQDs) according to the
nature of the core structure, carbon precursor, and quantum effect,
respectively [63]. CDs possess unique photoluminescence (PL) properties
that distinguish them from other CNs and enable the construction of
fluorescent probes for optical biosensors and bioimaging. It was
confirmed that CDs with graphitic properties were identified to have
visible excitation-dependent high fluorescence in the UV to NIR region.
Furthermore, CDs have been reported to have two-photon and
multi-photon fluorescence emission [64], enabling promising applica-
tions in multi-photon fluorescence imaging. CDs, as well as to other CNs,
also have excellent electrocatalytic activity, which makes them poten-
tially useful in the construction of electrochemical materials [65].
Furthermore, their water solubility and biocompatibility are promising
thanks to the oxygen-containing functional groups (e.g., hydroxyl and
carboxyl groups) that can encapsulate CDs. Compared with semi-
conductor quantum dots containing heavy metals, the outstanding
biocompatibility and chemical inertness of CDs render them more suit-
able for biomedical applications. Therefore, the application of CDs in
disease diagnosis has increased significantly in recent years due to these
advantages. These studies explore detection techniques that are more
suitable to clinical diagnosis by adjusting the chemical structure of CDs or
integrating them with other nanomaterials, such as metal nanoparticles
GO and CNTs.

2.4. Fullerenes

Fullerenes are common zero-dimensional carbon materials artificially
created by heating graphite. Currently, buckminsterfullerene (Cgp) and
Cy¢ are the most widely used fullerene materials in research. Fullerenes
possess similar properties to other CNs conferring them a potential role in
disease diagnosis. The surface of fullerenes can be functionalized by
biorecognition molecules such as antibodies to selectively target certain
biomarkers. Another distinctive photochemical property of fullerenes is
the unique 18r-electron aromatic structure, which enables them to
absorb photons across the solar spectrum so as to have a suitable direct
band gap (2.0-2.6 eV) and a strong electron donor and acceptor capacity
for photocurrent response modulation through different functionaliza-
tions. In addition, they are the most common spherical hollow molecule
able to chelate heavy metals to their spherical interiors, thus significantly
reducing the toxicity of contrast agents made by heavy metals and
improving the safety of bioimaging techniques [66]. The water solubility
and in vivo biocompatibility of fullerenes are pivotal issues that need to be
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addressed, and numerous studies have been performed to develop
fullerene materials modified with hydrophilic groups (including full-
erenol) to enhance their application in disease diagnosis.

3. Biosensing technology

Biosensors are devices applied for the detection and analysis of
biomarker consisting of bioreceptors (including enzymes, antibodies, and
aptamers), transducers (including various nanomaterials), signal ampli-
fiers, processors, and displays [67]. The transducer converts the
biochemical signal emitted by the target recognized by the bioreceptor
into different types of energy, which is further amplified and processed
into an output and quantifiable signal form (including electrical signal
and optical signal). CNs are ideal for the storage of electrochemical en-
ergy materials and optical sensor elements due to their high electrical
conductivity, large specific surface area, easy surface modification and
low material cost, as well as their unique optical properties (PL or
donor/acceptor intermolecular energy transfer). The application of
electrochemical sensors and optical sensors constructed from CNs and
used in the diagnosis of infectious diseases and tumors are discussed
below.

3.1. Electrochemical technology

3.1.1. Conventional electrochemical technology

Electrochemical sensors have broad application prospects in disease
diagnosis due to their miniaturization, high degree of automation, simple
operation, and high sensitivity [68]. Conventional electrochemical sen-
sors detect and quantify biomarkers by altering the surface current or
electron transfer resistance (Re¢) of the electrodes. CNs can (i) provide a
biocompatible microenvironment and a large number of binding sites for
molecules directed to the targets, (ii) serve as signal probe elements for
the identification of specific targets, and (iii) act as transducer elements
to convert the detected biochemical signals on the electrode surface into
measurable electrical signals, all properties due to their large specific
surface area and excellent electrical conductivity.

The commonest detection mechanism for electrochemical sensors
functionalized with CNs is based on the increase/decrease of the spatial
potential resistance on the electrode surface triggered by the binding of
biomarkers to the recognition molecules loaded on the electrode,
resulting in a further quantitative detection of the target analyte based on
the change in output current (Fig. 2). Some of the conventional electro-
chemical sensing key researches on CNs (and their composites) for in-
fectious disease and tumor diagnosis in the last five years are summarized
in Table S1. Owing to the relatively small size and easiness of modifi-
cation, one of the applications of CNs in conventional electrochemical
sensors is in conjunction with signal probes as tracer tags. CNs promote
the electron transfer between redox-active materials and electrode sub-
strates, thus improving the performance of electrochemical sensors
(Fig. 2a) [69]. In 2018, Chen et al. synthesized CNTs-polyaniline (PAN)
nanomaterials as tracer tags that could hybridize to fragments of bulk
capture probes generated after the hydrolysis of the Y-shaped structure of
the target DNA/assistant probe/capture probe formed on the electrode
surface [70]. This probe is formed by nicked nucleases to reduce the
obstruction of the electron transfer by stem-loop capture probes, and
greatly lower the Re; value of the electrode. The sensor allowed the
quantification of the IS6110 DNA sequence specific for Mycobacterium
tuberculosis based on the enhancement of the electrode surface current,
with a detection range of 1 fM-10 nM. Furthermore, in 2021, Zhao et al.
constructed redox tracer labels for SARS-CoV-2 RNA determination uti-
lizing p-sulfocalix [8]arene (SCX8) functionalized graphene (SCX8-RGO)
combined with toluidine blue (TB), Au, and signal probes [71]. Thanks to
the abundant capture probes immobilized on the electrode surface, the
redox tracer label can enhance the electrochemical response signal after
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the formation of a typical sandwich structure, and the limit of detection
(LOD) of the sensor for SARS-CoV-2 RNA was 3 aM. In addition, the
biosensor was applied to the testing of patients with confirmed
SARS-CoV-2 and revealed a higher detectable ratio than qRT-PCR.
Similar studies showed that DNA/microRNA sensors with low detec-
tion limits and favorable interference resistance are also constructed by
preparing probes using the composite of Cgo with other materials such as
nitrogen-doped graphene nanosheets or metalorganic framework (MOF)
[72,73]. Despite the high detection specificity of electrochemical sensors
with tracer tags, the sophisticated electrode modification and construc-
tion of tracer tags are both apparent drawbacks. As a result, numerous
scientists are now dedicated to the rapid detection of biomarkers for the
accurate diagnosis of infectious diseases and tumors by directly modi-
fying electrodes with CNs (Fig. 2b).

For example, Zheng et al. developed a capture electrode assembled
with GCE/GO/PAN/glutaraldehyde (GA)/knife bean protein A (Con A)
for the specific recognition of human chronic granulocytic leukemia
cancer cells (K562 cells) [74]. The resistance of the capture electrode
showed a sharp increase after the recognition of K562 cells by Con A due
to the dielectric behavior of the cells, and the electrode was further
blocked after the incubation with the nucleic acid aptamer-DNA link-
er-CdTe quantum dots (QDs) probe, with a continuous reduction of the
peak current of anodic stripping voltammetry (ASV). The sensor pos-
sesses a wide linear range (1.0 x 10%-1.0 x 107 cells mL™!) and a low
LOD (60 cells mL™b). Additionally, Jamei et al. fabricated an
aptamer-based electrochemical sensor for thrombin measurement with
SPCE modified with nanocomposites composed of Cgg, MWCNTS, PEIL,
and polymer quantum dots (PQdot) [75].Specific binding of thrombin to
the aptamer impeded electron transfer at the electrode surface, and the
sensor quantified thrombin based on the change of the current (LOD, 6
fM).. However, on the other hand, the development of early diagnostic
techniques for emerging outbreaks of infectious diseases (e.g.,
SARS-CoV-2) is disadvantageous due to the relative complexity of tech-
niques for the preparation and purification of specific bio-recognition
elements. Hussein et al. abandoned the idea of utilizing conventional
antigens as capture molecules and developed a sensitive assay of
SARS-CoV-2 particles with tailor-made plastic antibodies generated by
molecularly imprinted polymers (MIPs) [76]. CNTs/WOs were employed
to modify the screen-printed electrode and intact virus particles (SAR-
S-CoV-2 particles) were imprinted on poly(meta-aminophenol) (Pm-AP)
polymeric films electrodeposited in situ on the electrode surface, which
ultimately yielded complementary binding sites for virus pickup by
washing. The decoration of CNTs/WO3 offered the lowest charge transfer
resistance for the electrode, and the sensor allowed quantification of
SARS-CoV-2 based on the increase in resistance upon virus binding (LOD,
57 pg mL™).

In addition, more sophisticated electrochemical sensors have been
developed able of simultaneously detecting different biomarkers following
composite electrochemical sensors of CNs with a single signal output.
Torrente-Rodriguez et al. loaded capture antibodies or SARS-CoV-2 S1
protein on the surface of laser engraved graphene (LEG) electrodes for the
detection of the viral antigen nucleocapsid protein (NP), IgM and IgG an-
tibodies (S1-IgM and S1-IgG), and C-reactive protein (CRP) [77]. The
sensor can provide information on three key aspects of SARS-CoV-2
infection: viral infection (NP), immune response (IgG and IgM) and dis-
ease severity (CRP). Besides, investigations have also been conducted using
probes anchored by different redox species in CD-based electrochemical
sensors for the simultaneous sensing of multiple nucleic acid biomarkers. A
recent study by Pothipor et al. revealed that the designed
three-screen-printed carbon electrode (3SPCE) array sensor based on the
modification of gold nanoparticles (AuNPs)/GQDs/GO was able to detect
miRNA-21, miRNA-155, and miRNA-210 biomarkers [78]. The dysregu-
lation of miRNAs has been linked to the etiology of breast cancer, and
studies have demonstrated that miRNAs expression profiles may be
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associated with tumor aggressiveness, treatment response, and patient
prognosis in breast cancer [79]. In addition, these aberrantly expressed
miRNAs (miRNA-21, miRNA-155, and miRNA-210) can be detected in
body fluids of patients, enabling them to potentially serve as diagnostic
biomarkers for breast cancer. The double-stranded structure formed by the
hybridization of the target RNA with probes anchoring different redox
species (anthraquinone, methylene blue and polydopamine) on the

electrode surface obstacles the transfer of electrons, resulting in a signifi-
cant reduction of the peak current by differential pulse voltammetry (DPV).
This assay showed LODs of 0.04 fM, 0.33 fM, and 0.28 fM for miRNA-21,
miRNA-155, and miRNA-210 in human serum samples, respectively. These
studies provide robust evidence that CNs have potential applications as
components of electrochemical sensors that can be used in the diagnosis of
infectious diseases and tumors.
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3.2. Field-effect transistor technology

In recent years, FET sensors, consisting of biofunctional membranes
combined with ion-sensitive field-effect transistors (ISFETs) with insu-
lating grids, have been extensively adopted for the detection of bio-
markers due to their high integration, miniaturization, high sensitivity
and selectivity [80]. Among the various new materials currently avail-
able, there is a consensus that CNs are commonly used for the modifi-
cation of conductive channels in FET sensors due to their high carrier
mobility, extraordinary conductivity, large specific surface area and
outstanding biocompatibility [81,82]. Some of the pivotal FET sensing
studies on CNs (and their composites) for infectious disease and tumor
diagnosis in the last five years are summarized in Table S2. Seo et al.
fabricated an FET sensor for SARS-CoV-2 detection in clinical specimens
by coating graphene sheets with antibodies specific for anti-SARS-CoV-2
spike protein on conductive channels (LOD, 1 fg mL’l) (Fig. 3a) [83].
Furthermore, the FET sensor successfully detected SARS-CoV-2 in culture
medium (LOD, 1.6 x 10! pfu mL’l) and clinical specimens (LOD, 2.42 x
102 copies mL™1Y). In addition to employing antibodies as capture ele-
ments, Wu et al. managed to detect HepG2 cell-derived cancerous
microvesicles by immobilizing dual-aptamer on rGO sheets as capture
probes (LOD, 84 particles uL’l) [84]. Nevertheless, conventional
single-channel FET sensors exhibit weak resistance to non-target sub-
stances in clinical assays due to the complex composition in body fluids
(such as plasma, serum, saliva and urine). Accordingly, there have also
been efforts to develop dual-channel FET sensors that can eliminate
background interference. Hao et al. developed an intelligent aptameric
dual-channel graphene-Tween 80 FET (DGTFET) to detect cytokines in
body fluids to monitor the health status of patients with confirmed
SARS-CoV-2 (Fig. 3b) [85]. The DGTFET biosensor, consisting of a
sensing channel and a reference channel, enables the sensor to effectively
minimize false response signals from unwanted background interference
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in body fluids due to the differential measurement design between the
two channels and the passivation layer formed by Tween 80 [86]. Thus,
the DGTFET biosensor provides accurate quantification of cytokines
(including interferon [IFN], interleukin [IL] and tumor necrosis factor
[TNF]) in body fluids of patients with confirmed SARS-CoV-2. The FET
sensor resulted in rapid quantification of IFN-y, IL-6, and TNF-a in body
fluids within 7 min with LODs of 476 x 107'%, 611 x 107! and 608 x
1071% M, respectively. Although CNs-based FET sensors represent a
popular research direction at present, balancing portability and high
accuracy of in situ biosensors is a pressing issue. There are studies
exploring the development of portable FET sensor devices [87], resulting
in the future application of FET sensors in clinical settings.

3.3. Photoelectrochemical technology

Approaches using the rapid and sensitive detection of biomarkers or
pathogens are essential in the diagnosis of infectious diseases and tumors.
Photoelectrochemical (PEC) sensing technology is a novel sensing tech-
nology that combines optics, photochemistry and electrochemistry.
Photoactive materials in sensors (e.g., conducting polymers and semi-
conductor materials) can be excited by light signals externally applied to
generate electrical signals; the target analyte directly or indirectly affects
the magnitude of the electrical signal output, enabling the detection of
the target analyte. PEC sensors have a low background signal and high
sensitivity due to the complete separation of the two forms of energy
(light and electricity) [88]. Generally, CNs are semiconductor materials
with low photoelectric conversion rates due to their wide band gaps.
However, their modification by materials with narrow band gaps can
significantly increase the photoelectric conversion efficiency to obtain
desirable PEC signals. Consequently, numerous studies focused on the
construction of PEC sensors for the determination of biomarkers using
modified CNs, providing promising analytical techniques for the early
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diagnosis of infectious diseases and tumors (Table S2) (Fig. 3c). For
example, Xue et al. proposed a “signal-off’ sensor based on antimony
selenide (SbySe3)-GO probes and substrates for PEC biomolecular
coupling to detect the activity of DNA methyltransferase (Dam MTase)
[89]. An imbalance in DNA methyltransferase activity (i.e., aberrant DNA
methylation) is associated with cancer, and thus in-depth investigations
of DNA methyltransferase activity can lead to valuable guidance for
clinical tumor diagnosis and therapy. GO was used to increase the
biocompatibility of SbySes and to provide more active sites for biomol-
ecular coupling. SbySe3-GO nanomaterials possess a significant PEC
signal and can be quenched by AuNPs after the hybridization of
AuNPs-functionalized DNA (S1-AuNPs) with the remaining sequence of a
hairpin probe DNA (hDNA) digested by Dam MTase methylation and
restriction endonuclease Dpn I and placed on the surface of the electrode.
Dam MTase can be quantified based on the reduction of the photocurrent
at the Sb,Se3-GO modified electrode, with a LOD of the constructed PEC
sensor using Dam MTase of 0.6 mU mL™'. Another similar study, Meng
et al. constructed a novel PEC sensor for the detection of M.SssI MTase
activity, with an LOD of 0.004 U mL™! using GQDs@ZIF-8 polyhedra
with a large spatial site resistance as multifunctional PEC signal quencher
[90].

gC3Ny and fullerenes are also used to construct PEC sensors. Tabrizi
et al. constructed a PEC aptasensor for SARS-CoV-2 RBD detection with
chitosan/cadmium sulfide (CdS)-gCsN4-modified ITO electrode [91].
Visible light-driven gC3N4 with a band gap of 2.69 eV compensates for
the high recombination rate of photogenerated electrons and holes in
CdS quantum dots, while the binding of SARS-CoV-2 RBD to the aptamer
in the sensor hinders the natural diffusion of ascorbic acid acting as an
electron donor (PEC signal off). The PEC aptasensor can be applied for
the detection of SARS-CoV-2 RBD in the range of 0.5-32.0 nM with an
LOD of 0.12 nM. Additionally, Li and coworkers designed a sensor for
ultrasensitive detection of adenosine triphosphate (ATP) using Cgo
modified Au nanoparticles@MoS; (Ceo—AuUNP@MOoS,) composites as
signal indicators and p-type PbS QDs as signal quenchers [92]. The
photoelectric conversion efficiency of Cgg alone is low, whereas the PEC
signal of the Cgp modified by MoS, with a narrow band gap is signifi-
cantly enhanced. Abnormal levels of ATP prompt cell damage, necrosis
and apoptosis, further inducing malignant diseases such as cancer. Since
ATP is involved in the cleavage of PbS QDs-labeled DNA in the sensor, the
indirect detection of ATP can be achieved depending on the degree of the
quenching of the PEC signal by PbS QDs (LOD, 3.30 fM). In the subse-
quent years, Li et al. successfully detected fragments of the P53 gene
(tumor suppressor gene) and Mycobacterium tuberculosis-specific DNA
fragments by combining Cgy with wide-bandgap [Ru(Dcb-
py)2dppz]?*/Rose Red dye, methylene blue, Cos04, or directly preparing
fullerenol Cgo(OH)25 with high PEC signals in PEC sensors. These sensors
have an excellent sensitivity (minimum detection concentration below 1
fM) and specificity [93-96]. Although PEC sensors are simple to use and
relatively inexpensive, most of the current sensors based on CNs have
complex modifications and biomolecular immobilization schemes. Thus,
the development of PEC sensors with simple modifications but with
long-term stability and superior performance is necessary to be applied to
the diagnosis of infectious diseases and tumors.

3.4. Electrochemiluminescence technology

Electrochemiluminescence (ECL) technology is another potential
approach using CNs in electrochemical sensors. ECL sensors are chemi-
luminescent due to the luminescent substance in the system, whose
luminescence is triggered by electrochemistry, allowing the quantifica-
tion of the target analyte according to the luminescence intensity. ECL is
highly sensitive to signal molecules loaded on the surface of the electrode
due to the combination of a simple electrochemical system as well as the
high intrinsic sensitivity and wide linear range of chemiluminescence.
ECL sensors functionalized with CNs are extensively applied in the
detection of biomarkers (Fig. 3d). An overview of some of the critical ECL
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sensing studies on CNs (and their composites) for infectious disease and
tumor diagnosis in the last five years is summarized in Table S2. CNs can
be loaded in a large amount with adequate ECL luminescent reagents
thanks to the large specific surface area and a promising biocompati-
bility. Besides, the 0-dimensional CDs also possess an electrically excited
chemiluminescent behavior and can be used as signaling probes within
the system for the accurate detection of biomarkers. Wang et al. found
that MWCNTs and GQDs modified on the cathode of a carbon bipolar
electrode (C-BPE) can promote some potential reduction reactions in the
support channel, thereby increasing the rate of the electron transfer be-
tween the cathode and anode of C-BPE, ultimately generating a strong
cathodic ECL signal in the system in the presence of luminol [97]. They
also used the ECL sensor functionalized with CNs to detect glucose
(tumor cell proliferation-induced glucose depletion) in samples of human
serum with a minimum detection limit of 64 nM. Similarly, Bahari et al.
and Wang et al. successfully detected the carbohydrate antigen 19-9
(CA19-9) (diagnostic and monitoring biomarker for tumors) and insulin
(Insulinoma-induced abnormal levels of insulin) with high sensitivity
and selectivity using luminol-delabeled nitrogen-doped CNDs (NCNDs)
and nano-Ceo (the nanoparticles of Cg) respectively, to modify the
working electrode [98,99].

In addition to the modification of CNs for their use directly on the
electrodes, Yang and coworkers constructed an ECL immunosensor for
the detection of prostate-specific antigen (PSA) using AuNPs/GQDs-
polyetherimide (PEI)-GO complexes as probes [100]. When PSA is pre-
sent, a sandwich structure composed of
Ab1-GCE//PSA//Ab2-AuNP/GQDs-PEI-GO is formed. The application of
a voltage to the electrode resulted in the emission of light by GQDs and
PSA is quantified according to this signal (LOD, 0.44 pg mL!). A similar
strategy was applied by Qin et al. who detected human chorionic
gonadotropin (HCG) (promotion of tumor growth and invasion), a hor-
mone produced by the placenta (LOD, 0.33 pIU mL7!), using
CQDs-loaded silver nanoparticles (AgCQDs)@polymer nanospheres
(PNS)-PEI nanocomplexes as ECL signaling probes [101]. Carbon
nanomaterial-based ECL signaling probes can potentially detect relevant
biomarkers in spiked human serum samples, indicating their potential
use in the diagnosis of infectious diseases and tumors.s.

3.5. Optical methods

3.5.1. Colorimetric sensing technology

Colorimetric biosensors work thanks to the colorimetric reaction that
generates colored compounds and allow the evaluation of the biomarker
concentration by comparing or measuring the color shades of the colored
solutions. The exceptionally distinctive optical properties of CNs
encouraged extensive research to develop these biosensors for the
detection of biomarkers. In addition, CNs have a large specific surface
area, can load multiple biomolecules, and can protect biomolecules (e.g.,
nucleic acids or proteins) from enzymatic digestion or degradation by the
environment [102,103]. These properties enable the detection of
numerous biomarkers, including proteins, DNA and bacteria by colori-
metric biosensors based on CNs (Fig. 4a). A summary of some of the key
colorimetric sensing studies on CNs (and their composites) for infectious
disease and tumor diagnosis in the last five years is presented in Table S3.

Several studies focused their attention on the use of the peroxidase-like
activity of CNs to catalyze the HyO»-mediated oxidation of 3,3',5,5 -tetra-
methylbenzidine (TMB) for the absolute quantification of biomarkers ac-
cording to the degree of color change of the solution (colorless to blue). Xia
et al. reported the construction of a selective biosensor for exosomes
consisting of the modification of SWCNTSs with aptamers to enhance the
microperoxidase activity of SWCNTs to further catalyze the oxidation of
TMB; the aptamers leave the surface of SWCNTs after binding to the exo-
somal transmembrane protein CD63, resulting in a dark to light color of the
solution (LOD, 5.2 x 10° pL_l) [104]. On the other hand, the large specific
surface area of CNs allows the increase of the loading of other materials
with peroxidase-like activity, such as polyoxometalates (POMs) and MnOo,
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to further enhance the peroxidase activity of the loaded materials for a
stable, sensitive and specific detection of biomarkers [e.g., L-cysteine
(abnormal levels to cause cancer) and glutathione] [105,106].

In addition to conventional TMB chromogenic solutions, Bai et al.
designed a sensor for the detection of breast cancer-associated BRCAI gene
mutation based on GO-AuNPs nanomaterials catalyzing the reduction of
the colorimetric substrate 4-nitrophenol (4-NP) (bright yellow to colorless)
[107]. GO offers numerous active sites in the sensor for the modification of
AuNPs, further enhancing the catalytic efficiency of AuNPs for an ampli-
fication of the signal of 10*fold. Gupta and coworkers developed an
aptamer-GO based detection platform using the same materials (GO and
AuNPs) for the detection of Escherichia coli (E. coli) [108]. The recognition
of E. coli by the aptamer induces the aggregation of AuNPs (color of the
solution: red to blue), allowing the quantitative detection of E. coli (LOD
visible to the naked eye, 10 cells mL™h). Unfortunately, the sensor does not
work using clinical samples but only using coconut water samples, thus,
this principle is a promising research field for a future development of
optical sensors suitable for clinical point-of-care (POC) testing. Wei et al.
developed a colorimetric and photothermal sensor for the sensitive
detection of PSA according to a similar principle of the recognition of the
target by aptamers, using GO-modified Fe3O4 NPs as signal probes [109].
The addition of PSA alters the conformation of the aptamer and triggered
the detachment of GO/Fe304 from the surface of the substrate. Subse-
quently, the remaining Fe3O4 NPs in the microplate is converted to Prus-
sian blue (PB) NPs, by mixing with potassium ferricyanide, which
generated a colorful compound recognizable with the naked eye. More-
over, PB NPs induce an increase in the temperature of the immunoassay
solution by NIR laser irradiation, and PSA quantification is achieved using
a thermometer. The lower limit of PSA detection of the sensor is 0.31 ng
mL~}, which is significantly below the threshold of PSA concentration of
4.0 ng mL ™! for the clinical diagnosis of prostate cancer, thus meeting the
clinical requirements.

Apart from the conventional liquid-phase colorimetric biosensors,
colorimetric biosensors based on CNs can also be applied to immuno-
chromatographic analysis and are usually used for the identification of
biomarkers by visual inspection (Fig. 4b). Jia et al. established an assay
for the rapid detection of the carcinoembryonic antigen (CEA) in the
blood using a composite reporter probe of CNTs/AuNPs conjugated with
specific antibodies on cotton thread [110]. Thanks to the CEA immobi-
lized on cotton threads against specific antibodies, the CNTs/AuNP
nanocomposite stacking in the test area appears as a ribbon visible with
naked-eye allowing the quantification of CEA (linear range, 10-500 ng
mL™1). In addition, Meng et al. and Huang et al. constructed immuno-
chromatographic assays for the detection of human ferritin (biomarker of
anemia and tumors) and immunoglobulin IgG (biomarker of pathogenic
infections) based on CNTs with a similar detection principle [111,112].
The above study revealed that the carbon nanomaterial-based colori-
metric biosensor is particularly suitable for POC diagnosis in
resource-limited areas thanks to its ease of use and high sensitivity.

3.5.2. Fluorescence sensing technology

Fluorescence sensing is an emerging sensing technology developed in
recent years that allows the rapid and sensitive detection of biomarkers
to diagnose relevant diseases. CNs have a broad absorption band over-
lapping the emission band of numerous photoluminescent (PL) com-
pounds and materials, enabling them to quench the fluorescence of
photoluminescent compounds and materials through the fluorescence
resonance energy transfer (FRET) [113]. CNs can be versatile and effi-
cient long-range quenchers, providing an ideal and broad platform for
the design of fluorescent “OFF-ON-type” sensors (Fig. 4c) [114]. Table S3
summarizes some typical studies of fluorescent sensors using CNs (and
their composites) for infectious disease and tumor diagnosis in the last
five years.
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The PL phenomenon of 0-dimensional CDs exists in both the visible
and infrared regions [115], hence, it can be applied as fluorescent moi-
eties to construct fluorescent sensors together with other CNs with
fluorescence quenching ability. Xiang et al. developed a highly sensitive
approach for the detection of CEA by combining CD-labeled specific
aptamers (fluorescent probes) and azide co-functionalized GO (GO-N3)
(fluorescent inhibitors) [116]. The binding of CEA with CDs-aptamer
causes the detachment of the aptamer from the GO surface, resulting in
recovery of the fluorescence of CDs. This sensor detects CEA in plasma in
the range of 0.01-1 ng mL ™}, with an LOD of 7.32 pg mL". In addition,
the use of aptamer-like recognition sensors based on CNs has been re-
ported by several studies. Avila-Huerta et al. constructed a novel
FRET-based fluorescent sensor with FITC-labeled SARS-CoV-2 spike RBD
recombinant protein (F-RBD) as a signal probe for SARS-CoV-2 anti-
bodies detection [117]. F-RBD can emit an intense fluorescence upon
SARS-CoV-2 antibody detection; however, the fluorescence of F-RBD can
be quenched by GO in the absence of RBD antibody. The detection limit
of the sensor for SARS-CoV-2 antibody is 3 pg mL ™}, which satisfy the
relevant requirements for its clinical application. Liu and coworkers
constructed a molecular beacon (MB) probe consisting of CdSe/ZnS
core-shell QDs and spherical Cgg to detect DNA thanks to the excellent
fluorescence quenching ability of Cgg [118]. Cgo-labeled oligonucleotides
attached to QDs form a stem-loop structure, where Cgo quenches the
fluorescence of QDs through FRET and charge transfer. However, the
increased spacing between Cgp and QDs after the hybridization of the
oligonucleotides with the target DNA results in the recovery of QDs
fluorescence. The fluorescence intensity with each MB pre-bound to
magnetic nanoparticles (MNP) enhanced by magnetic concentration al-
lows the amplification of the detection signal by a factor of 5-10. Liu
et al. constructed a fluorescent sensor for Ribonuclease H (RNase H)
based on signal amplification by the hybridization chain reaction (HCR)
and fluorescence quenching by GO nanosheets [119]. RNase H exerts a
pivotal role in human immunodeficiency virus (HIV) viral replication,
and hydrolysis of the hairpin probe HO by RNase H induces HCR
amplification between the hairpin probe H1 and the fluorescently labeled
probe H2, generating a long-chain fluorescent polymer. This nanosensor
offered a highly sensitive and selective platform for the detection of
RNase H activity (LOD, 0.7 mU mLfl).

It is also a promising modification of the system to use CNs in
immunological techniques for the analysis of biomarkers based on the
formation of antigen-antibody complexes. Wang et al. prepared a space-
encoding microfluidic biochip to detect SARS-CoV-2 specific antigens
[spike RBD protein (S antigen) and nucleocapsid protein (N antigen)] and
immunoglobulin IgM/IgG antibodies [spike RBD IgG/IgM (S-IgG/S-IgM)
and nucleocapsid IgG/IgM (N-IgG/N-IgM)] [120]. By microprinting
specific antigens/antibodies on graphene oxide quantum dots
(GOQDs)-functionalized substrates to capture the target, the chip mea-
sures the output fluorescent signal with the help of fluorescence-labeled
detection antibodies or secondary antibodies that bind specifically to the
target. The chip combines the advantages of GOQDs and microfluidic
chips and is capable of simultaneously measuring relevant biomarkers in
60 serum specimens (LOD, 0.3 pg mL™Y). Another similar study of
Achadu et al. shows the construction of a dual-antibody sandwich-type
sensor for the quantitative detection of the influenza A virus using
antibody-coupled fluorescent graphitic carbon nitride QDs (gCNQDs) as
detection probes (LOD, 45 plaque forming unit (PFU) mL™ Y [121].
Furthermore, Xu et al. developed an ultrasensitive sensor for the mea-
surement of SARS-CoV-2 NP with red emission-enhanced CD-based silica
(RCS) spheres as fluorescent signals for lateral flow immunochromatog-
raphy (LFI) [122]. The sensor has an LOD of 100 pg mL™! in the simple
detection mode under UV light and 10 pg mL ™" in the advanced detection
mode under a fluorescence microscope. Although not all the sections of
their study did not involve clinical samples or the number of clinical
samples was small, contributing to less reliable experimental results, the
above work demonstrated that CNs can be used as fluorescence
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quenchers or fluorophores for the construction of biosensors as well as for
the diagnosis of relevant diseases.

3.5.3. Surface-enhanced Raman scattering

Biosensors based on SERS are also a promising tool for the detection
of biomarkers. SERS utilizes the electromagnetic field confinement effect
generated by the excitation of localized surface plasmon resonance
(LSPR) in specially prepared noble metal conductors or sols. The SERS
signal of Raman molecules near to plasmonic nanostructures can be
significantly enhanced for the label-free detection of biomarkers [123,
124]. The application of CNs in SERS sensors is actually a current
research hotspot in view of the observed charge transfer induced by the
chemical enhancement of SERS and superquenching of fluorescence in
CNs (Table S3). El-Said et al. constructed a dual-purpose SERS and
electrochemical sensor for the detection of SARS-CoV-2 spike protein
employing AuNPs and reduced porous GO (rPGO) to modify the ITO
electrode and as a scaffold for immobilizing anti-SARS-CoV-2 antibodies
[125]. With the use of AuNPs and rPGO to enhance the Raman signals
and electrochemical conductivity, the sensor exhibited LODs of 75 fM
(SERS techniques) and 39.5 fM (electrochemical techniques) for
SARS-CoV-2 spike protein, respectively. Pan and coworkers simulta-
neously synthesized a paper-based SERS (enPSERS) biosensor with an
integrated enrichment ability for the sensitive, label-free detection of free
bilirubin in the serum for the accurate diagnosis of jaundice and its
related diseases (e.g., liver cancer) [126]. GO nanosheets have been
enriched for bilirubin by strong electrostatic and n-n interactions, and the
high-density plasmonic gold nanostars (GNSs) on GO nanosheets provide
a large number of hot spots for the bilirubin SERS signal. This allows a
label-free detection of bilirubin directly from the serum (LOD, 0.436 pM).
In addition, Li et al. designed a SERS biosensor to quantify apur-
inic/apyrimidinic endonuclease 1 (APE1) employing GO to cover Au-Cu
alloys as a strategy to enhance and stabilize the SERS activity of Au-Cu
alloys [127]. Since the SERS activity of AuCu/GO is regulated by the base
ratio and length of the DNA sequence, this sensor allows the detection of
the enzymatic activity of APE1 by the alteration of the specific Raman
signal of the short DNA sequence after degradation (LOD, 1 mU mL™),
which further provides information for clinical cancer screening and
disease diagnosis. The GO-based sensor is able to detect biomarkers at fM
concentrations, demonstrating the strong translation potential of SERS
sensors constructed from CNs for their applications in clinical diagnosis.

4. Bioimaging technology

Bioimaging techniques directly inspect images of the microstructure
of cells and tissues, enabling the analysis of images to investigate various
physiological processes [128]. CNs are a promising platform for bio-
imaging applications due to their surface functionalization and
extra-high specific surface area. They can be readily functionalized by
nanoparticles, small molecule dyes, polymers or biomolecules to acquire
specific molecular probes or contrast agents for different bioimaging
applications to be further used in the detection and characterization of
diseases in their early-stage. This section focuses on the application of
CNs in tumors diagnosis using different molecular imaging modalities,
including in vivo and in vitro fluorescence imaging, magnetic resonance
imaging and other non-optical imaging techniques.

4.1. Fluorescence imaging

Fluorescence imaging is a non-invasive approach for disease diag-
nosis based on the photons emitted by fluorescent probes [129]. CNs
with different fluorescence colors due to PL are an effect of the loaded
biomolecules, doping elements (N and O) and crystal defects. Xu et al.
demonstrated that curcumin-derived functionalized GO (CUDE-f-GO)
composites are excellent fluorescent probes for in vivo and in vitro bio-
imaging. Intense fluorescent signals are identified in the cytoplasm of



Y. He et al.

CUDE-f-GO-treated MCF-7 cells and the tumor site of SW1990
tumor-bearing mice, suggesting the great potential of CUDE-f-GO com-
posites for fluorescence imaging research. Although GO quenched part of
the fluorescence of curcumin, the CUDE-f-GO complex resulted in higher
bioavailability. In addition, the “bridge” linker between the fluorescent
dye and GO can effectively prevent the quenching effect of GO on fluo-
rescence. For example, Yan et al. successfully conducted fluorescence
imaging of U87MG cells and tumor-bearing mice with polyethylene
glycol (PEG) as a linker bridge to prevent quenching of fluorescence from
GO lamellae to photosensitive substances (PSs) [130]. Furthermore, Lyu
et al. found that GQDs doped with different ratios of N have diverse PL
properties and are able to enter HepG2 cells through endocytosis, emit-
ting fluorescent signals of distinct colors in the cytoplasm (Fig. 5a) [131].
Fluorescence is efficiently detected after the injection of GQDs into the
mice because they are able to penetrate the skin and tissues of mice.
Functional PEGggoo/CNDs with two emission wavelengths (red and
green) were prepared by Fu et al. to successfully fluorescently image
Bacillus subtilis (gram-positive), Bacillus thuringiensis (gram-positive),
Escherichia coli (gram-negative) and Pseudomonas aeruginosa (gram--
negative), indicating the potential of PEGgo0/CNDs as biocontrast agents
[132]. However, commonly available CNs with down-conversion fluo-
rescence (visible region) have a limited detection depth when applied to
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bioimaging, preventing the precise localization of the lesion site. Thus,
CNs that fluoresce in the NIR region have been developed for in vitro and
in vivo fluorescence imaging. The NIR region consists mainly of the NIR-I
window (750 nm-1000 nm) and the NIR-II window (1000 nm-1700 nm).
In particular, light in the NIR-II region has low absorption and can
penetrate deep into the body with weak scattering by biomolecules. For
example, Yudasaka et al. introduced a SWCNTs-phospholipid poly-
ethylene glycol (PLPEG) complex whose fluorescence is in the NIR-II
region for the imaging of the whole-body vascular network in fasted
mice, revealing that the increased vascular permeability in the brown
adipose tissue (BAT) of fasted mice allows a remarkable accumulation of
the SWCNTSs-PLPEG complex in BAT [133]. Besides, Dai et al. reported a
high-pressure carbon monoxide conversion (HiPCO)-based SWCNTs for
NIR-IIb area fluorescence imaging of mouse blood vessels and tumors
(excitation wavelength, 808 nm; fluorescence wavelength, 1500-1700
nm) (Fig. 5b) [134]. HIPCO-SWCNTs can acquire spatial resolution of
~4 mm at a maximum depth of ~3 mm and are able to accumulate
significantly at the tumor site with blood circulation (half-life of ~5.6 h).
Currently, CNs whose fluorescence is located in the NIR-II window suffer
from high absorption, but by utilizing sufficiently bright fluorophores is
an effective way to overcome the absorption effect. NIR imaging, a
promising imaging technique, has not yet been applied to clinical
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diagnosis, but the development of imaging reagents with wider emission
ranges and greater safety may be the direction of development to
enhance NIR-II imaging capabilities.

Two-photon fluorescence imaging (TPFI) has become another prom-
ising approach in which CNs in the NIR region can be used. TPFI has
promising applications in disease diagnosis due to the high signal in-
tensity, large imaging depth, low background fluorescence, low photo-
bleaching and weak phototoxicity [135]. The promising water solubility,
fluorescence emission ability, and biocompatibility of CNs represent
unique advantages in the construction of next-generation TPFI probes.
Kuo and coworkers successfully achieved two-photon imaging of a
human skin squamous carcinoma cell line (A431 cells) using
amino-functionalized and nitrogen-doped GQDs (amino-N-GQDs) [136].
Two-photon luminescence can be achieved after anti-epidermal growth
factor receptor (Abggpr)-labeling of amino-N-GQDs, with an optimal
z-depth of approximately 105 pm treated with amino-N-GQDs under 800
nm fs pulsed laser excitation. Luo et al. fabricated adenine-modified
GQDs (A-GQDs) with two-photon green fluorescence properties and
investigated their applications in cell imaging and bacterial inhibition
[137]. A-GQDs were capable of being internalized by human lung cancer
A549 cells, resulting in a clear two-photon green fluorescent cell image
observed at 750 nm excitation wavelength. In addition, A-GQDs were
confirmed to exhibit white-light-activated antimicrobial properties.
Despite TPFI imaging based on CNs is still in the early stage of explora-
tion, the current study also indicates that the use of CNs as fluorescent
TPFI probes is particularly suitable for in vivo studies of biological
structures in the NIR range.

4.2. Raman imaging

Raman imaging technique utilizes inelastic vibrations of phonons
from molecular vibrational excitation modes [128]. Consequently,
compared with fluorescence imaging, Raman imaging has higher reso-
lution, optical stability, signal-to-noise ratio, and multiplexing capabil-
ities. CNs have a natural advantage as Raman tags for imaging cells and
deep tissues due to their unique Raman fingerprint spectra. Qin et al.
obtained enhanced SERS signals with the use of SWCNTs modified with
Ag/Au alloy nanoparticles as substrates and combined them with alkyne
derivatives exhibiting strong Raman signals in the acoustic region of cells
(1800-2800 cm™1), resulting in a successful application for imaging
hypoxic HepG2 cells and tissues (Fig. 5¢) [138]. Hypoxia is a feature of
several diseases including cancer. Raman spectroscopy revealed that the
signal intensity of hypoxia-incubated HepG2 cells in the 2180-2230 cm ™!
channel gradually decreased with decreasing oxygen concentration, and
in addition, hypoxia in liver tissue was still detectable at a penetration
depth of 600 pm. In another similar work, Huth et al. prepared
polymer-SWCNTs complexes with alkylated polymers and perylene
bisimides (PBIs) covalently attached to SWCNTs [11]. The functionalized
SWCNTs were well displayed in the cytoplasm of HeLa cells in Raman
G-band mode. In addition to CNTs, GO has also been exploited for Raman
imaging. Bugarova et al. coupled biotinylated M75 antibodies [highly
selective for carbonic anhydrase (CA) IX] to the GO surface for Raman
microscopy imaging [139]. Raman images successfully localized GO
nanocarriers that cross the cell membrane during endocytosis. Although
the utilization of CNs in Raman imaging currently requires complex
modifications, Raman spectroscopy has rapidly become a potential
research direction for studying cell and tissue imaging.

4.3. Magnetic resonance imaging

Magnetic resonance imaging (MRI) is a noninvasive diagnostic assay
for the determination of the location and extent of diseased tissues
without the use of ionizing radiation, broadly applied in the diagnosis of
diseases in clinical practice. MRI relies on the different magnetic reso-
nance relaxation of hydrogen nuclei among different tissues with a strong
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magnetic field to produce contrast and thus imaging and analyzing the
results [140]. However, the introduction of contrast agents in MRI is
necessary to enhance the contrast and obtain an accurate diagnosis of
diseases because of the low sensitivity and long signal acquisition time of
the conventional MRI. Currently, the main MRI contrast agents
commonly available in clinical practice include the T; contrast agent
Gadolinium-diethylenetriamine pentaacetic acid (Gd-DTPA) and the T,
contrast agent magnetic iron oxide nanoparticles (IONP). Nevertheless,
these conventional contrast agents are highly toxic because of the pres-
ence of heavy metal ions and poor water solubility. The cavities and the
large specific surface of the CNs can chelate heavy metal ions or increase
the loading of IONP, further ameliorating the performance of MRIL

Yan et al. developed a SWCNT modified by an aspargine-glycine-
arginine (NGR) peptide to optimize T; imaging agents to enable
chemotherapy and tumor diagnosis in one by loading the anticancer drug
doxorubicin (DOX) and the MRI contrast agent Gd-DTPA [141].
DOX/NGR-SWCNTSs/Gd-DTPA has an excellent cell internalization, with
a more pronounced contrast and positive antitumor effect than Gd-DTPA,
as observed in both MCF-7 cells and tumor-bearing mice (Fig. 5d).
Moghaddam et al. employed polyacrylic acid (PAA) to improve the
dispersion of Gd>"-CNTs in water and successfully performed MRI on
porcine bone-marrow-derived mesenchymal stem cells (r; = 150 mM !
s’l) [142]. This hybrid material also has high intracellular dispersion,
containing 101* Gd®* ions per cell. A new generation of contrast agents
based on CNs in place of gadolinium (Gd) chelates or complexes have
been proposed to further ameliorate the safety of the contrast agents. For
example, Wang et al. proposed a single-layer boron-doped GQD
(SL-BGQD) for the MRI of vital organs in C57BL/6 wild-type mice [143].
The non-significantly toxic SL-BGQD (r; = 8.5 mM ! s~!) shows a su-
perior positive contrast than the contrast agent Gd-DTPA (r; = 4.3 mM !
s 1) during imaging and is able to cross the blood-brain barrier to image
the neuro vascular system. Peng and coworkers fabricated fullerene
quantum dots (FQDs)-MnO; nanocomposites responding to GSH levels in
tumor cells for glutathione (GSH)-activatable MRI/fluorescence
dual-mode imaging [144]. FQDs not only show an intense PL, but also
greatly increase the Mn-based T; relaxation rate (r; = 29.8 mM ' s™1). In
addition, FQDS-MnO, induces a significant contrast enhancement of the
tumor sites in mice on T;-weighted MRI.

IONP can be loaded on the surface of CNs in large quantities due to
the large specific surface of CNs, resulting in extensive studies in the use
of superparamagnetic CNs/IONP hybrids as T2 MRI contrast agents. Chen
et al. prepared an in vivo imaging agent (GPF) based on GO, PEG and
magnetic y-Fe,O3 nanoparticles to perform MRI in mouse tumor tissues
(Fig. 5e) [145]. GPF induces an effective T shortening (r, = 33.15 mM!
s’l); the higher the GPF concentration, the darker the T, image. The MRI
signal at the tumor site in mice reached its darkest intensity at 2 h after
injection, indicating the potential of GPF as an in vivo bioimaging agent.
Zhang et al. assembled Fe304-CDs NPs with black phosphorus quantum
dots (BPQDs) to prepare a new nanomaterial genipin [GP]-polyglutamic
acid [PGA]-Fe304-CDs@BPQDs specifically for enhancing T2 MRI of tu-
mors [146]. The tumor size contrast is pronounced in those mice treated
with GP-PGA-Fe304~Cd@BPQD nanoparticles (dark in T,-weighted
MRI), and the nanoparticles have a low hemolytic activity and high
cytocompatibility, suggesting the great potential of GP-PGA--
Fe304~Cd@BPQD NPs in nanobiotechnology. The fact that CNs can be
potentially applied to detect the lesion site in live animal suggests an
increased possibility of eventual clinical application of carbon
nanomaterial-based contrast agents in MRI.

4.4. Positron emission tomography, single photon emission computed
tomography, computed tomography, and photoacoustic imaging

CNs are also developed for non-optical imaging modalities apart from
MR], including positron emission tomography (PET), single photon
emission computed tomography (SPECT), computed tomography (CT),
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(Copyright 2019, Elsevier).

and photoacoustic imaging (PAI), which can compensate or enhance the
imaging ability of CNs for an accurate diagnosis of diseases.

PET and SPECT nuclear imaging are highly sensitive in the diagnosis of
diseases since they generally use contrast agents containing radioisotopes
(PET: 64Cu, 18F, 1241, and 68Ga; SPECT: 99mTc) [29]. Ge et al. synthesized a
hybrid material consisting of ®‘Cu-labeled SWCNTs@p-D-glucan
(64Cu@SWCNTs@[3-D-glucan) for its use as a radiotracer for PET imaging
in healthy male Wistar rats (Fig. 6a) [147]. PET imaging of
54Cu@SWCNTs@p-D-glucan revealed that **Cu@SWCNTs@p-D-glucan is
able to mainly localize into the lung and myocardium. In addition, PET can
be combined with optical imaging. Fluorescein-functionalized 54Cu-Cgq--
PEG-cyclo (Arg-Gly-Asp) peptides (cRGD) are able to target integrin avp3,
which is involved in angiogenesis, and the biodistribution of integrin avf3
in U87MG cells and glioblastomas in mice in vivo can be observed by
fluorescence and PET multimodal imaging (Fig. 6b) [148]. As regard
SPECT nuclear imaging, Cao et al. prepared *°™Tc! and Gd-anchored ul-
tra-small nanographene oxide-PEG (99mTc—usNGO PEG) based on a
chelator-free strategy and successfully imaged lymph nodes in normal
BALB/c mice in vivo with SPECT/CT and MRI (Fig. 6¢) [149]. SPECT/CT
imaging is able to detect popliteal lymph nodes, sacral lymph nodes, caudal
lymph nodes and mesenteric lymph nodes in mice. Besides, > ™Tc-usNGO
PEG in MRI also detect the aggregation in the popliteal lymph nodes.

PAI is based on laser-generated ultrasound for imaging the lesion site

12

by combining the high penetration depth of ultrasound imaging with the
excellent contrast of fluorescence imaging [150,151]. CNTs produce
acoustic waves after 500-700 nm laser excitation [152]. Genady et al.
synthesized *°™Tc radiolabeled bisphosphonate-carbon nanotube ad-
ducts (SWCNTs-BP->>™Tc) to target regions characterized by active bone
metabolism (Fig. 6d) [153]. Bisphosphonates (BPs) have a high binding
affinity for hydroxyapatite (HA) at the site of bone injury or disease. The
tail vein injection of SWCNTs-BP-*™Tc in Balb/c mice resulted in PAI
displaying clear bone localization, with a rapid clearance in the blood
after 1 h, demonstrating the potential of SWCNTs-BP-">™Tc for targeted
diagnostic and drug release. Additionally, PAI can be combined with CT
to obtain an ideal dual-modality imaging technique that provides spatial,
positional, and distribution information of lesions in deep tissues to
simultaneously obtain high-resolution pathological images and highly
sensitive molecular information on the disease [154]. Xuan et al. suc-
cessfully performed in vivo targeted PAI/CT imaging using folic acid
(FA)-modified Au@GQD (Au@GQD-FA) nanoparticles in HeLa
tumor-bearing nude mice (Fig. 6e) [155]. FA receptors are overexpressed
on the surface of HeLa cells, and strong PA signals are observed at the
tumor site after irradiation with a 744 nm laser; CT results also suggested
the promising CT imaging capabilities of Au@GQD-FA nanoparticles.
The research on non-optical imaging techniques based on CNs is
currently limited to living animals, but these studies allow for a
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continuous expansion of the diagnostic application of CN-based bio-
materials to more clinical diseases.

5. Nucleic acid amplification technologies

NAAT is one of the molecular diagnostic techniques that detects
nucleic acids at the single copy level based on the principle of central
signal amplification, in order to diagnose human health and diseases.
NAAT comprises various PCR (including conventional PCR, qRT-PCR,
and digital PCR [dPCR]) and isothermal amplification techniques
[including loop-mediated isothermal amplification (LAMP), recombinase
polymerase amplification (RPA), and rolling circle amplification (RCA)]
[156,157]. Nevertheless, conventional NAAT techniques have some
limitations such as insufficient sensitivity or specificity, and the
requirement of specialized and expensive instruments. Therefore, the
adaptation of CNs to improve the deficiencies of the conventional NAAT
may be a promising approach to improve its diagnostic efficiency. Some
critical studies of NAAT on CNs (and their composites) for infectious
disease and tumor diagnosis in the last five years are summarized in
Table S4.

5.1. Improvement of PCR systems

PCR is a technique that mimics DNA replication in vitro and is one of
the most used techniques in modern biomedicine. ssDNA can adsorb to
the surface of CNs by various interactions of the exposed bases with CNs
(including n-n stacking, hydrophobic interactions, hydrogen bonding,
and van der Waals forces), while the nucleobases of dsDNA are shielded
by phosphate structures with a negative charge and have a low affinity
for CNs [158]. Jeong and coworkers developed a method for yield
extraction of SARS-CoV-2 nucleic acids using captured ssDNA sequences
attached to the surface of SWCNTs, for direct downstream detection by
gqRT-PCR [159]. With the complementary binding of captured ssDNA to
the target and reversible aggregation of SWCNT induced under acidic
conditions, viral RNA can be extracted in high yield by subsequent
adjustment of solution pH. The nucleic acid extraction kit revealed
approximately 80% higher extraction efficiency than the commercial
silica-column kit. In addition, Wang et al. applied GO in conventional
PCR and demonstrated that 1 pg mL™! of GO effectively improves the
specificity of error-prone multi-round PCR [160]. GO used in PCR sys-
tems promotes the formation of matched primer-template complexes, but
inhibits the formation of mismatched primer-template complexes during
the PCR, suggesting that the interaction between primers and GO plays
an important role. The existing hypothesis suggested that GO can adsorb
sSDNA (e.g. primers) through n-n stacking and hydrogen bonding,
thereby allowing the matched primer-template complexes to be detached
from its surface for subsequent PCR reactions, while the primers remain
adsorbed on its surface when mismatched. The above findings encour-
aged our group to introduce in 2019 GOQDs into the qRT-PCR system to
improve its performance [161]. GOQDs can adsorb primers and TagMan
probes by n-m stacking and hydrogen bonding, thereby reducing the
background fluorescence intensity of TagMan probes, reducing the
non-specific amplification in PCR reactions and improving the specificity
of the detection. This GOQDs-based qRT-PCR can detect DNA sequences
of two different lengths (106 bp and 65 bp) with a linear range of
10*-10'° copies pL L. Subsequently, GO was further applied to qRT-PCR
to establish a GO-based qRT-PCR assay to detect ovarian
cancer-associated miRNAs (Fig. 7a) [162]. Our group discovered that the
pre-adsorbing of the primers on the GO surface improves the efficiency of
PCR amplification by increasing the efficiency of the primer template
hybridization and reducing the non-specific amplification, thus
increasing the sensitivity of qRT-PCR. The minimum detection limit of
the assay is 10-fold lower than that of conventional qRT-PCR, and the
detection of miRNAs associated with ovarian cancer confirms that
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GO-based qRT-PCR assay can differentiate benign ovarian tumors from
ovarian cancer (sensitivity. 0.91; specificity, 1.00).

In addition of introducing CNs alone into the QqRT-PCR system, several
groups have also achieved a sensitive diagnosis of diseases by con-
structing complexes based on CNs. Kim et al. detected the foot-and-
mouth disease virus (FMDV) with high sensitivity by constructing
nanocomposites of GO and AuNPs and introducing them into a QqRT-PCR
system [163]. The citrate in AuNPs selectively binds the ssDNA by
electrostatic attraction but not the dsDNA [164,165], enabling the
nanocomposite of GO and AuNPs to interact between primers and tem-
plates during DNA replication by acting like a single-stranded DNA
binding protein (SSB). GO-AuNPs increased the detection limit of
qRT-PCR by approximately 1000-fold and the threshold cycle (Ct) value
was 4-5 cycles lower than that of the qRT-PCR with the addition of GO
only. Jung and coworkers developed composite microparticles of a
primer-immobilized network (cPIN) based on CNTs and used multiplex
qRT-PCR to detect Acinetobacter baumannii, E. coli, Klebsiella pneumoniae,
and Pseudomonas aeruginosa (Fig. 7b) [166]. One of the specific pair of
primers in cPIN is adsorbed on the surface of CNTs, and the other primer
is adsorbed in a prepolymer of poly(ethylene glycol)-diacrylate (PEGDA)
and acrylate. The increase of temperature during qRT-PCR induces the
dissociation of the primers from the surface of CNTs, and the qRT-PCR
reaction occurs to achieve multiplex detection of pathogenic bacteria.

Most studies have focused only on the potential mechanisms of CNs as
PCR enhancers despite the abundance of research devoted to the appli-
cation of these nanomaterials in improving PCR performance, with few of
these studies focusing in PCR techniques directly applied to the detection
of nucleic acid biomarkers in patient specimens for clinically relevant
diseases. Nonetheless, these studies also provide strong evidence that
CNs have the potential to improve the performance of PCR and may be a
potential platform for infectious diseases and tumors diagnosis.

5.2. Improvement of other NAAT systems

In addition to the introduction of CNs into PCR systems, several
studies explored the utility of CNs in other NAATSs. RCA is one of the
thermostable NAATs that uses a circular template and a special DNA
polymerase (e.g., Phi29) to achieve a targeted amplification [167]. Wang
et al. developed a GO-based RCA technique to detect the intracellular
ATP, where GO can adsorb three types of DNA (template DNA, signal
DNA, and linker DNA), quenching the fluorescence signal of DNA by
FRET (Fig. 7c) [168]. The specific binding of ATP to template DNA elicits
the hybridization of the linker DNA with template DNA eventually trig-
gered by RCA, quantifying ATP by the fluorescent signal generated from
the hybridization of the RCA product with the signal DNA (LOD, 2 x
1078 M). In addition, Lin et al. established a GO-based LAMP approach
for the one-step detection of cyclooxygenase-2 (B) mRNA in cancer cells
and serum samples [169]. LAMP technology amplifies nucleic acids in a
short time (usually within 1 h) at isothermal (60-65 °C) conditions. GO
in the LAMP system can greatly enhance the specificity of LAMP by
reducing the non-specific hybridization and fluorescent background
signals, with a detection limit of two orders of magnitude higher than
that of the classical LAMP. In 2021, Choi used RPA as an isothermal DNA
amplification method in combination with the enzymatic in situ syn-
thetic probe (rkDNA)-GO probe system for rapid detection of
SARS-CoV-2 N gene with high sensitivity and selectivity (LOD, 6.0 aM)
[170]. The fluorescence of rkDNA was completely quenched in the
presence of GO, however, when the quenched rkDNA-GO system was
incorporated into the RPA amplification system of SARS-CoV-2 N gene,
the fluorescence was significantly recovered. As regard the thermostatic
NAAT based on fluorescence signal for the detection of the target, the use
of CNs can result in a double-edged sword. On the one hand, the
quenching effect of CNs on fluorescence can reduce the background
fluorescence intensity. On the other hand, since the reaction temperature
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of the thermostatic NAAT is often low, this interaction does not favor the
recovery of the fluorescence during the reaction, thus potentially
affecting the sensitivity and specificity of the assay. Despite that, the
above studies confirmed the potential of CNs for NAAT applications, and
the further application of these carbon nanomaterial-based NAAT in
clinical practice could be potentially helpful in the early diagnosis of
diseases.

6. Conclusions and Perspectives

A detailed summary and discussion of the recent advances in CNs,
especially CN-based biosensors, bioimaging technologies and NAATs for
the diagnosis of infectious diseases and tumors over the past five years is
performed in this review. The unique optical and electrochemical
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properties as well as the surface tunability of CNs make them extremely
suitable for several applications. Recently, critical aspects such as
emerging outbreaks of epidemic infectious diseases (e.g., SARS-CoV-2)
and the requirement of an early diagnosis of difficult-to-treat diseases
(e.g., tumors) encouraged the application of CNs in biomedicine. A va-
riety of diagnostic systems have been established based on CNs func-
tionalized biosensors, bioimaging contrast agents, and NAAT enhancers
for the identification of pathogenic genes, proteases, glycans, and lesion
sites.

Despite the promising application of these diagnostic technologies,
several crucial points still need to be resolved before their practical
application in clinical disease diagnosis. The rapid development of
diagnostic technologies for emerging infectious diseases is a typical
problem. As an example, the SARS-CoV-2 virus, which emerged in late
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2019, has now escalated into a global pandemic. The common clinical
diagnosis of viruses relies on 2 main axes: (i) direct detection of viral
nucleic acids by qRT-PCR techniques; or (ii) indirect diagnosis with
serological profiles specific to viral infections. These techniques have
deficiencies in terms of equipment requirements, personnel training, and
sensitivity. Although there has been a large amount of research aimed at
designing portable sensing devices for virus diagnosis, most of the studies
have focused on virus recognition with virus-specific antigen/antibody/
capture nucleic acid sequences. It is well known that the design and
preparation of virus-specific antigen/antibody/capture nucleic acid se-
quences is a time-consuming and complex procedure, which is detri-
mental for the prompt diagnosis of emerging infectious diseases.
Therefore, the exploitation of biometric elements with simple prepara-
tion techniques is a critical challenge, offering a promising research
strategy for the early diagnosis of infectious diseases and tumors.

In addition, the development of CNs-based diagnostic technologies
(especially in the field of biosensing) still suffers from the following
problems. First of all, the stability of the established analytical techniques
is a salient issue in disease diagnosis that is essential for the potential
diagnostic application of CNs. Although the current techniques are often
reproducible using standard samples, the standardization of materials
remains elusive. Currently established diagnostic techniques are typically
stable within a few weeks to one month of a batch [171], but ensuring
that a specific amount and structural properties of CNs remain the same
from batch to batch is still a challenge. In general, oxygen-containing
groups on the surface of CNs increase the aqueous solubility, but the
oxidation process also introduces uncertainties into defecting surface
areas [172]. The presence of these heterogeneities poses difficulties for
the inter-batch reproducible detection of clinical biomarkers. Thus, it is
essential to establish standard operating procedures (SOPs) during CNs
preparation and to strictly implement them in subsequent experiments.
In addition, the different suitability of clinical specimens affects the
stability of the analytical techniques. Although most studies measured
substances in the samples (e.g., whole blood, serum/plasma, and urine)
that may interfere with the detection results [70], the specificity of the
assay may be compromised in the complex real environment of the
clinical samples because of the existence of numerous unknown proteins
and other interfering substances. Accordingly, the current study is
inadequate only for spiked clinical samples, whereas a large-scale testing
of real clinical samples is of great importance to generate accurate
diagnostic results. Besides, since biomarkers with similar detection
principles are routinely integrated into the device used for the determi-
nation in clinical practice, the construction of integrated detection plat-
forms for different biomarkers based on analogous detection
technologies is also an area that should be investigated. The combined
detection and analysis of different biomarkers is imperative for the ac-
curate diagnosis of diseases. Although the studies on CN-based di-
agnostics are still in their infancy, and most of them focus on the
detection of a specific biomarker, the rapid and integrated detection of
multiple biomarkers is the consequent research direction in the future.
Several studies focused on the combined detection of homologous bio-
markers [77,173], while studies related to the construction of integrated
detection platforms for biomarkers with comparable detection principles
are still missing, and the integration of such platforms could become a
potential promising strategy for disease diagnosis.

The toxicity of CNs is also a specific concern when applied in vivo,
especially as contrast agents for in vivo bioimaging. Numerous reports
demonstrated that myeloperoxidase in vivo is capable of producing hy-
pochlorite to degrade CNs [174,175]. Currently, most of the studies on
CNs degradation have focused on oxidized CNs owing to their favorable
biocompatibility and dispersibility [176]. Nevertheless, depending on
the preparation method, CNs in an aggregated state are usually difficult
to be completely degraded due to the small area of binding to the enzyme
[177]. Furthermore, during the preparation process, multitudes of re-
searchers frequently encapsulate CNs with polymers in pursuit of low
toxicity, which further interferes with the interaction between enzymes
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and CNs [175]. Although related studies proved that CNs can be
completely degraded by enzymatic catalysis in vitro, it still seems to be
challenging to achieve complete degradation of CNs in living organisms.
Accordingly, the potential long-term toxicity and degradation of CNs in
organisms remains an ongoing concern.

Last but not least, the development of diagnostic technologies based
on CNs is still in its infancy. According to the reported results, a cross-
sectional comparison between various assays is currently not possible.
On the one hand, the majority of researches on diagnostic technologies
developed based on CNs are still at the stage of proof of concept or
analysis of a small number of patient samples (<100 samples). The ac-
curacy and methodological stability of these methods when applied to
large clinical samples remains to be proven. On the other hand, although
many researchers are currently inclined to develop POC testing devices
(mainly including various sensing devices), the results of POC testing can
only provide clinicians with references for further work and cannot be
regarded as a direct basis for diagnosis. In terms of SARS-CoV-2 testing,
the final diagnosis still depends on the combination of qRT-PCR results
and CT results as diagnostic criteria. Therefore, whether the combined
analysis between test results can improve the accuracy of disease diag-
nosis may be the direction clinicians expect to investigate. In the case of
tumor detection, both the detection of tumor-associated nucleic acids by
electrochemical detection techniques and NAAT, as well as the imaging
of tumor sites by bioimaging techniques is possible. However, according
to the current studies, it is still unknown whether the combined analysis
of these test results can increase the accuracy of disease diagnosis.

In conclusion, biosensors, bioimaging technologies and NAAT based
on CNs represent a new generation of promising diagnostic tools destined
to gain popularity in clinical practice in the near future.
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