Journal of The Electrochemical (EE\ The Electrochemical Society
SOClety Advancing solid state & electrochemical science & technology

OPEN ACCESS You may also like

- Advances in nanowire bioelectronics

Review—Intracellular Sensors Based on Vil Zhou, Xisoehuan Daiand Chares
Carbonaceous Nanomaterials: A Review

- Fluorescent probes and nanopatrticles for
intracellular sensing of pH values
. X X Lo Wen Shi, Xiaohua Li and Huimin Ma
To cite this article: Chunmei Li et al 2020 J. Electrochem. Soc. 167 037540
- Intracellular FRET-based probes: a review
Clare E Rowland, Carl W Brown, Igor L
Medintz et al.

View the article online for updates and enhancements.

Your Lab in a Box! ,l,E.I.'\-FEI'I'(@

The PAT-Tester-i-16: All you need for Battery Material Testing.

est equipment

v/ All-in-One Solution with integrated Temperature Chamber!
v/ Cableless Connection for Battery Test Cells!

v Fully featured Multichannel Potentiostat / Galvanostat / EIS!

www.el-cell.com  +494079012-734  sales@el-cell.com

This content was downloaded from IP address 3.137.180.32 on 27/04/2024 at 01:52


https://doi.org/10.1149/1945-7111/ab67a3
https://iopscience.iop.org/article/10.1088/0034-4885/80/1/016701
https://iopscience.iop.org/article/10.1088/2050-6120/2/4/042001
https://iopscience.iop.org/article/10.1088/2050-6120/2/4/042001
https://iopscience.iop.org/article/10.1088/2050-6120/3/4/042006
https://pagead2.googlesyndication.com/pcs/click?xai=AKAOjstMnhtJqYwXkCptrnxg4DOMutZbQu5KtFuGMCRt6MWFQCLZxyME93qDXygE1vj0ARC8Ps_ug3Rwy42FtszlNvs6rY2p59Jc_1p3no9qaB8oyCztquzfm15CeWXiQ_a-CUvNsGyedi58Fb2o53bUfJuHmXyUUM0rfrX13GEzlNQ1KVwpHnD22M57OKVT9Ss1nlrpU_5Siip-V-e3-2ypTpNQ1VDB9T-fnzu-L_BASpYw2r8eBtym1elkgABvyU3CxTWTdWm9-LGFrdM7qJaevq2-QiDeKkaqE4_NPUiMwNJboMtSxVObTph9Sd2PbZANOe-7gRYDRCy9TDgu0IQU5llBX2b8Mg&sig=Cg0ArKJSzDSY1t9BBwwO&fbs_aeid=%5Bgw_fbsaeid%5D&adurl=https://www.el-cell.com/products/pat-battery-tester/pat-tester-i-16/%3Fmtm_campaign%3Diop%2520pdf%2520advert%26mtm_kwd%3Dpat-tester-i-16%26mtm_source%3Dpdf%26mtm_cid%3D2024

Journal of The Electrochemical Society, 2020 167 037540

CrossMark

Review—Intracellular Sensors Based on Carbonaceous

Nanomaterials: A Review

Chunmei Li, Yihan Wang, Hui Jiang,” and Xuemei Wang”

State Key Laboratory of Bioelectronics, National Demonstration Center for Experimental Biomedical Engineering
Education, School of Biological Science and Medical Engineering, Southeast University, Nanjing 210096, People’s Republic

of China

In recent years, carbon nanomaterials and their derivatives/composites have attracted much attention for their role in new
developments in the field of biosensors due to their unique electronic, optical, thermal and mechanical properties in biosensors,
which inspires us to compile this review. To focus on the relationship between cell biology and some diseases (e.g., cancer or
diabetes), this review describes the applications of various types of carbon nanomaterials in intracellular sensors. We also introduce
four kinds of intracellular sensors based on carbon nanomaterials, including intracellular pH sensors, intracellular thermal sensors,
intracellular metal ions sensors, intracellular biomolecule sensors. Then, we briefly summarize the applications of carbon
nanomaterials based intracellular sensors for diagnosis or treatment of various diseases. Finally, a future perspective and the
challenges of intracellular sensors based on carbon nanomaterials are briefly rendered.
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Carbon nanomaterials refer to carbon materials having at least
one dimension of less than 100 nm and are composed of sp> and
sp>-bonded carbon atoms or heterogeneous components (non-carbon
atoms),' which generally include carbon dots (also known as carbon
quantum dots, CDs), fullerene, carbon nanotube, graphene, graphene
oxide and graphitic carbon nitride (g—C3N4).2‘ Due to excellent
physical, chemical, mechanical and electrical properties, carbon
nanomaterials have attracted intensive interest and have been widely
used to fabricate sensors, such as gas or vapor sensors,’ '
electrochemical ~ sensors, >~ biologcal sensors,>' 7 strain
sensors,3§H4 optical chemical sensors. 346 1 particular, the fasci-
nating biocompatibility and chemical inertness of carbon nanoma-
terials and their composites make them attractive candidates for
perception intracellular microenvironment (e.g., pH value and
temperature),'>*’~* sensing molecules or ions inside cells.’™>

Cell biology aims to study the structures and functions of millions
of biomolecules in single cells, and to discover the relationship
between abnormal cell metabolism and some diseases such as cancer
or diabetes.>*> Intracellular microenvironment (e.g., pH value and
temperatures) and the spatiotemporal distribution of molecules or ions
in cells play important roles in cell metabolism.>® Abnormal micro-
environment parameters and inappropriate concentrations of molecules
or ions are intuitional indicators for these intractable diseases.”’ Thus,
recent advances in the development of cell biology and sensing
systems have been achieved, which allow for the precise and rapid
detection of intracellular species and the complex microenvironment in
live cell for biomedical applications.******* However, using common
sensing system, the determination of some given analytes or specific
microenvironments in cells is easily interfered by the complicated
cellular matrices and unavoidable background signals. Here carbon
nanomaterials-based sensors may offer great opportunities to monitor
intracellular microenvironment and analyzed disease-related species in
complicated live cells due to their excellent properties.

In this review, we will summarize the most recent advance on the
applications of intracellular sensors fabricated by carbon nanoma-
terials and their composites (Scheme 1) was summarized. Firstly, we
will briefly introduce various kinds of carbon nanomaterials,
including CDs or graphene quantum dots, carbon nanotubes,
graphene or graphene oxide, g-C3;N, and fullerene, and their
possibility as intracellular sensors. Then, we will discuss the
application of intracellular sensors and summarize four kinds of

“E-mail: sungi@seu.edu.cn; xuewang @seu.edu.cn

intracellular sensors based on carbon nanomaterials, i.e., intracel-
lular pH sensors, intracellular thermal sensors, intracellular metal
ions sensors, and intracellular biomolecule sensors. We also briefly
summarize the applications of carbon nanomaterials based intracel-
lular sensors for diagnosis or treatment of various diseases. Lastly,
the future perspectives and challenges of intracellular sensors based
on carbon nanomaterials are briefly rendered.

Carbon Nanomaterials and Their Possibility as Intracellular
Sensors

Carbon nanomaterials and its derivatives have unique electronic,
optical, thermal, and mechanical properties and have attracted
considerable attention in the field of biosensors or intracellular
sensor in recent years. In this section, we will summarize and discuss
the properties of various kinds of carbon nanomaterials and the
possibility of application in intracellular sensor for each of carbon
nanomaterials.

CDs or graPhene quantum dots are zero-dimensional carbon
nanomaterials.®>*®* Considerable attention has been paid to fluor-
escent CDs or graphene quantum dots owing to their small sizes
(~5nm), low toxicity, good biocompatibility, stable photolumines-
cence and chemical inertness, which are advantageous over other
fluorescence probes used for intracellular sensors.”>®> In the
application of intracellular sensor, CDs generally enter living cells
by incubating living cells with CDs at 37 °C and then intracellular
microenvironment (e.g., pH value and temperatures) or intracellular
molecules or ions are analyzed by CDs through confocal fluores-
cence microscopic technique or electrochemistry methods.

Carbon nanotubes, including single-walled carbon nanotubes and
multi-walled carbon nanotubes, are one kind of carbon nanomaterials
with relatively large surface area, unique chemical property (including
mechanical, electrical, thermal and catalytic properties). Especially, the
excellent catalytic effect between multi-walled carbon nanotubes and
metal/metal oxide or sulfides have attracted intensive interest.**~ The
single-walled carbon nanotubes have a strong photoluminescence and
have been used to analyze intracellular microenvironment or intracel-
lular molecules or ions by entering the living cell in the intracellular
sensing system. Multi-walled carbon nanotubes with excellent elec-
tronic properties and functional surface structures, are not only used to
prepare electrode to detect substances secreted by living cells in
extracellular sensing system,”>™* but also modified with designed
biomolecules or dyes via functional groups (such as, carboxyl §roups)
to achieve sensing functions in intracellular sensing system.’*”
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Scheme 1. A summary of carbon nanomaterials used as intracellular
Sensors.

Graphene is another kind of carbon nanomaterial, which is
composed of sp>-hybridized carbon atom and exhibits no fluores-
cence due to a zero optical bandgap.”®””® Graphene oxide is obtained
by introducing functional groups to graphene, and shows fluores-
cence. Graphene or graphene oxide has shown great potentials for
biosensing applications due to its good water solubility, large surface
area, unique surface 2properties, low cytotoxicity and high cellular
uptake efficiency.®*®* Graphene is usually used to detect substances
secreted by living cells or cell lysates in extracellular sensing system
through electrochemical methods.**®* In sensing system, graphene
oxide has been used to sense intracellular microenvironment™ and
determine the molecules or ions inside/outside cells.®®%”

g-C3Ny, including bulk g-C3N,4 g-C3N,4 nanosheets, and g-C3Ny
quantum dots, possesses superior optical properties, thermostability,
chemical stability, biocompatibility and low toxicity.** > Based on
its excellent properties, g-C3N, has been used to detect pH, metal
ions, biomolecules in living cells. In sensing system, g-C3;N, has
been used to sense intracellular microenvironment and determine the
intracellular molecules or ions by entering living cells or outside the
living cells.

Fullerene is also one of kind carbon nanomaterials. Recent
studies®** have proved that fullerene was toxicity to bacteria due
to direct oxidation of the cell, therefore the application of fullerene
in intracellular sensor was still be explored.

Intracellular Sensor Based on Carbon Nanomaterials

Carbon nanomaterials have been widely studied for intracellular
sensor. In this section, we will summarize and discuss the applica-
tion of carbon nanomaterials in pH sensing, thermal sensing, metal
sensing and biomolecule sensing in living cells, respectively.

Intracellular pH sensors.—Intracellular pH is an important
parameter of intracellular microenvironment. It is directly related
to protein conformational transformation and enzyme -catalytic
efﬁciency.95 “® In order to maintain normal physiological functions,
the pH of intracellular organelles (e.g., cytoplasm, mitochondria and
lysosomes) are located in a very narrow range.”’ Abnormal
intracellular pH causes cytopathic and even apoptosis, and is one
of the important indicators of many diseases including cancer.”s~'°!
Due to the importance of pH in the cell, there are a variety of
intracellular pH sensors fabricated by carbon nanomaterials de-
scribed in this section.

Chen et al.'® have reported an intracellular pH sensor, which has
been prepared by multi-walled carbon nanotubes decorated with
gold/silver core—shell nanoparticles (Au@Ag NPs) labeled with 4-
mercaptobenzoic acid (4MBA) and fluorescein isothiocyanate

(FITC), for detecting pH variation through exploit the surface
enhanced Raman scattering (SERS) spectra features of 4MBA
molecules during intracellular process such as endocytosis
(Fig. 1a). Shao et al.*® have developed an intracellular pH sensor
based on graphene oxide-DNA nanosystem fabricated by coupling a
hybrid comprising dye-labeled i-motif forming oligonucleotide
(IFO)and its ¢cDNA with one mismatch to graphene oxide to
sensitively detect pH variations in live cells (Fig. 1b). Shi et al.'®
have proposed an intracellular pH sensor based on nitrogen-rich
functional groups carbon nanoparticles(N-CNs) for pH fluorescence
imaging of live T24 cells (Fig. 1c). Furthermore, Zhang et al.'®
even have prepared a lysosome pH sensor with CDs (Fig. 1d).

Intracellular thermal sensors.—Intracellular temperature is an-
other important parameter of intracellular microenvironment. First,
intracellular temperature affects and regulates chemical and biolo-
gical reactions in cytoplasm and in organelles, such as endoplasmic
reticulum, mitochondria and nucleus.'®~1%7 For example, the
intracellular temperature affects and regulates the synthesis of
DNA in nucleus, and also regulates the formation of adenosine
triphosphate (ATP) in mitochondria. Second, temperature variation
in cells can be an indicator for some disease. For example, the
temperature in cancer cells is higher than normal cells owing to
excessive metabolic activities or reactive oxygen species (ROS)
scavenging in cancer cells, therefore temperature increase in cell can
be an evidence for cancer diagnosis.'® Consequently, there is a need
for seeking methods based on new materials that enable reliable and
accurate monitoring intracellular temperature. Carbon nanomaterials
have attracted increasing interest in monitoring intracellular tem-
perature because of their fascinating biocompatibility and chemical
inertness. 10110

Kumawat et al.’® have synthesized a graphene quantum dots
using ethanolic extracts of mangifera indica (mango) leaves with
excitation-independent near-infrared (NIR)fluorescence emission.
The graphene quantum dots have intracellular temperature sensing
properties and have been used to analyze intracellular temperature
(25 °C-45 °C) of live L929 cells (Fig. 2a).

Shi et al.'"" have used green fluorescence N, S co-doped CDs as a
stable bio-imaging probe for sensing of intracellular temperature.
Specifically, Hela cells are stained by the N, S co-doped CDs and the
green fluorescence of Hela cells in the temperature of 35 °C is
weaker than in the temperature of 25 °C (Fig. 2b).

We et al.''? have prepared a ratiometric intracellular temperature
sensor by a fluorescence probe (a CDs-RhB probe) fabricated by
conjugating Rhodamine B (RhB) with CDs via a covalent bond. The
CDs-RhB probe has two noticeable peaks, 482 and 586 nm, which
could be assigned to the emission from CDs and RhB. Therefore, the
intracellular temperature of cell is quantified by calculating the ratio
between these two Peaks (Isge/lag2) (Fig. 2c¢).

Macairan et al.''"® also have proposed a ratiometric intracellular
temperature sensor by a temperature-dependent fluorescence CDs
synthesized via a microwave method. The CDs have a blue band and
a red fluorescence band when excited at 405 nm. With increasing
temperature, red-to-blue fluorescence ratio are increased. The ratio-
metric change in fluorescence has been also observed in cells
incubated at different temperatures, based on which the ratiometric
intracellular temperature sensor has been prepared (Fig. 2d).

Kavitha et al.''* have prepared a thermometer for sensing
intracellular temperatures by a fluorescent thermo-responsive
polymer consisting of poly(N-vinylcaprolactam) (PVCL) coupled
with CDs (PVCL-CDs). Figure 2e shows the grey-scale intensity of
the fluorescence microscopy images of NIH 3T3 cells incubated in
PVCL-CDs solution for 24 h obviously decreases as temperature
increases. Therefore, the biocompatible PVCL-CDs could be used as
an intracellular thermometer.

Intracellular metal ions sensors.—Metal ions are required for all
cells by serving as essential structural cofactor, redox centers and
oxygen porter of chemical and biological reactions in intracellular or
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Figure 1. (a) The synthesis and functionalization procedure of multifunctional nanocarrier based on multi-walled carbon nanotubes (MWCNT) (up); The bright
field image of HeLa cells incubated with multi-walled carbon nanotubes for (A) 2 h, (C) 6 h, (E) 24 h. The SERS mapping image of the ratio of the SERS

intensity at 1390 cm™

"and 1183 cm™', (B) 2h, (D) 6 h, (F) 24 h (down)."®® Reproduced with permission Copyright 2015, Elsevier B.V. (b) Illustration of

physical adsorption between IFO and pristine graphene oxide (Left) or herring sperm DNA-treated graphene oxide (Right) under acidic conditions; Fluorescence
images (scale bar = 25 pm) of MCF-7, MDA-MB-231, and A549 cells probed by the graphene oxide-cDNA/IFO nanosystem with herring sperm DNA
passivation at pH 5.0 and 7.3.%> Reproduced with permission Copyright 2017, American Chemical Society. (c) Schematic illustrations for the synthesis process

of N-CNs and pH-responsive.'
monitoring. !

subcellular regions.''>™"'” Therefore, there is great interest in
accurate monitoring of the distribution of intracellular metal ions
to study the cell biology of metals.''®~'?! As nanomaterials, carbon
nanomaterials have been widely studied for determination metal ions
and possessed promising potential in metal ion sensor. Much
research effort has been devoted to develop intracellular metal
ions sensors for understanding physiological or pathological func-
tions of metal ions in living cells. In recent years, carbon
nanomaterials were used to probe various types of metal ions,
such as Fe* _% Cu2+, A13+, Zn2+, Pb2+, Hg2+ and Cr3+.1227126

Cao et al 127 have successfully prepared an intracellular Ag™
sensor based on acetaldehyde-modified g-C3N, ultrathin nanosheets
(ACNNSs). The ACNNSs are low cytotoxicity and good biocompat-
ibility. HeLa cells after incubating with ACNNSs for 6 h show bright
blue fluorescence, whereas negligible fluorescence in Hela cells with
ACNNSs is observed followed by incubating with Ag™ for 2 h. The
above results proved that ACNNSs can react with intracellular Ag™,
therefore intracellular Ag™ sensor has been established (Fig. 3a).

Zou et al.'?® have proposed an intracellular Cu®" ratiometric
nanosensor based on a satellite hybrid nanoprobe composed by
CdTe/CdS quantum dots capped around the silica microsphere and
blue-emitting CDs. Intracellular Cu®* could quench the CdTe/CdS
quantum dots emission (at 650 nm) effectively but have no ability
for reduction of the CDs emission (at 425 nm). The variation of
intracellular Cu®" concentration is in accordance with linearly with
decrease of the Fgso/F4o5 ratio, and satellite hybrid nanoprobe is
utilized to the ratiometric fluorescence sensing for Cu®" in HeLa
cells (Fig. 3b).

Shi et al.'”® have developed an intracellular Fe’>" nanosensor
based on multi heteroatoms (nitrogen and phosphorus) co-doped
carbon nanodots (N, P-CDs). The N, P-CDs could enter into
intracellular region with high cell viability. Consequently, the
usefulness of N, P-CDs in sensing intracellular Fe*™ are demon-
strated by confocal fluorescence images. Experimental results prove

9 Reproduced with permission Copyright 2016, Elsevier B.V. (d) Schematic representation of CDs preparation and lysosomal pH
o4 Reproduced with permission Copyright 2018, The Royal Society of Chemistry.

that the fluorescence brightness of cells became weaker as Fe** into
cells treated with N, P-CDs. All observations indicate that the
proposed N P-CDs could be used to effectively semiquantitative
sensing Fe** in live cells (Fig. 3c).

Xiong et al.'** have developed an intracellular Pb>" sensor via
electrochemiluminescence method using N doped CDs (N-CDs)
in situ electro-polymerized onto a glassy carbon electrode (GCE) as
luminophores, and Pd-Au hexoctahedrons (Pd@Au HOHs) as
enhancers (Fig. 3d). Yan et al.'®' have described an intracellular
Hg”" sensor using photoluminescent CDs (Fig. 3e).

Intracellular biomolecule sensors.—Intracellular biomolecules,
including biomacromolecules (e.g., proteins, nucleic acids and
polysaccharides) and small biomolecules (e.g., cysteines, choles-
terols, glutathione and ascorbic acids), are crucial for cell metabolic
processes. Intracellular bioenzyme, as one kind of proteins or
ribonucleic acids (RNA), ensures biological reactions and chemical
reactions in living cells perform efficiently and specifically.'*>
Intracellular nucleic acids, including deoxyribonucleic acids
(DNA) or RNA, exist in all cells and create, encode, store, transmit
and express information inside/outside the cells.'*® Some small
biomolecules, such as cysteines, play considerable roles in peptide
and protein synthesis, and some small biomolecules, such as
ascorbic acid, are basic vitamins for biological systems and
participate in amino acid metabolism, collagen formation and ion
absorption.'**'*> Despite the necessity and importance of biomole-
cules for intracellular life processes, rapid and accurate determina-
tion of intracellular biomolecules is essential. Up to now, several
approaches based on carbon nanomaterials have been explored for
determination of intracellular biomolecules, such as based on carbon
nanospheres, CDs, g-C3;Ny4, graphene, graphene oxide. 36137

Wang et al.'*® have constructed an intracellular telomerase
sensor based a single patchy gold/carbon nanosphere (PG/CNS).
The surface of the PG/CNS is decorated with hybridized-DNA (HS-
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Figure 2. (a) Schematic representation of graphene quantum dots (mGQDs) preparation and live intracellular temperature sensing using graphene quantum dots
in L929 cells.”® Reproduced with permission Copyright 2017, American Chemical Society. (b) (a)—(c) Confocal microscopy images of HeLa cells (at 25 °C);
(d)—(f) Confocal microscopy images of N, S co-doped CDs-stained cells with corresponding fluorescence field at 25, 35 and 25 °C, respectively. (Emission was
collected at 415-550 nm and excited at 405 nm.)''! Reproduced with permission Copyright 2017, The Royal Society of Chemistry. (c) Fluorescent microscopic
images of HeLa cells stained with CDs-RhB at 5 (a) and 37 °C (b) respectively; From left to right: the red, blue channel fluorescence images and the red/blue
ratio image respectively.' 12 Reproduced with permission Copyright 2017, The Royal Society of Chemistry. (d) Fluorescence microscopy images of CD-treated
HeLa cells incubated at the different temperatures; The scale bars: 10 m; The red-to-blue fluorescence ratios are 1.8 at 32 °C, 2.0 at 37 °C and 2.3 at 42 °C; The
control shows untreated HeLa cells at 42 °C with no fluorescence signal as expected.''> Reproduced with permission Copyright 2019, The Royal Society of
Chemistry. (e) Fluorescence microscopy images of the NIH 3T3 cells incubated with the PVCL-CDs during (a) heating and (b) cooling at (i) 25, (ii) 30, (iii) 35,
(iv) 40, and (v) 45 °C; (c) Grey-scale intensity of the images of the circled area during heating as a function of temperature.''* Reproduced with permission

Copyright 2015, Elsevier B.V.

DNA/Primer-DNA/Flare-DNA) via Au-S bond and H1/H2-DNA (a
pair of cross complementary DNA hairpins) via electrostatic
interaction. In the presence of telomerase, the primer-DNA
(telomerase primer) is released from the surface PG/CNS, and
which initiates cross hybridization chain reaction (HCR) with H1-
DNA and H2-DNA resulting in amplifying the fluorescence signal
(Fig. 4a). Li et al.'*® have developed an intracellular protein kinase
A sensor based on g-C3Ny4 and titanium dioxide (TiO,) complex
via a novel photoelectrochemical (PEC) assay. The protein kinase
A (PKA) can catalyze phosphorylation reaction in solution to
obtain phosphorylated peptide (P-peptide). The P-peptide is im-
mobilized on electrode surface which was modified with g-C3Ny
and TiO, in advance for providing PEC signal and conjugating
phosphate groups of P-peptide, respectively. Subsequently,
PAMAM dendrimers are captured on the P-peptide to immobilize
Alkaline Phosphatase (ALP) which can catalyze L-ascorbic acid 2-
phosphate trisodium salt (AAP) to produce electron donor of
ascorbic acid (AA), resulting in an increased photocurrent
(Fig. 4b).

There also exists some intracellular small biomolecule sensor.
Liu et al."* have reported an intracellular adenosine triphosphate
(ATP) sensor based on fluorescent aptamer probes covalently linked
to graphene oxide (Fig. 4c). Zhang et al.*® have established an
intracellular glutathione sensor based on magnetic nanoporous
graphene nanocomposites synthesized by graphene oxide and ferric
chloride. In cells, the oxidation of glutathione and thiamine are
competitive, and a novel and simple intracellular glutathione sensor

are established on the basis of the inhibition effect of glutathione on
the oxidation of thiamine (Fig. 4d). Liu et al.'*' have prepared an
intracellular microRNA-21 based on lysozyme-modified gold na-
noclusters modified with the ss-DNA probe (a 22-mer) for
microRNA-21and carbon nanotubes. There exists a fluorescence
resonance energy transfer between gold nanoclusters and carbon
nanotubes. However, after addition of microRNA-21, the fluores-
cence resonance energy transfer between gold nanoclusters and
carbon nanotubes is blocked because of combination of ss-DNA and
microRNA-21 (Fig. 4e). Liu et al."** have prepared an intracellular
H,02 sensor based on porous graphene network (Fig. 4f).

Intracellular gaseous signaling molecules including carbon mon-
oxide (CO), hydrogen sulfide (H,S) and nitric oxide (NO) generate
in biological reactions in living cells with complex interrelationships
and are of great significance in many biological processes.'*>14
Unusual concentrations of CO, H,S and NO are associated with
some diseases, such as asthma, sickle cell anemia, diabetes,'*® a
variety of neurodegenerative pathologies,'**  Huntington’s,
Parkinson’s and Alzheimer’s13 diseases.'*® From these perspec-
tives, it is worthy to develop sensitive, specific and fast techniques
for these intracellular gaseous signaling molecules detection. Recent
studies have focused on intracellular gaseous signaling molecules
sensor based on carbon nanomaterials.

Li et al.'"*" have developed an intracellular H,S sensor based on
(2,4-dinitrophenoxy) tyrosine functionalized graphene quantum dots
via fluorescent techniques to detect H,S in MCF-7 cells. Ulissi
et al."*® have constructed an intracellular NO sensor based on
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Figure 3. (a) General scheme for the preparation of ACNNSs from graphitic carbon nitride (BCN) and their application in sensing Ag* (up); Fluorescence
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Society. (b) scheme of carbon-dot and quantum-dot-coated dual-emission core-satellite silica nanoparticles for ratiometric intracellular Cu®>" sensing.'?®
Reproduced with permission Copyright 2016, American Chemical Society. (c) Synthesis of N, P-CDs and Fe®" detection in human herum and living cells.'*
Reproduced with permission Copyright 2016, American Chemical Society. (d) The fabrication and reaction mechanism of the proposed electrochemilumines-
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Reproduced with permission Copyright 2016, Elsevier B.V.
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near-infrared fluorescent intracellular single-walled carbon nano-
tubes to determine NO in A375 melanoma cells.

Carbon Nanomaterials Based Intracellular Sensors for
Diagnosis or Treatment of Diseases

The early diagnosis of diseases, especially various types of
cancers, plays a critical role in clinical treatment. As already
discussed above, abnormal intracellular microenvironmental para-
meters and inappropriate concentrations of molecules or ions are
intuitional indicators for various types of diseases. Therefore,
intracellular sensors have become essential tools in achieving
diagnosis and treatment of diseases. Until now, diseases diagnosed
and/or treated by carbon nanomaterials based intracellular sensor
include cancers (e.g., cervical cancer, live cancer, breast cancer,
bladder cancer),'>”12%14%150 " disease caused by pathogenic
bacteria,'”' and neurological disease.'”*'>* For examples, Shu
et al.'* have prepared intracellular metal ions sensors based on
CDs to diagnose breast cancer. Mohapatra et al.'>® have established
intracellular ions sensors based on Fe3;0,@SiO,@carbon quantum
dot to diagnose colon cancer. Shi et al.'*® have established
intracellular metal ions based on nitrogen and phosphorus co-
doped CDs to diagnosed bladder cancer. Cao et al.'*’ have
successfully prepared intracellular thermal sensor based on
g-C3N, to diagnosed cervical cancer. These works may pave a
new possible way to rapid screening and accurate treatment of
these intractable diseases.

Conclusions and Outlooks

In summary, this paper provides a brief overview of recent
researches on the applications of carbon nanomaterials, including
CDs or graphene quantum dots, carbon nanotubes, graphene or
graphene oxide, g-C3N, and fullerene, in pH sensing, thermal
sensing, metal ion sensing and biomolecule sensing in living cells.
Though many achievements have been obtained for intracellular
sensors based on carbon nanomaterials, there are still significant
challenges that need to be solved.

(1) CDs are the main materials in the application of fabricating
intracellular sensors. Therefore, other carbon nanomaterials
(such as, carbon nanotubes, graphene or graphene oxide, g-
C3N4 and fullerene) should be further exploited in intracellular
sensors urgently.

(2) During the use of intracellular sensor, confocal fluorescence
microscopic technique and electrochemistry methods are more
commonly used. Thus, other advanced techniques (such as,
Raman spectroscopy method) should be tried.

(3) Some given analytes or microenvironments in intracellular
organelles (e.g., cytoplasm, mitochondria and lysosomes) are
also important in measurement of the cells status. Therefore, we
must focus on the detection of analytes or parameters of
microenvironments in cell organelles in future.
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