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Hao-Ran Jia, Ya-Xuan Zhu, and Fu-Gen Wu

Cell, the basic structural and functional unit of
almost all living organisms (except viruses), has
been recognized as one of the most important
foundations of contemporary biology. Composed
by a variety of biomolecules such as proteins,
DNA, lipids, and sugars, a single cell is also a
small but complete living organism with sophisti-
cated biological structures [1]. Generally, cells
can be classified into two types according to
their structural differences, namely prokaryotes
and eukaryotes. Although all cells contain an
outer physical barrier called plasma membrane
that isolates the intracellular components from
the surrounding environment, the prokaryotic
cells are fundamentally distinct from the eukary-
otic ones in their internal organization. Prokaryotes
lack a nucleus and other membrane-bound
organelles with all their cellular components
located together in the cytoplasm; in contrast,
eukaryotes possess a complex endomembrane sys-
tem composed of various membranous organelles,
e.g., endoplasmic reticulum (ER), Golgi apparatus,
mitochondrion, and lysosome. These organelles
work in coordination with other subcellular
structures and participate in many essential
biological activities such as apoptosis, autophagy,
mitosis, migration, cell signaling, and material
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transport, to maintain the regular metabolism and
functions of organisms.

Cell imaging refers to the visualization of cell
morphology, structure, and dynamics with the
assistance of imaging systems. The development
of modern cell biology heavily relies on the use of
various imaging techniques that serve as the
“eyes” of biologists. Over 300 years ago, Antoni
van Leeuwenhoek with the aid of his manually
made simple microscope first saw and described
spermatozoa, red corpuscles, and bacteria
[2]. These discoveries marked a new era in our
pursuit of the nature of life, because nobody knew
how conception worked, what composed blood,
or what caused diseases in that time. In 1838,
German scientist Matthias Schleiden established
the cell theory for plants that all plant organisms
consist of cells or cell derivatives, on the basis of
his large amounts of microscopic observations,
which marked the beginning of the plant cytology
[3]. He also emphasized the importance of the cell
nucleus and its relationship with cell division.
One year later, Theodor Schwann extended
Schleiden’s theory to the animal world, forming
a general cell theory. After entering the twentieth
century, the advent of fluorescence microscopy
brought a revolution in all fields of cell and
molecular biology. Compared with traditional
transmitted light microscopy, fluorescence
microscopy utilizes fluorescent probes to illumi-
nate the target molecules, structures, or
compartments in cells with high sensitivity. How-
ever, the spatial resolution of these optical
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imaging techniques is still insufficient to clearly
unravel some nanoscale cellular structures owing
to the diffraction limitation of light. In the 1930s,
Ernst Ruska and Max Knoll designed and built
the first transmission electron microscope (TEM)
that used electrons, not light, to observe the
specimens, which marked another important
milestone in the progress of imaging technology
[4]. Considering that the spatial resolution of a
modern TEM is 0.1 nm, approximately 2000
times higher than that of a light microscope, cell
biologists can acquire ultrahigh-quality cell
images to uncover many sophisticated cellular
structures and subtle changes of cellular states.
To date, with the help of diverse cell imaging
techniques, we have gained a comprehensive
understanding of how a cell works to govern the
generation, maintenance, and function of cellular
organizations, and have acquired numerous
incredibly detailed images of cellular organelles,
domains, and even  biomacromolecules
[5]. Although the framework of cell biology has
now been completed, many essential issues still
remain to be answered, e.g., what is the mecha-
nism of cell aging. We believe that the progress in
imaging technologies can promote the future
development of cell biology. In this chapter, we
first briefly introduce the existing imaging
techniques for cell observations. Then, the
principles and benefits of fluorescence imaging
are discussed. Finally, we focus on the recent
advances of various fluorescent materials and
their applications in cell imaging.

1 Optical Imaging Techniques

Optical microscopes use the light source to illu-
minate specimens. Since the first invention of the
simple light microscope, optical imaging has
served as a fundamental tool of biological discov-
ery for more than three centuries. Until now, a
variety of optical microscopes have been
designed with the aim of improving the imaging
resolution and providing more detailed cellular
information. Generally, most cellular structures
are different from their surroundings in optical
properties, but conventional light microscopy is
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unable to discriminate them. To solve this prob-
lem, optical contrasting techniques have been
developed for observing transparent and
unstained samples, which include darkfield
microscopy, phase contrast microscopy, polariza-
tion microscopy, differential interference contrast
(DIC) microscopy, and Hoffman modulation con-
trast microscopy [6]. These techniques utilize the
differences in the refractive index between
specimens and their surroundings, and can con-
vert the refractive index differences to detectable
brightness changes in the images. For example,
the DIC microscopy, also known as Nomarski
microscopy, uses polarized light and splits the
light into two beams through a two-layered
modified Wollaston prism, wherein one beam is
directed through the specimen and the other only
passes through the background. Due to the refrac-
tive index gradients in different areas, the two
rays will generate a path difference, which can
be finally visualized as a difference in brightness.
In particular, DIC microscopy is extremely suit-
able to study cellular events such as apoptosis
where cells experience tremendous shape changes
[7]. Another common strategy for enhancing the
imaging contrast is using dyes or counterstains to
amplify the optical signals of samples. In particu-
lar, the emergence of diverse fluorescent probes
like organic fluorescent molecules, fluorescent
proteins, quantum dots (QDs), and conjugated
polymers, as imaging contrast agents has substan-
tially boosted the advancement of fluorescence
microscopy. The principles of fluorescence and
detailed introduction of fluorescent materials will
be discussed later. Currently available fluores-
cence imaging techniques include
epi-illumination fluorescence microscopy, confo-
cal microscopy, two-/multiphoton fluorescence
microscopy, fluorescence correlation microscopy
(FCM), fluorescence-lifetime imaging micros-
copy (FLIM), etc [5, 8]. Fig. 1 schematically
displays the working mechanisms  of
epi-illumination microscopy, confocal micros-
copy, and nonlinear laser scanning microscopy.
To be noted, one of the biggest improvements of
modern fluorescence imaging is the adoption of
laser as the light source. Lasers produce coherent
light beams that are extremely intense, highly
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Fig. 1 (a) Schematic diagram illustrating the working
mechanism of the epi-illumination fluorescence micros-
copy. Reprinted with permission from Ref. [10]. Copyright
2005, Nature Publishing Group. (b) Layout of the confocal
microscopy. Reprinted with permission from Ref.
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directional, and very pure in frequency, through a
process of optical amplification based on the
stimulated emission of electromagnetic radiation.
In doing so, the fluorescent probes can be excited
more efficiently and emit stronger fluorescence
signals. The employment of these advanced
imaging techniques has helped biologists to
observe many once invisible structures in cells.
For instance, Gaus et al. successfully visualized
the membrane lipid structure and raft domains of
living cells by using two-photon microscopy
[9]. It was found that in macrophages, the
liquid-ordered domains are frequently observed
in membrane protrusions (filopodia), adhesion
points, and cell—cell contacts.

Many cellular behaviors specifically appear in
some restricted areas of cells, such as the plasma
membrane. Recently, total internal reflection fluo-
rescence (TIRF) microscopy has attracted broad
interest in the observation of membrane-associated
processes, e.g., endocytosis, exocytosis, and cell
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[11]. Copyright 2005, Nature Publishing Group. (c) Prin-
ciple of the generic nonlinear laser scanning microscopy.
Reprinted with permission from Ref. [12]. Copyright
2005, Nature Publishing Group

adhesion [13]. As a class of evanescent wave
microscopy,  TIRF  microscopy  excites
fluorophores not by direct light illumination, but
by using an evanescent wave that occurs when
the incident light is totally reflected at the interface
of two transparent media with different refractive
indices. In this case, only the fluorophores in very
close proximity (within 100 nm) to the coverslip
can be excited, ensuring the elimination of back-
ground fluorescence outside the focal plane and
extremely high signal-to-noise contrast (Fig. 2).
Besides, TIRF microscopy provides a convenient
tool for the real-time monitoring of nanoparticle—
membrane interactions, which can instruct the
rational design and surface modification of drug-
loaded nanoparticles (NPs) for enhanced therapeu-
tic efficiency [14].

In 1873, Ernst Abbe discovered that two
neighboring objects with a distance closer than
~200 nm cannot be resolved by lens-based light
microscopy [15]. Due to the existence of this
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Fig. 2 Schematic Living Cell
illustrating the principle of (n=1.33-1.37) Cell Membrane
TIRF microscopy.
Reprinted with permission
from Ref. [14]. Copyright Excited
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diffraction limit, the imaging resolution of most
traditional optical microscopes 1is severely
restricted, which prevents researchers to gain
more insights into the molecular structures and
organizations of living cells. Recent advances in
“super-resolution” imaging techniques, including
stimulated emission depletion (STED) micros-
copy, structured illumination microscopy (SIM),
stochastic optical reconstruction microscopy
(STORM), ground state depletion microscopy
followed by individual molecular return
(GSDIM), and photoactivated localization
microscopy (PALM), provide feasible strategies
to surpass the diffraction limit and acquire high-
quality cell images [16]. The development of

these methods allows us to visualize the morphol-
ogy and dynamics of nanometer-sized cellular
structures. As an example, STED microscopy
relies on the saturated depletion of excited
molecules at the periphery of a scanning focal
spot, which is capable of realizing a lateral reso-
lution less than 20 nm. In 2008, Hein and
co-workers successfully utilized STED micros-
copy to visualize the ER with subdiffraction reso-
lution in the interior of a living mammalian cell
using yellow fluorescent protein (YFP) tags
[17]. The STED image clearly shows the ring
structures formed by the tubular network of the
ER, whereas confocal imaging failed to visualize
these details (Fig. 3).
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Fig. 3 Confocal (a) and STED (b) images showing the
ER structures in mammalian cells labeled by the fluores-
cent protein Citrine. Reprinted with permission from Ref.

In living cells, not all biological molecules can
be easily labeled with fluorescent probes for fluo-
rescence imaging, which poses a great challenge
to the molecular-level detection within cells.
Currently, Raman microscopy represents an
emerging class of tools for imaging and analyzing
living biological samples, especially cells, at a
molecular level. Raman microscopy is based on
the Raman scattering, a technique capable of
detecting molecular vibrations that can reflect
molecular species, structures, and environmental
conditions. It is worth noting that Raman micros-
copy senses the biological samples directly by
light without requiring an additional fluorescence
labeling procedure. Beyond the selective detec-
tion of the target molecules, Raman microscopy
can realize time-resolved mapping of the dynamic
distributions of many essential biomolecules such
as proteins (e.g., cytochrome c¢) and lipids in
living cells [18]. However, it is technically diffi-
cult to precisely extract useful information from
the complicated Raman spectra, and the
autofluorescence of intracellular molecules may
obscure Raman signals. More recently, nonlinear
optical imaging methods such as second harmonic
generation (SHG) microscopy, thrid harmonic gen-
eration microscopy, sum frequency generation

[17]. Copyright 2008, The National Academy of Sciences
of the USA

vibrational spectroscopy, coherent anti-Stokes
Raman scattering (CARS) microscopy, and
stimulated Raman scattering (SRS) microscopy
have emerged as promising strategies that can
achieve single-cell analysis with highly improved
sensitivity  [19]. These nonlinear imaging
techniques exploit basic light-matter interactions
originated from the intrinsic optical characteristics
of chemical structures to perform biological imag-
ing. Benefiting from their quantitative and label-free
imaging as well as exceptional chemical specificity,
SHG, CARS, and SRS microscopy begin to serve as
an important class of tools complementary to fluo-
rescence imaging techniques.

2 Non-Optical Imaging
Techniques

Apart from the above optical imaging approaches,
there are also some non-optical imaging methods
that are irreplaceable for us to have comprehen-
sive knowledge of cells. Over the past decades, an
increasing number of human diseases have been
demonstrated to be closely related to the disorder
of intracellular protein trafficking, which
highlights the importance of understanding the



membrane-associated protein trafficking
pathways. Electron microscopy (EM) is the only
technique capable of providing sufficient resolu-
tion for the observation of intracellular proteins
and small membrane subdomains, serving as a
powerful biological tool [20]. Different from opti-
cal microscopy that involves the above-
mentioned diffraction barrier, EM utilizes the
electron beam as the source of illuminating radia-
tion and thus can provide magnified images with
ultra-high spatial resolutions (typically within
1 nm). There are different types of electron
microscopes, including reflection electron micro-
scope (REM), scanning electron microscope
(SEM), TEM, low voltage electron microscope
(LVEM), and scanning transmission electron
microscope (STEM). To be noted, biological
samples must receive a fixation treatment
(cryofixation or chemical fixation) before the EM
observation to preserve the cellular architecture.
For cells and tissues, cryofixation is so far the
best available method of immobilization, because
chemical fixation may cause structural artifacts and
the redistribution of some soluble proteins.
Observing cryofixed cells via EM is called cryo-
genic electron microscopy (CryoEM), an imaging
technique that ensures researchers to view the cells
in their most natural state. In a lately reported
study, Sartori-Rupp et al. adopted CryoEM to
reveal the structure of tunneling nanotubes
(TNTs) that are long, actin-rich membranous
protrusions responsible for the intercellular trans-
port of various cargoes in neuronal cells, and
proved that neuronal TNTs have distinct structural
features compared to other cell protrusions [21].
Another nonnegligible imaging technique
capable of measuring physical and chemical
properties in nanoscale dimensions is scanning
probe microscopy (SPM), which is a big imaging
family with more than 20 members including
scanning tunneling microscopy, atomic force
microscopy (AFM), scanning thermal micros-
copy, scanning electrochemical microscopy
(SECM), scanning ion conductance microscopy,
near-field acoustic microscopy, and so on
[22]. Consisting of a cantilever with a sharp tip
at its end, a scanning probe microscope detects
the surface of samples without physical contact
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and can provide true topographic imaging of the
cell surfaces. Nowadays, using SPM to solve
certain biological and biomedical questions is
gaining wider acceptance. For example,
Takahashi et al. applied voltage-switching mode
SECM to acquire high-quality topographical and
electrochemical images of living cells, which
allowed the mapping of the sites of neurotrans-
mitter release from a differentiated rat adrenal
pheochromocytoma (PC12) cells [23]. In another
study, Carvalho et al. confirmed the specific
molecular recognition between fibrinogen and
an unknown receptor on the erythrocyte mem-
brane with the help of AFM [24]. The fibrinogen-
—erythrocyte interaction showed a binding force
of 79 pN that is lower than but comparable to that
of fibrinogen—platelet binding (97 pN). This
work exemplified the application of AFM-based
force spectroscopy as a sensitive and high-fidelity
imaging tool for the diagnosis of genetic
mutation-induced hematological diseases.

3 Principles and Advantages
of Fluorescence Imaging

Among the existing cell imaging strategies, fluo-
rescence spectroscopy is still considered to be the
primary research tool in cell biology and many
other disciplines. Since George Gabriel Stokes
first illustrated the phenomenon of fluorescence
in 1852, [25] this basic physical event has
revolutionized the way how biologists observe
the cells. Fluorescence is the light emitted from
a fluorescent molecule/material after absorbing
light, which is a three-stage process as depicted
in the Jablonski diagram (Fig. 4) [26]. To be
specific, when absorbing photon energy supplied
by an external source such as an incandescent
lamp or a laser, fluorescent molecules are excited
from the ground state Sy to the higher singlet
electronic state S; (Stage 1: excitation). This pro-
cess is different from chemiluminescence where
the excited state is created by chemical reactions.
The energy at this stage is partially dissipated
through internal conversion and the molecules
relax to a lower vibrational level S, (Stage 2:
internal conversion). The internal conversion
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Fig. 4 Jablonski diagram illustrating the processes of
light excitation, internal conversion, and emission of
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process is extremely rapid, generally within
107'% s, and occurs prior to fluorescence emis-
sion. Then, the fluorophore returns to its ground
state So by emitting fluorescence. To be noted, not
all the molecules return to the ground state via
fluorescence  emission.  Other ways  of
depopulating the S, state involve nonradiative
relaxation and intersystem crossing to a triplet
state, etc. The triplet state is distinguished from
the singlet one by the opposite orientation of an
electron spin. Molecules in this state can relax via
photon emission, which is called phosphores-
cence, or nonradiative relaxation. According to
the Jablonski diagram, the energy of the fluores-
cence emission is generally less than that of exci-
tation due to the energy dissipation via internal
conversion, leading to a longer wavelength of the
emitted fluorescence. The difference between the
excitation and emission wavelengths, i.e., the
Stokes shift, is fundamental to the sensitivity of
the fluorescence imaging measurements. The
Stokes shift makes it possible to filter out the
excitation light without blocking the emissive
signals and to exclusively visualize the objects
of interest with low background signals. In con-
trast, traditional bright field imaging methods
require the detection of transmitted/reflected
signals against the incident light at the same
wavelength. Thus, fluorescence imaging greatly
enhances the signal-to-background contrast as
well as the imaging resolution.

Another important merit of the fluorescence
imaging is the non-invasive observation of
specimens, which is appealing to researchers

when observing living cells. Although some
approaches such as transmission electron micros-
copy can provide high-quality visualization of
cell structures with nanometer-scale spatial reso-
lution, they involve harsh sample preparations
(e.g., chemical fixation, dehydration, and metal
coating) and only present a static, snapshot view
of the cells. In contrast, fluorescence imaging
allows the nondestructive and real-time
observations of living cells for tracking the
dynamics of diverse cellular behaviors with high
spatial and temporal resolutions [5]. Unlike many
imaging approaches that directly illuminate cells
by light or electron sources, fluorescence imaging
depends on the light emission from fluorescent
probes upon excitation by a light source, and
utilizes the fluorescence signals of these probes
to indirectly reflect the locations or structures of
cellular components. More importantly, fluores-
cent probes can also serve as highly sensitive
indicators  to  detect the intrinsically
non-fluorescent species and parameters of cells,
such as metal ions, [27, 28] glutathione, [29, 30]
reactive oxygen species (ROS), [31] adenosine
triphosphate (ATP), [32] pH value, [33] and oxy-
gen level [34]. Therefore, compared with other
imaging techniques, fluorescence imaging has
found much broader applications in biological
areas, dominantly benefiting from the develop-
ment of various fluorescent materials with desir-
able properties.

4 Fluorescent Materials for Cell
Imaging

Generally, the fluorescent materials for cell imag-
ing can be classified as endogenous cellular
molecules and synthesized probes. It has been
found that some intracellular coenzymes such as
nicotinamide adenine dinucleotide (NADH) and
flavin adenine dinucleotide (FAD) possess inher-
ent fluorescence under light excitation [35]. These
coenzymes play essential roles in a variety of
cellular oxidation—reduction reactions, and thus
can serve as specific biomarkers to reflect the
metabolic states or mitochondrial activities in
cells/tissues [36, 37]. For example, Piston et al.



employed the two-photon excitation microscopy
as a non-invasive tool to image the subcellular
glucose metabolism within intact pancreatic islets
by detecting the autofluorescence arising from
NADH [36]. Furthermore, Shi and co-workers
developed an optical method for detecting early-
stage Alzheimer’s disease (AD) based on the
different autofluorescence spectral profiles of
tryptophan, NADH, and FAD in healthy and
AD brains [37]. However, inherent biomolecules
suitable for cell fluorescence imaging are
extremely limited. In 1962, the discovery of
green fluorescent protein (GFP), an intrinsically
fluorescent gene product from the bioluminescent
jellyfish Aequorea victoria, has ushered the cell
fluorescence imaging into a new era
[38, 39]. GFP is a considerably stable protein
with 238 amino acids and contains a highly fluo-
rescent chromophore constrained in a barrel of
B-sheet structure, which forms spontaneously
during the assembly of the polypeptides without
the involvement of enzymatic synthesis. This
remarkable feature means that molecular
biologists can create genetic fusions of GFP to
any protein of interest in living cells or entire
organisms by introducing the GFP-encoding
gene sequences. However, wild-type GFP gradu-
ally failed to meet the increasingly high standard
of fluorescence imaging due to its low extinction
coefficient and expression level, which motivates
the advent of diverse optimized GFP variants,
e.g., enhanced GFP (EGFP, Fig. 5a), SuperGlow
(sg) GFP, and blue EGFP [38]. Apart from green
fluorescence, the emission color of fluorescent
proteins can be genetically manipulated to yield
blue fluorescent proteins (BFPs), cyan fluorescent
proteins (CFPs), YFPs, orange fluorescent
proteins (OFPs), and red fluorescent proteins
(RFPs), all of which share a similar structural
framework (Fig. 5b), by either changing the
local environment around the chromophore
(e.g., the location of charged amino acid residues,
hydrogen bonding networks, and hydrophobic
interactions within the protein matrix) or directly
introducing different chromophores (Fig. 5c)
[38—40]. This super family of fluorescent proteins
has provided researchers an unprecedented vari-
ety of high-performance choices for multicolor
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cell imaging. Therefore, fluorescent proteins are
an ideal tool for uncovering a wide range of cell-
related processes such as the dynamics of gene
expression, intermolecular interactions, the
behaviors of cellular organelles, cell mitosis,
membrane dynamics, and calcium signaling.
Whereas, fluorescent proteins are large
biomolecules and, in some cases, can inevitably
affect the function of the attached cellular
proteins [26]. Besides, the fluorescence intensity
of fluorescent proteins depends not only on their
structures but also on the cellular environment in
which the marker protein is expressed.

Over the past decades, the explosion in the
diversity of artificially synthesized fluorescent
probes has greatly promoted the development of
cell biology. Compared with endogenous fluores-
cent molecules, synthesized fluorescent materials
are mostly used by researchers to realize the fluo-
rescence imaging of cells, mainly ascribed to their
simple staining procedures, high fluorescence
quantum yields, and good photostability, etc. Typ-
ically, these cell probes can be divided into small-
molecule dyes (e.g., cyanines, rhodamines,
diarylethenes, Alexa Fluor® dye series, BODIPY®
dye series, fluorescein-based dyes, coumarins, and
pyrenes), fluorescent antibodies, and fluorescent
nanomaterials (e.g., inorganic QDs, carbon dots
(CDs), fluorescent metal nanoclusters, and fluo-
rescent dye-loaded NPs). Until now, organic
chemists have designed and synthesized many
thousands of fluorescent molecules that hold the
potential to cover almost all aspects of cell imag-
ing. More importantly, many of these molecular
probes are commercially available, which
provides great convenience for biological
researchers, especially those without the experi-
ence of chemical synthesis, to select suitable fluo-
rescence tools according to their investigations.
For imaging different cellular structures, there
are molecular probes designed to target cytoskele-
tal proteins, mitochondrion, lysosome, peroxi-
some, yeast vacuole, ER, Golgi apparatus, cell
nucleus, lipid droplet, and plasma membrane,
to name a few [41, 42]. Furthermore, many fluo-
rescent molecules can also serve as the tracers of
cellular functions like viability, proliferation,
endocytosis, and signal transduction, or as the
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Fig. 5 (a) Crystal structure of an EGFP. Reprinted with
permission from Ref. [38]. Copyright 2017, American
Chemical Society. (b) Alignment of 202 crystal structures
of different fluorescent proteins extracted from the protein
data bank. Reprinted with permission from Ref.

sensitive indicators of intracellular ROS, glutathi-
one, ions, pH values, membrane potentials, and
so on [42]. Recently, the luminogens with
aggregation-induced emission (AIE)
characteristics, termed AlIEgens, have become a
class of ““star molecules” in the applications of cell
imaging. In contrast to the aggregation-caused
quenching effect confronted by most conventional
luminogens, AIE effect refers to the phenomenon
that some molecules emit weak fluorescence in
their solutions, but generate intense fluorescence
upon forming aggregates. Since the discovery and
description of AIE effect by Tang et al. in 2001,
[43] the AIEgen family has experienced an expo-
nential growth over the past two decades

[39]. Copyright 2013, American Chemical Society. (c)
Chemical structures of the chromophores in fluorescent
proteins with different emission wavelengths. Reprinted
with permission from Ref. [38]. Copyright 2017, Ameri-
can Chemical Society

[44]. Compared with traditional fluorescent
molecules, AlEgens possess excellent
photostability, good biocompatibility, and low
background emission, and are thus extremely suit-
able for bioimaging applications. For instance,
Zheng and co-workers reported a naphthalimide-
based fluorescent probe that enables the simulta-
neous labeling of lipid droplets and lysosomes
with high specificity [45]. Interestingly, the
as-designed AlEgen emitted yellow fluorescence
in lipid droplets but red fluorescence in lysosomes,
due to the different environments inside these
subcellular entities. Using this unique AIE probe,
the authors dynamically tracked the movement of
lipid droplets and lysosomes in living cells.



Immunofluorescence techniques refer to the
use of fluorescent  molecule-conjugated
antibodies for the specific fluorescence labeling
of target antigens. As a fundamental tool in cell
biology studies, immunofluorescence allows the
rapid, sensitive, and quantitative analysis of cells,
which facilitates researchers to gain a better
understanding of phenotype mutation, cellular
signaling pathways, and subcellular structures,
etc. [46] Compared to the fluorescent protein-
based imaging strategies, immunofluorescence
imaging can minimize the risk of altering the
intrinsic structures or functions of the target
proteins. Generally, immunofluorescence staining
employs either fluorophore-conjugated primary
antibodies for the direct labeling of the target

sites or primary antibodies along with
fluorophore-conjugated secondary antibodies
(immunoglobulins that bind to primary

antibodies). The former strategy is simpler and
more efficient to achieve immunofluorescence
imaging; however, in some cases, the target
markers expressed in cells/tissues are too rare to
confer sufficient immunofluorescence signals. In
comparison, the two-step labeling strategy can use
fluorescent secondary antibodies to amplify the
signals of primary antibodies, and thus signifi-
cantly improves the detection sensitivity.
Recently, many advanced conjugation techniques
have been developed in a bid to simplify opera-
tion and increase the efficiency of targeting and
amplifying the marker signals. For example,
enzyme-amplification techniques, particularly
the tyramide signal amplification, are commonly
used strategies, which dramatically increase the
immunofluorescence sensitivity over traditional
detection procedures [47]. This class of methods
typically utilizes the highly specific recognition
between biotin and avidin to introduce enzymes
to the antigenic sites for signal amplification. In
2010, Haun et al. developed a modular and
broadly applicable targeting platform on the
basis of the covalent, bioorthogonal reaction
between 1,2,4,5-tetrazine and frans-cyclooctene
[48]. The cycloaddition is chemoselective,
catalyst-free, serum-tolerant, and adaptable to
metal nanomaterials, making it superior to the
classic biotin—avidin binding strategy. Apart
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from developing new signal amplification
techniques, researchers are also dedicated to seek-
ing alternative fluorescent tags because traditional
organic fluorophores usually suffer from severe
photobleaching. As a class of novel fluorescent
materials, QDs with tunable narrow-band emis-
sion, intense fluorescence signals, and enhanced
photostability, have been demonstrated as
promising fluorescent tags for labeling antibodies
[49, 50].

With the vast development of nanotechnology,
fluorescent nanomaterials have emerged as a
major class of probes for cell imaging applications
[51]. Despite the prosperous advancement of
molecular fluorescent dyes, most of these dyes
are hydrophobic and lack of good dispersity in
aqueous solutions, which drastically impairs
their final imaging performance in biological
systems. Besides, organic dyes often suffer from
optical instability and evident cytotoxicity. To
overcome these challenges, diverse fluorescent
molecules have been combined  with
nanomaterials such as nanomicelles, [52-56]
liposomes, [57, 58] and polymeric NPs, [59, 60]
to form fluorescent nanoprobes with favorable
optical properties and robust cell imaging
capabilities. For example, Hu et al. loaded
TPA-BTTDO, a hydrophobic AIE probe capable
of labeling lysosomes and lipid droplets with dif-
ferent fluorescence, into polymeric nanomicelles
that were formed by 1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N-[methoxy (polyethylene
glycol)-2000] (DSPE-PEG2000), and employed
this fluorescent nanoprobe to visualize the lipid
droplet—lysosome interplay in living cells [55]. In
another study, our group physically incorporated a
hydrophobic heptamethine cyanine dye me-IR825
into the inner core of Pluronic F127-formed
micelles [56]. The as-prepared nanomicelles
exhibited preferential accumulation in cancer
cells and achieved selective fluorescence imaging
of mitochondria. Besides their improved cell
imaging performance, fluorescent nanomaterials
can be modified by diverse targeting/binding
ligands/groups to increase the selectivity of fluo-
rescent sensors to specific cells or subcellular
organelles. For instance, Yang et al. designed
mitochondria-targeting mesoporous silica NPs
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(MSNs) for the real-time detection of hydrogen
peroxide (H,O,) and pH fluctuations in living
cells [61]. The MSNs were loaded with two fluo-
rescent probes, Cy-O-SeH (for H,O, detection)
and fluorescein (for pH sensing), and
functionalized with triphenylphosphonium to
endow the nanosensors with mitochondria-
targeting ability. For lysosomal imaging, Wu and
co-workers conjugated morpholine, a targeting
unit for lysosomes, onto the surface of CDs and
achieved the highly selective fluorescence imag-
ing of lysosomes in living cells [62]. In another
study, Ghosh et al. reported a lipid nanoagent
containing an ER-targeting moiety (p-
toluenesulfonyl group), a fluorescent tag with
DNA-damaging capability (1,8-naphthalimide),
and an ER stress inducer (17AAG, an Hsp90
inhibitor) [63]. This nanoagent could realize
ER-specific fluorescence imaging and induce ER
stress in HeLa cervical cancer cells. Recently, the
fluorescence imaging of plasma membranes has
attracted broad attention; however, plasma mem-
brane is a highly active and complex biointerface
that controls the movement of substances into and
out of the cells, which poses enormous challenges
to the stable and long-lasting plasma membrane
imaging because of the rapid internalization of the
stains by the cells or the easy detachment of the
stains from the cells. In 2015, our group rationally
designed a plasma membrane nanoprobe by cova-
lently conjugating a glycol chitosan (GC) polymer
with PEG-cholesterol chains and fluorescein iso-
thiocyanate (FITC) dyes [64]. Benefiting from the
multisite membrane anchoring effect of choles-
terol moieties, this probe (denoted as GC-PEG
cholesterol-FITC) realized stable fluorescence
imaging of mammalian plasma membranes for
6 h (Fig. 6a), which surpassed the imaging perfor-
mance of DiD (Fig. 6b), a commercial fluorescent
dye for membrane staining. Our subsequent study
further demonstrated that this nanoprobe is also
applicable to bacterial as well as fungal cells for
universal cell surface imaging (Fig. 6c)
[65]. Apart from in vitro cell imaging applications,
we also developed a red fluorescent dye cyanine
5 (Cy5)-conjugated polymeric probe named Chol-
PEG-Cys5 that realized the non-invasive plasma
membrane labeling of the epidermal cells of live
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zebrafish embryos (Fig. 6d) [66]. Further, besides
those nanomaterials that serve as the carriers of
fluorescent dyes, there is also a class of
nanomaterials that possess intrinsic fluorescence
properties, including semiconductor QDs, metal
nanoclusters (metal: Au, Ag, Cu, or Pt), silicon
NPs, carbon nanomaterials (e.g., CDs and
graphene QDs), upconversion NPs, and conju-
gated polymer-based NPs/dots. In comparison
with small-molecule dyes, these fluorescent
nanomaterials  typically possess excellent
photostability, high quantum yields, and tunable
emission spectra, which guarantees their broad
applications in cell imaging.

Currently, the development of novel fluores-
cent materials for use as cell imaging probes is
still ongoing. In spite of the impressive progress
we have already made, many challenging issues
remain unsolved in the field of cell fluorescence
imaging. For example, some organelles and intra-
cellular structures still lack the corresponding
fluorescent probes, especially those with high
selectivity. Moreover, many commercially avail-
able cell imaging agents are only applicable to
fixed and permeabilized cells because these
probes cannot cross intact plasma membranes,
which makes it extremely difficult to observe the
dynamic behaviors of subcellular structures such
as cytoskeletons and nucleoli in living cells. Fur-
thermore, live cell fluorescence imaging requires
that the applied probes have negligible toxicity to
the tested cells and cause little disturbance to the
cellular activities. Therefore, more efforts are
needed in the future to design cell-permeable
and more biocompatible fluorescent probes capa-
ble of realizing the real-time observation of living
cells. Another major challenge faced by many cell
imaging probes is that their fluorescence signals
inside cells are too weak to realize high-quality
imaging. To address this issue, developing more
efficient signal amplification strategies or new
fluorescent probes with higher quantum yields is
in urgent need.

In this book, we mainly introduce the cell
imaging applications of various newly emerged
molecular and nanoscale fluorescent probes,
which will be discussed in the following chapters
in detail. To be specific, Chapter “Semiconductor
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Fig. 6 (a) Confocal fluorescence images of human alveo-
lar type II (AT II) cells after being stained by GC-PEG
cholesterol-FITC for 5 min, 1 h, 3 h, and 6 h, respectively.
Scale bars = 20 pm. (b) Confocal fluorescence images of
AT II cells after being stained by DiD for 15 min and 1 h,
respectively. Scale bars = 20 pm. (a and b): Reprinted with
permission from Ref. [64]. Copyright 2015, The Royal
Society of Chemistry. (¢) Confocal fluorescence images of
GC-PEG cholesterol-FITC-stained Escherichia coli (E.

Quantum Dots for Cell Imaging” will focus on
how the most commonly used QDs, the semicon-
ductor QDs, are used in cell imaging; Chapters
“Carbon Nanodots for Cell Imaging” and “Silicon
Nanopatrticles for Cell Imaging” will summarize
the recent advances of carbon nanodots and
metal-free silicon NPs, respectively, in the fluo-
rescence imaging of cells; Chapter “Fluorescent
Metal Nanoclusters for Bioimaging” will discuss

coli), Staphylococcus aureus (S. aureus), yeast, and
Trichoderma reesei (T. reesei). Scale bars = 4 pm.
Reprinted with permission from Ref. [65]. Copyright
2016, American Chemical Society. (d) Reconstructed
three-dimensional confocal fluorescence images of the
zebrafish embryonic epidermis labeled by Chol-PEG—
Cys5. From top to bottom: head (i), trunk (ii), and tail (iii).
Scale bars = 100 pm. Reprinted with permission from Ref.
[66]. Copyright 2019, The Royal Society of Chemistry

the applications of metal nanoclusters and hybrid
metal nanoclusters in fluorescence cell imaging;
Chapter  “Lanthanide-Based = Upconversion
Nanoparticles for Bioimaging Applications” will
introduce the illumination mechanism of
upconversion NPs (especially the lanthanide-
based upconversion NPs) and their broad uses
for cell imaging; Chapter “Conjugated Polymers
and Polymer Dots for Cell Imaging” will
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summarize the progress of cellular imaging
applications of various fluorescent conjugated
polymers and polymer dots; Chapters “Aggrega-
tion-Induced Emission (AIE) Probes for Cell

Imaging”

and “Luminescent Coordination

Compounds for Cell Imaging” will focus on two
types of molecular probes, i.e., AIE molecules
and fluorescent coordination compounds, and
their promising advantages in the field of cell
imaging.
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1 Introduction

It is one of the fundamental goals to visualize and
elucidate the interplay of biomolecules in biology
with spatial and temporal pattern, which generally
requires a fast, sensitive, and reliable detection
method. Fluorescence imaging techniques,
which have high sensitivity and facile operation,
have become as prominent approaches for
biological studies [1]. In the past few decades, a
number of organic fluorophores capable of offer-
ing different fluorescence emission have been
developed for visualizing and tracking
biomolecules in living systems. However, most
of the reported organic fluorophores generally
have broad absorption and emission profiles,
which may limit their ability for multiplex imag-
ing [2]. In addition, their applications for long-
term imaging of biomolecules in live cells are
also subject to photobleaching. Alternately, lumi-
nescent inorganic semiconductor nanocrystals,
such as quantum dots (QDs), which show
improved optical and physicochemical properties
over traditional organic fluorophores, have
emerged as a novel class of fluorophores for cell
imaging [3, 4].
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QDs are a class of inorganic semiconductor
nanoparticles made of groups II and VI elements
or groups Il and V elements (Fig. 1a). As the size
of nanoparticle is smaller than or close to the bulk
exciton Bohr diameter of a given semiconductor
material, the band gap decreases with the size and
becomes discrete (Fig. 1b) [5]. Owing to this
quantum size effect, the photoluminescence
(PL) wavelength of QDs can be readily adjusted
by changing their diameter [6]. Such a size-
dependent fluorescence could allow to design
QDs with emission ranging from visible to near-
infrared (NIR) region for biological applications
(Fig. 2a) [7]. Besides, QDs have many other
prominent optical properties such as (1) broad
absorption along with narrow and symmetric PL
spectra  (full-width at half-maximum of
~25-40 nm, Fig. 2b) [7, 8]; (2) high fluorescence
quantum yields (QY) and large molar extinction
coefficients (up to ~10-100x that of traditional
organic dyes) [9, 10]; (3) large stokes shifts;
(4) high resistance to photobleaching; and
(5) good chemical stability [11-16]. Taking the
advantages of these optical properties, QDs have
emerged as one of the most attractive fluorescent
probes for reliable cell imaging [17-26].

During the past two decades, many QDs
consisting of different materials have been
explored to offer various fluorescence emission.
Some of the commonly used QDs along with their
PL emission ranges are shown in Fig. 2c. Among
them, cadmium chalcogenide QDs like CdS QDs,
CdSe QDs, and CdTe QDs are the most widely
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A  Core/Shell QD b

Fig. 1 (a) Cartoon illustration of a Core/Shell QD. (b)
Electronic structure shows the energy gap of a conductor,
semiconductor, insulator (top panel), and QD with differ-
ent size (bottom panel). As shown in QDs, the continuous

used QDs due to their narrow PL spectra and high
QYs in visible to NIR regions; however, the
potential toxicity of Cd** toward living biology
has received many concerns. Alternately, InP
QDs without using of Cd** have been developed
to minimize the intrinsic toxicity. Similar to CdSe
QDs, the PL of InP QDs can also be engineered to
cover the spectral range from the visible and NIR
regions [27-30]. However, InP QDs are very
susceptible to oxidative degradation, thus extra
care should be taken during the synthesis. To
achieve PL emission in NIR-I and NIR-II
windows, PbS, PbSe/Te QDs have been devel-
oped for in vivo imaging applications, but similar
to Cd**, the intrinsic toxicity of Pb** remains a
concern [31, 32]. In addition, silver chalcogenide
QDs such as Ag,S and Ag,Se QDs with a strong
NIR PL have also been developed for
bioimaging [33].

Though QDs like CdS QDs and CdSe QDs
have a narrow and strong PL, they have a rela-
tively high surface area to volume ratio, thus
presenting a lot of atoms on their surfaces.
Because surface atoms possess unoccupied elec-
tron orbitals, they generally exhibit enhanced
chemical reactivity capable of either preventing
or delaying the photon emission. This will
decrease both the chemical stability and
photostability, resulting in the downfall of PL

Bulk semiconductor
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energy bands separate into discrete energy levels, and the
bandgap energy decreases with size. (Reprinted with per-
mission from Ref. [5]. Copyright © 2010 Royal Society
of Chemistry)

intensity [34, 35]. This problem can be solved
by formation of a core-shell structure via coating
these QDs with a semiconductor quantum shell
that possesses a wider bandgap than that of CdS
QDs or CdSe QDs [19, 36]. ZnS is one of the
most commonly used shell due to its large
bandgap and high biocompatibility. Other
materials including ZnSe, CdS, and alloyed
materials (e.g., CdZnS) have also been used as
the shell to improve both QYs and photostability
of cadmium-based QDs [37-41].

2 Surface Modification
and Functionalization of QDs

Because the majority of high quality QDs are
normally synthesized in nonpolar organic solvent
in the presence of surfactants, such as tri-n-
octylphosphine  (TOP), tri-n-octylphosphine
oxide (TOPO) [42], and octadecyl-amine [43],
the as-prepared QDs are coated with hydrophobic
ligands, which make them generally water-
insoluble and unsuitable for direct applications
in biological systems. To apply them for cell
imaging, surface functionalization is required.
Through efficient surface functionalization,
hydrophilic groups can be introduced on the sur-
face of the QDs, making them water-soluble and
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stable in aqueous solutions. Moreover, different
targeting ligands and biomolecules can be further
linked to the surface of hydrophilic QDs to facili-
tate the specific interaction with a molecular target
of interest in biological environment. Generally,
there are two approaches employed to modify the
surface of QDs: one is through noncovalent bind-
ing and the other is through covalent conjugation.
Noncovalent binding relies on the hydrophobic
interactions, electrostatic absorption, or specific
affinity interactions between biomolecules and
QDs. Covalent conjugation relies on the formation
of chemical bonds via chemical reaction between
biomolecules and chemical groups on the surface
of QDs. Figure 3 summarizes the commonly used
groups on the surface amenable for surface
functionalization of QDs.

2.1 Encapsulation of QDs

Encapsulation of hydrophobic QDs with amphi-
philic compounds involves the wuse of

(50! g

(xiv). Streptavidin-biotin
recognition
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; @N i
(xiii). Strain-promoted
azide-alkyne cycloaddition
- :\ (vii.
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(xii). Copper-catalyzed ~
azide-alkyne cycloaddition N

1 N—
(xi). Thioether bond formationdb

(x). Amide coupling (NHS)

@ _

(ix). Amide coupling (EDC)

hydrophobic interactions to introduce hydro-
philic groups on the surface of QDs that are
coated with hydrophobic ligands (e.g., TOP
and TOPO). Amphiphilic phospholipids
(Fig. 3i) and many synthesized amphiphilic
polymers (Fig. 3ii) are widely used to encapsu-
late QDs. For example, alkyl chain-appended
poly(acrylic acid) (PAA) is one of the most
efficient amphiphilic polymers for QDs encap-
sulation because of its low cost, high efficacy,
and easy modification [44—-46]. In addition,
hydrophilic and neutral poly(ethylene glycol)
(PEG) chains are normally conjugated to the
phospholipids and amphiphilic polymers,
which can greatly reduce the non-specific
absorption of biomolecules (e.g., proteins) and
improve the biocompatibility essential for cell
imaging applications [47]. After encapsulation,
the original hydrophobic ligands on the surface
of QDs are kept, which can protect QDs from
interacting with surrounding water molecules,
thus allowing to preserve the PL quantum yield
for fluorescence imaging.

(i). Phospholipids

(iii). Monothiolate ligands
(carboxyl)

Swﬁ"k\omﬂ(lv) Monothiolate ligands

Q)\\-« °°o~ (PEG)
(v). Dithiolate ligands
0 Y_‘QAO (carboxyl)

(vi). Dithiolate ligands
(PEG)

(3]
o
(=]
I

(vii). Multidentate polymer ligand
(carboxyl)

Fig. 3 Overview of representative approaches for the surface modification and functionalization of QDs. (Partially
adapted from ref. [10]. Copyright © 2013, © SAGE Publications)
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2.2 Ligand Exchange

Ligand exchange is a strategy of using hydro-
philic ligands to replace the original hydrophobic
ligands on the surface of QDs. Free thiol-
containing hydrophilic molecules are one of the
most widely used exchanging ligands due to the
strong binding between the thiol group and the
metal ions (e.g., Cd**, Zn>*) in the QDs. For
example, small molecule monothiolate ligands,
such as mercaptoacetic acid (MAA) [48-50],
mercaptopropionic acid (MPA) [51, 52], and
mercaptoundecanoic acid (MUA) [53, 54]
(Fig. 3iii) with a carboxylic group on the end
can easily replace the hydrophobic ligands (e.g.,
TOP, TOPO) on QDs and improve their solubility
after deprotonation in aqueous solution. The use
of small size of these monothiolate ligands can
help QDs maintain their small hydrodynamic
size. Moreover, the introduction of carboxylic
groups can also be allowed for further conjuga-
tion with biomolecules. Different to the use of
carboxylic groups, monothiolate ligands attached
with a PEG chain have also been used to maintain
the colloidal stability of QDs at different pH value
(Fig. 3iv) [55, 56]. In addition, a variety of
dithiolate ligands (Fig. 3v and vi) and
multidentate thiol ligands (Fig. 3vii) appending
with carboxylic groups or PEG chains have also
been applied to improve the colloidal stability and
photostability of the QDs for long-term fluores-
cence imaging in living systems.

23 Electrostatic Absorption

As QDs can be synthesized or engineered to have
numerous charges on the surface, it is allowed to
absorb oppositely charged biomolecules (e.g.,
nucleotides, proteins) via electrostatic
interactions. A widely used method for electro-
static absorption of proteins to QDs is self-
assembly of proteins that contain positive surface
or domains (e.g., the leucine zipper at the
C-terminal) on the surface of negatively charged
QDs [57-59]. Another efficient approach is
through  metal-affinity coordination  of
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recombinant proteins that contain His-tag motifs
with zinc ions (Zn**) on the surface of CdSe/ZnS
core/shell QDs (Fig. 3viii) [60, 61].

24 Covalent Conjugation

Although noncovalent binding through hydro-
phobic interactions or electrostatic adherence is
simple and efficient to modify QDs with
biomolecules, the process is uncontrollable and
the attached biomolecules can easily dissociate
from QDs before interaction with a target. Alter-
nately, the link of biomolecules to QDs via cova-
lent bonds has emerged as a more stable and
controllable method to modify QDs. One of the
most common covalent conjugation methods is
based on coupling agent (e.g., 1-(3-dimethylami-
nopropyl)-3-ethylcarbodiimide (EDC))-assisted
formation of amide bonds between the primary
amines in biomolecules and carboxylic acid
groups on QDs’ surface (Fig. 3ix). In some case,
the carboxylic groups are converted to N-
hydroxysuccinimide (NHS) esters to facilitate
the coupling with primary amines (Fig. 3x)
[62]. As proteins usually contain primary amine
groups, it is easy to directly conjugate proteins
with QDs using the amide bonds without the need
of additional chemical modifications. However,
proteins usually have more than one primary
amine or carboxylic acid, which can produce
undesirable cross-linking and aggregation.
Another popular method is the use of coupling
reaction between free thiol in biomolecules and
maleimide-modified QDs (Fig. 3xi) [63]. This
method can prevent undesired cross-linking and
aggregation, which can provide a higher specific-
ity than the EDC-mediated coupling reaction. In
addition, “click reaction” between alkyne and
azide has also been applied for covalent modifi-
cation of QDs. For example, copper-catalyzed
click reaction between azide and terminal alkyne
(Fig. 3xii) and strain-promoted azide-alkyne
cycloaddition (Fig. 3xiii) are orthogonal to other
biomolecules abundant in cells, which have
shown a high accuracy to introduce biomolecules
to the surface of QDs. In addition, the specific and
strong binding between biotin and streptavidin
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has also been demonstrated for surface functiona-
lization of QDs (Fig. 3xiv).

3 QDs for Cell Imaging

Beneficial from established surface modification
and functionalization methods, QDs have shown
promise for the detection of biomolecules and
biological processes in complex biological envi-
ronment. There are two general approaches to
facilitate QDs for fluorescence imaging in cells
according to the action mechanism. The first
approach is to introduce biomarkers on QDs’
surface to facilitate the specific recognition by
the cells. In this approach, the fluorescence of
QDs is “always on,” which can be applied to
track the delivery and location of QDs in cells.
The other approach is relied on the change of the
fluorescence of QDs upon interaction of a bio-
molecule of interest in the cells. In this approach,
the fluorescence of QDs is “activatable,” which is
useful for the real-time cell imaging. To date,
different QDs have been used for a variety of
cell imaging studies, which are discussed in the
following sections.

3.1 Fluorescence “Always on” QDs

for Cell Imaging

In 1998, two seminal papers demonstrated the
applications of water-soluble QDs as “Always
imaging probes

i)

on” fluorescence by two

Fig. 4 (a) Fluorescence imaging of 3T3 cells with a
combination of “green” and “red” QDs. Red fluorescence
shows the location of actin filaments stained by the “red”
QDs, and green fluorescence shows the nucleus stained by
the “green” QDs. Reprinted with permission from Ref.
[3]. (Copyright © 1998 The American Association for

Y. Hu et al.

independent groups nearly at the same time. In
paper one, Bruchez et al. used two different size
of CdSe/CdS QDs to label 3T3 mouse fibroblast
cells [3]. They functionalized the *“green” QDs
(smaller size QDs with green fluorescence) with
trimethoxysilylpropyl urea and acetate groups,
allowing to specifically label the cell nucleus. On
the other hand, they functionalized the “red” QDs
(larger size QDs with red fluorescence) with biotin,
which could label F-actin filaments after
pre-treatment ~ with  phalloidin-biotin ~ and
streptavidin. Upon co-incubation with these two
kinds of QDs, they found that 3T3 cells could be
simultaneously stained by “green” and “red” QDs.
As shown in Fig. 4(a), the actin filaments were
specifically stained by the “red” QDs that exhibited
bright red fluorescence, while the nucleus was
labeled by the “green” QDs and appeared green
fluorescence.

In the other paper, Chan et al. used
mercaptoacetic acid as a hydrophilic ligand to
modify the surface of CdSe/ZnS QDs through
the ligand-exchange approach, affording water-
soluble mercapto-QDs [4]. The mercapto-QDs
were further modified with transferrin capable of
binding to the transferrin receptors expressed on
the cell surface. They demonstrated that the
QD-transferrin conjugates could be efficiently
transported into HeLa cells, resulting in strong
punctuate intracellular fluorescence (Fig, 4b,
right). By comparison, HeLa cells incubated
with transferrin-free QDs showed much weaker
intracellular fluorescence (Fig, 4b, left). These

the Advancement of Science.) (b) Fluorescence imaging
of HeLa cells with transferrin-free QDs (left) and
QD-transferrin conjugates (right). Reprinted with permis-
sion from Ref. [4]. (Copyright © 1998 The American
Association for the Advancement of Science)
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two papers indicated that with proper functiona-
lization, QDs have largely improved biocompati-
bility, which were capable of reliable
fluorescence imaging of cells.

Inspired by these two works, in 2002, Wu et al.
covalently linked QDs with streptavidin and
immunoglobulin G (IgG) for immunofluorescent
labeling of cell receptors, cytoskeletons, and
nuclear antigens at subcellular level (Fig. 5)
[16]. They demonstrated that the human SK-BR-
3 breast cancer marker Her2 was successfully
labeled after incubation with monoclonal anti-
Her2 antibody and QD 535-IgG conjugates.
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Bright green fluorescence was observed on the
cell membranes (Fig. 5a). Using QD
630-streptavidin conjugates, the nuclei of fixed
epithelial cells were efficiently labeled to display
strong red fluorescence after incubation with
biotinylated anti-human IgG and human anti-
nuclear antigen (ANA) antibodies (Fig. 5b).
They also demonstrated that both the
microtubules and nucleus within the same cells
could be simultaneously labeled by a combination
of QD 535-streptavidin and QD 630-streptavidin
conjugates (Fig. 5c, green for microtubules and
red for nucleus). When using a combination of

Fig. 5 Labeling of membranes and intracellular targets
with QDs. (a) Fluorescence staining of Her2 receptors on
human SK-BR-3 breast cancer cells with monoclonal anti-
Her2 antibody and QD 535-IgG conjugates (green). (b)
Fluorescence staining of nucleus of fixed human epithelial
cells with QD 630-streptavidin conjugates. The fixed cells
were stained with human anti-nuclear antigen (ANA)
antibodies and biotinylated anti-human IgG, followed by
incubation with the QD 630-streptavidin conjugates. (c)

Simultaneous fluorescence labeling of microtubules
(green) and nucleus (yellow-red) in a cell with QD
535-streptavidin and QD 630-streptavidin conjugates. (d)
Simultaneous fluorescence labeling of Her2 receptors
(green) and nucleus (yellow-red) in a cell with QD
535-IgG (green) and QD 630-streptavidin (yellow-red)
conjugates. Scale bar: 10 pm for (a), and 50 pm for (b),
(¢) and (d). (Reprinted with permission from Ref.
[16]. Copyright © 2003 Springer Nature Limited)
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Fig. 6 (a) Fluorescence imaging of GlyR in neurons
using QD-streptavidin nanoparticles. Red fluorescence
shows the location of GlyRs stained by the formation of
QD-GlyRs clusters in the somatodendritic domains, and
green fluorescence shows the location of microtubules.
Arrows indicate the clusters of QD-GlyRs located on the
dendrites. (b) Dynamic fluorescence imaging of neurons
showed that GlyR alternated between free and confined

QD 525-IgG and QD  630-streptavidin
conjugates, both the Her2 (green) and nucleus
(red) could also be efficiently labeled at the
same cells. These results demonstrated that QDs
were useful for multicolor imaging of different
biomolecules in cells.

In addition to the use of QDs to stain
biomolecules and organelles in cells, QDs were
also successfully applied for long-term tracking
of biomolecules due to the high resistance to
photobleaching, thus facilitating to visualize the
biological process in live cells in real time. For
example, Dahan et al. used QDs to track endoge-
nous glycine receptors (GlyR) in cultured neurons

diffusion states in extrasynaptic and synaptic domains.
Images are extracted from a sequence of 850 frames
(acquisition time: 75 ms). Green fluorescence shows the
QD-GlyRs and red fluorescence shows the synaptic
boutons. Scale bars: 10 pm for (a) and 2 pm for (b).
(Reprinted with permission from Ref. [64]. Copyright
© 2003, American Association for the Advancement of
Science)

[64]. In their study, streptavidin-coated QDs were
synthesized. When the neurons were incubated
with a primary antibody (mAb2b), biotinylated
anti-mouse Fab fragments and the
QD-streptavidin nanoparticles, the GlyRs within
the synaptic and extrasynaptic domains were
detected by the fluorescence from the formation
QD-GIyR clusters in the neurons (Fig. 6a).
Thanks to the high photostability of QDs, the
lateral movement of GlyRs in living cultured
neurons was successfully tracked in real time.
They demonstrated that the movement of single
QD-GlyRs could be tracked in the membrane for
over 20 min, much longer than that using Cy3 as a
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fluorescent tag (~5 s). Through continuous
acquirement of fluorescence images (75-ms per
image) for 60 s, it was revealed that a GlyR
alternated between free and confined diffusion
states in extrasynaptic and synaptic domains
(Fig. 6b). Moreover, long-term fluorescence
imaging for 20 min and 40 min duration was
also performed to allow visualization of the lat-
eral dynamics of GlyRs in the neuronal mem-
brane. This study demonstrated that QDs were
favorable for tracking the mobility of individual
GlyRs in neurons via fluorescence imaging,
which have been further applied as single-
molecule fluorescent probes to track the dynamics
of other membrane receptors, such as EGF [65],
GABA [66], Kv2.1 [67], and AMPA glutamate
receptors (AMPARs) [68].

Though the QD-streptavidin conjugates have
shown promising results for cell imaging, the
relatively big size of streptavidin proteins might
increase the coating thickness, thus leading to
large nanoparticle sizes (>~15 nm). In addition,
because each streptavidin (or avidin) can bind to
four biotin molecules, it 1is difficult to
monovalently label biomolecules using the
streptavidin-coated QDs. To overcome these
limitations, in 2008, Murcia et al. prepared two
types of hydrophilic ligands, 2-(2-aminoethoxy)
ethanol (AEE)- and phospholipid/lipopolymer
(LIPO)-coated CdSe/ZnS core/shell QDs that
enabled monovalent conjugation to sulfhydryl
phospholipids for the first time. The subsequent
labeling of individual cell membrane lipids with
these QDs of 10 nm size showed that the lipid
diffusion was not affected. Importantly, the
highly photostable and photoluminescent QDs
have much improved brightness and resolution
over small organic dyes, which could enable sin-
gle molecule tracking of the lateral mobility on
NRK fibroblasts membrane, with an imaging
speed of 1000 frames per second and a spatial
resolution of less than 100 nm [69]. This study
highlighted the efficacy of smaller size of QDs for
high-speed tracking of lipids on cell membranes,
which could be engineered as single-molecule
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fluorescent probes for multicolor imaging and
tracking of individual proteins in cells.

In 2012, Sukhanova employed a single-
domain antibody (sdAbs) from llama IgG
(Fig. 7a) as a surface functionalization group to
develop ultra-small sdAbs-QDs for tumor cell
analysis [70]. The monomeric sdAbs have a size
of 13 kDa, which are 12 times smaller than that of
mAbs, ensuring high capacity to refold. The
as-prepared sdAbs-QDs have much smaller size
compared to IgG-coated QDs, which show strong
specificity toward carcinoembryonic antigen
(CEA) capable of quantitative discrimination of
CEA-negative from CEA-positive tumor cells
through fast flow cytometric analysis. Based on
this work, in 2014, Rakovich et al. also prepared
ultra-small and bright sdAbs-QDs to detect Her2
receptor on the cell membrane of breast and lung
cancer cell lines [71]. Due to the small size of
sdAbs, the four sdAbs on the surface of QDs were
covalently linked with all the antigen recognizing
sites that face outward. In their study, the perfor-
mance of sdAbs-QD was compared with mAbs
labeled with conventional organic dyes (Alexa
Fluor (AF) 568 and AF 488). As shown in
Fig. 7b, bright fluorescence was observed in
A549 cells and NCI-H596 cells with high expres-
sion of Her2 receptors when incubated with
sdAbs-QDs, while these cells incubated with
mAbs-AF488 and mAbs-AF568 showed much
weaker fluorescence. These results suggested
that, despite QDs have much bigger sized com-
pared with AF488 and AF568 molecules, the
outward orientation of the small size of sdAbs
makes the sdAbs-QDs perform much better than
mAbs-AF488 and mAbs-AF568 when applied for
the detection of Her2 positive lung cells.

The researches mentioned above mainly
focused on the “always on” QD-based probes
for fluorescence imaging of receptors or lipids
on the cell membrane; however, imaging of intra-
cellular biomolecules in living cells is much more
difficult for them. As the intracellular environ-
ment is crowd and most biomolecules are gener-
ally distributed heterogeneity within the cells, the
“always on” QDs are hard to accurately locate
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Fig. 7 (a) Cartoon structures of conventional IgG, heavy
chain IgG, sdAbs and sdAbs-QD conjugates. (b) Fluores-
cence imaging of Her2-positive (NCI-H596, A549) and
-negative (NCI-H520) lung cancer cells following

and concentrate near the site of biomolecule of
interest. The fluorescence may be distributed
throughout the cells and results in low signal-to-
noise to detect the biomolecules. In order to over-
come these limitations, people have developed a
number of fluorescence “turn-on” QDs as effi-
cient fluorescent probes for the imaging of
biomolecules in living cells over the past few
years.
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incubation with mAbs-AF488, mAbs-AF568,
sdAbs-QD, and gp120 sdAbs-QD conjugates. (Reprinted
with permission from Ref. [71]. Copyright © 2014, Amer-
ican Chemical Society)

Her2

3.2 Fluorescence “Turn-on” QDs

for Cell Imaging

Fluorescence “turn on” probes are a type of
probes that can switch on their fluorescence
upon interaction with a biomolecule of interest.
As the initial fluorescence of the probes is off, the
background is low, which is allowed to overcome
the limitation of high background resulting from
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Fig. 8 The two general mechanisms employed to engi-
neer QDs as fluorescence “turn on” probes. (a) QD-based
fluorescence “turn-on” probes can be designed via FRET
process. QDs are good FRET donors for fluorescent
proteins, organic dyes, and gold nanoparticles. (b)

“always on” fluorescence. There are two major
mechanisms applied to engineer QDs as “turn on”
probes. The first one is based on Forster (Fluores-
cence) Resonance Energy Transfer process
(FRET, Fig. 8a) and the other relies on photo-
induced electron transfer process (PET,
Fig. 8b) [72].

In the FRET process, light energy absorbed by
an energy donor (e.g., QDs) is transferred to a
nearby energy acceptor instead of emitting fluo-
rescence through radiative transition process.
Therefore, the fluorescence of QDs is reduced
[73]. Upon reaction with biomolecules, the
energy acceptors are destroyed or departed away
from QDs, the FRET process is eliminated and
the fluorescence of QDs was recovered, resulting
in enhanced fluorescence to report the
corresponding biomolecules [74]. Due to the
broad absorption, narrow PL emission, and size-
tunable fluorescence emission, QDs show high
capacity to serve as efficient energy donors,
which is promising to design FRET-based “turn
on” probes [75, 76]. In the PET process, elec-
tronic carriers are generated upon irradiation and
can be transferred to the LUMO of a quencher,

Q

Quinone oﬁ\d

Acceptor

Donor

QD-based fluorescence “turn-on” probes can be designed
via (ET) process. QDs can serve as either an electron
donor (i) or acceptor (ii) toward molecules on the surface
(Reprinted with permission from Ref. [72]. Copyright
© 2011, American Chemical Society)

leading to the quenched fluorescence. Due to their
inherent electronic properties, QDs can be present
as effective PET donors or acceptors towards the
combining electroactive species [77]. Upon
breaking of the PET process by a target molecule,
the fluorescence of QDs is recovered, which can
be employed for real-time detection of the target.
Based on these two mechanisms, a variety of
“turn on” (or activatable) QD-based fluorescent
probes have been designed with a high potential
to detect various biomolecules and biological pro-
cesses in living cells.

3.2.1 Imaging of Small Molecules

in Cells

There are a variety of endogenous small molecule
compounds participated in many essential physi-
ological processes. Accurate detection of these
small biomolecules is of great significance to the
diagnosis of diseases and study of physiological
processes. In 2003, Medintz et al. have employed
QDs as the FRET donor to construct self-
assembled nanoscale biosensors for the detection
of maltose in vitro [78]. In their study, multiple
copies of engineered Escherichia coli maltose-
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binding protein (MBP) were assembled on CdSe/
ZnS core-shell QDs’ surface via an efficient
Zn-histidine coordination (Fig. 9a). The
MBP-QDs were further mixed with a dark
quencher QSY9-labeled f-cyclodextrin to form
QDs-MBP-f-cyclodextrin-QSY9 nanoassemblies
via the binding between f-cyclodextrin and MBP.
The proximity between QDs and the quencher
QSY 9 (within a few nm) and the excellent spec-
tral overlap between QDs emission (maximum
emission ~560 nm) and QSY9 absorption (maxi-
mum absorption ~565 nm) could produce effi-
cient FRET process from QDs to QSYO9,
allowing to quench the PL of QDs (Fig. 9b).
Addition of maltose could effectively compete
and displace the f-cyclodextrin-QSY9 bound on
MBP, and the fluorescence of QDs was recovered
in a maltose concentration-dependent manner
(Fig. 9c). This FRET-based competitive binding
assay has become an important strategy to engi-
neer QDs as activatable fluorescent probes for the
detection of many other biomolecules [101].
Different to the recovery of fluorescence
through a competitive binding process, cleavage
of linkers that bridge the QDs and quencher
molecules by a molecule of interest has been
proposed as a general approach to eliminate the
FRET process, thereby recovering the QDs fluo-
rescence. For example, Shmirian et al. used a
disulfide linker to bridge QDs and a rhodamine
dye, and developed a QD-based probe
(QD-rhodamine) for ratiometric fluorescence
sensing of H,S based on FRET process
(Fig. 10a) [79]. Upon excitation of the
QD-rhodamine conjugates, the energy of QD
could transfer to rhodamine dye via the FRET
process. The fluorescence of QDs was reduced
while the fluorescence of rhodamine was
enhanced. When the disulfide bonds were cleaved
by H,S, the conjugated rhodamine molecules
were liberated and departed from the surface of
QDs, leading to the elimination of FRET process.
This leads to the recovery of QDs fluorescence
along with decrease in thodamine fluorescence.
As such, a ratiometric response between rhoda-
mine and QDs fluorescence intensity could be
correlated quantitatively to the concentration of
H,S. The limit of detection (LOD) toward H,S

Y. Hu et al.

was found to be 1.36 £ 0.03 pM. They also
applied the QD-rhodamine conjugates to detect
H,S in HeLa cells. After being incubated with the
QD-rhodamine conjugates, the QD/rhodamine
fluorescence intensity ratio was small due to the
low level of endogenous H,S in HeLa cells. After
addition of sodium sulfide to elevate the H,S
levels, the intracellular fluorescence of QDs
increased while the fluorescence of rhodamine
decreased. An increase of QD/rhodamine fluores-
cence intensity ratio was observed, which could
report on the H,S levels in live HeLa cells
(Fig. 10b).

In 2008, Freeman et al. reported QD-based
fluorescence “turn on” probes for the detection
of NAD(P)H (reduced form) and NAD(P)"
(oxidized form), which are essential enzymatic
cofactors in cells (Fig. 11a) [51]. In their study,
CdSe/ZnS core/shell QDs that display maximum
fluorescence emission at 635 nm were
functionalized with bovine serum albumin
(BSA), which were then further modified by
covalent conjugation with organic dye Nile blue
(maximum absorbance ~630 nm) via the
EDC-mediated formation of amide bonds. Due
to the close attachment to the QDs’ surface, Nile
blue could act as an efficient FRET donor to
quench the fluorescence of QDs. When NAD
(P)H cofactors were present, Nile blue was
reduced into its reduced form, and the absorption
at 630 nm was disappeared. As such, the FRET
process from QDs to the Nile blue (reduced form)
was terminated, resulting in the recovery of QDs
fluorescence. It is interesting that the use of BSA
layers to spatially separate Nile blue from the
QDs was crucial to detect NAD(P)H. They
found that the direct conjugation of Nile blue to
the surface of QDs without BSA layers did not
show fluorescence enhancement upon reduction
of Nile blue by NAD(P)H, which was presumably
due to the fluorescence quenching of QDs by both
oxidized and reduced Nile blue through electron-
transfer mechanisms. As a variety of redox
enzymes share the same NAD(P)* cofactor, the
reported QD-probe capable of measuring NAD
(P)H/ NAD(P)* is useful to analyze the activity
of NAD(P)"-dependent redox enzymes and quan-
tify their substrates. They demonstrated the
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Fig. 10 (a) Illustration of QD-rhodamine conjugate for  of H,S levels in HeLa cells before and after addition of
ratiometric fluorescence imaging of H,S based on the sodium sulfide. The fluorescence of QDs and rhodamine in
FRET process. (b) Fluorescence and ratiometric images  HeLa cells are both acquired. (Reprinted with permission
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designed QD-BSA-Nile blue constructs were
capable of detecting the NAD*-dependent alcohol
dehydrogenase based on the enhanced fluores-
cence, which was allowed to quantify ethanol.
Moreover, the QD-BSA-Nile blue constructs
were further applied to image the levels of NAD
(P)H intracellularly during the glycolysis and the
Kreb’s cycle. An obviously increasing fluores-
cence of QDs was observed in HeLa cells after
incubation with 50 mM p-glucose (Fig. 1lc).
When the intracellular metabolism of HeLa cells
was inhibited by an anticancer drug (e.g., taxol),
the increased intracellular fluorescence upon p-
glucose stimulation was abolished, suggesting
that the NADH-activatable QDs may be applied
to rapidly evaluate the cellular efficacy of anti-
cancer drugs.

In addition to detect small reducing agents
(e.g., H,S, NADH), the applications of QDs to
detect reactive oxygen species (ROS) have also
been demonstrated. One of the interesting studies
was focused on the development of CdSe/ZnS
QD-Cytochrome ¢ (Cyt c) conjugates for the
detection of intracellular superoxide radical
(O,7), which is one of the major ROS
participating in many physiological and patholog-
ical processes. In their study, the QD-Cyt c
nanosystems were prepared by electronic absorp-
tion of oxidized Cyt c on the surface of negatively
capped CdSe/ZnS QDs (Fig. 12a) [80]. The
oxidized Cyt ¢ assembled on the surface of QDs
could accept the electrons from QDs and quench
QDs PL through the PET process. After reaction
with O,"", the oxidized Cyt ¢ was converted into
its reduced state, and the PET process was
interrupted. The QDs PL was recovered, which
was applicable for the detection of O, . The
authors demonstrated that the QD-Cyt c¢
(oxidized) nanosystems were capable of imaging
the O,™ in cells generated from phorbol myristate
acetate (PMA) stimulation. Upon incubation with
the nanosystems, bright fluorescence was
observed in HeLa cells after addition of PMA

<
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(Fig. 12b, left), which was not observed in control
HelLa «cells (no PMA treatment) or
PMA-stimulated normal human liver HL-7702
cells (Fig. 12b, middle).

3.2.2 Imaging of Enzyme Activity

in Cells

Owing to the important roles of enzymes in
biological systems, tremendous efforts have
been devoted to detect enzyme activity. Fluores-
cence “turn on” probes are of particular interest as
continuous activation of fluorescence could be
triggered by enzymatic catalysis, enabling signal
amplification to generate sufficient target-to-
background ratio (SBR) for real-time imaging of
enzyme activity in living systems [81]. Taking the
advantages of good photophysical properties of
QDs, the development of fluorescence “turn on”
QDs for the imaging of enzyme activity in living
cells has attracted much attention. In 2005, Chang
et al. reported protease-activated QDs with signal
amplification for cancer imaging [82]. They con-
jugated gold nanoparticles (AuNPs) to QDs via a
collagenase type Xl-recognitive peptide linker.
The fluorescence of QDs was quenched by the
tethered AuNPs via the FRET process. After
incubation with collagenase, the peptide linker
was cleaved, and the AuNPs were released. The
FRET process on longer occurred, resulting in a
52% rise in QDs luminescence, which could be
applied to detect the collagenase activity.

In 2010, Choi et al. prepared a QD-peptide
complex (QD-Pepl) as a fluorogenic assay for
cellular imaging of human immunodeficiency
virus protease (HIV-1 PR) activity [83]. In their
work, a modular peptide (6E-GLAib-
SQNYPIVQ-K(dabcyl), Pepl) containing six
negatively charged glutamic acid residues was
synthesized, which could attach on the surface
of positively charged QDs through electrostatic
interaction. Due to the presence of quencher
dabcyl in the peptide substrate, the fluorescence
of QDs at 495 nm was quenched by dabcyl via the

«
Fig. 10 (continued) from Ref. [79]. Copyright © 2016,
American Chemical Society)
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Fig. 11 (a) Illustration of the mechanism of a Nile blue-
functionalized QD for the detection of conversion between
NAD(P)H (reduced form) and NAD(P)* (oxidized form).
(b) Time-dependent fluorescence changes of the Nile blue-
functionalized QDs upon incubation with 0.5 mM NADH.

FRET process. Upon reaction with HIV-1 PR, the
peptide (SQNYPIVQ) could be recognized and
cut by HIV-1 PR, leading to the release of dabcyl
from QDs (Fig. 13a). Fluorescence recovery at
495 nm was observed, allowing for the detection
of HIV-1 PR activity and screening of its
inhibitors in vitro. The QD-Pepl was then used
to monitor protease activity in HIV-1 transfected
HelLa cells via fluorescence imaging. As shown in
Fig. 13b, HIV-1 plasmid transfect HeLa cells
showed bright punctate fluorescence in the cyto-
sol after incubation with QD-Pepl, which could
be applied for cell-based visual screening of
inhibitors again HIV-1.

In addition to integration of QDs with
quenchers to prepare pre-quenched fluorescent
probes, QDs can also be conjugated with organic
dyes to enable ratiometric fluorescence imaging
of enzyme activity through the FRET process. For

Y. Hu et al.

()

Fluoresence Increase /%

(¢) Time-dependent changes of fluorescence in Nile blue-
functionalized QD-labeled HeLa cells upon stimulation
with 50 mM p-glucose. (Reprinted with permission from
Ref. [51]. Copyright © 2009 WILEY-VCH Verlag GmbH
& Co. KGaA, Weinheim)

example, Li et al. have devised QDs-based
molecular beacons through conjugation of QDs
with organic dye Rhodamine B (RB) to detect
matrix metalloproteinases-2 (MMP-2), an
enzyme involved in tumor invasion and metasta-
sis [84]. Specifically, an N-acetyl-| -cysteine
(NAC)-stabilized CdTe QD with a 540 nm emis-
sion was covalently linked to RB via a MMP-2-
specific peptide substrate (GPLGVRGKGG)
(Fig.14a). Within the molecular beacons, the
QDs are energy donors and the RB molecules
are chosen as the acceptors due to the good spec-
tral overlap between QDs fluorescence and RB
absorption. Under excitation at 365 nm, the fluo-
rescence of QDs was low while the fluorescence
of RB was high owing to the FRET from QDs to
RB. The peptide was selectively cleaved when
treated with MMP-2, resulting in the QDs fluo-
rescence recovery at 540 nm, while the RB
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Fig. 12 (a) Schematic diagram of QD-Cyt ¢ (oxidized)
nanosystems for the detection of O,”. Oxidized Cyt ¢
assembled on the surface of QDs could accept the
electrons from QDs and quench the QDs fluorescence
through the PET process. After reacted with O," ", the
oxidized Cyt ¢ was converted into its reduced state, and
the PET process was interrupted, resulting in recovery of

fluorescence decreases concomitantly. By using
the probe, the authors successfully detected
MMP-2 activity in MDA-MB-231 cells through

QDs fluorescence. (b) Fluorescence imaging of O,” in
PMA-stimulated HeLa (left), and PMA-stimulated
HL-7702 cells (middle), and untreated HeLa cells with
QD-Cyt ¢ nanosystems. (Reprinted with permission from
Ref. [80]. Copyright © 2011, Royal Society of
Chemistry)

ratiometric fluorescence imaging (Fig.14b). With
replacing the QD 540 and RB with QD 720 nm
and a NIR dye ICG-Der-02 (MPA), they further
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Fig. 13 (a) Schematic of the QD-Pepl nanocomplexes
for fluorescence sensing of HIV-1 PR activity. The Pepl
complexed on the surface of QDs can be recognized and
cut by HIV-1 PR, leading to the release of dabcyl from
QDs and recovery of QDs fluorescence. (b) Confocal
fluorescence imaging of HIV-1 plasmid transfected HeLa

demonstrated that the QDs-based molecular
beacons were useful for imaging of MMP-2 activ-
ity in vivo.

In 2010, Boeneman reported another approach
to engineer QDs for the imaging of intracellular
enzyme dynamics in living cells. In their study,
the imaging mechanism was based on the enzyme
recognition-induced generation of FRET process
rather than termination of FRET process
(Fig. 15a). They demonstrated that mCherry-
Hisg fluorescent protein could bind to the surface
of Ni**-supplemented Invitrogen Qdot 565 nm
ITK carboxyl QDs via metal-affinity coordination
between the Hisg residues and the Ni**-COOH
QD surface, resulting in the FRET from QDs to
the mCherry (Fig. 15b) [85]. After microinjection
of the Qdot 565 nm ITK carboxyl QDs into

cells with the QD-Pepl probe. Green fluorescence
indicates the activated QDs fluorescence by HIV-1 PR
inside HeLa cells. Scale bar: 10 pm. (Reprinted with
permission from Ref. [83]. Copyright © 2010, Royal
Society of Chemistry)

COS-1 cells pretreated with 250 pM Ni**, it was
found that only cells expressing mCherry-Hisg
showed an evident FRET signal, with fluores-
cence emission overlapping between the
sensitized mCherry from QDs and direct excita-
tion of mCherry (Fig. 15¢). Cells expressing Hisg
tag free mCherry showed no FRET signal after
injection with the same QDs. These results
indicated that the microinjection of QDs was
able to specifically bind with cytoplasmic
mCherry-Hise, allowing to intracellularly gener-
ate FRET signal capable of locating the expres-
sion site of mCherry-Hisg. Interestingly, they also
found that the formation of QD-mCherry-Hisg
complexes could improve the photostability of
mCherry, which was helpful for long-term imag-
ing of mCherry dynamics in cells.
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Fig. 14 (a) The schematic of FRET-based QD probes for
the detection of MMP-2 activity in vitro and in vivo. (b)
Fluorescence images of MDA-MB-231 cells at 585 nm
and 530 nm channels following incubation with the

3.2.3 Imaging of Nucleic Acids in Cells

Nucleic acids are a class of molecular targets
essential for life. In the past few decades, much
attention has been paid to detect nucleic acids or
engineer nucleic acids as versatile biomaterials
for biological applications. Generally, the appli-
cation of luminescent QDs for nucleic acids
detection is  through  conjugation  of
oligonucleotides to the surface of QDs. The
oligonucleotides on the QDs can specifically rec-
ognize and hybridize with complementary DNA
or RNA molecules, thereby changing the QDs
fluorescence. In 2004, Kim et al. employed QDs
to construct molecular beacons (MB) for the
detection of target DNA [86]. They covalently
conjugated MAA-coated CdSe/ZnS core-shell
QDs with quencher dabcyl-labeled hairpin
oligonucleotides (5’ (C¢NH,) GCGACTTTGGG

10pm

540QD-peptide-RB probes at 0 and 1 h. (Reprinted with
permission from Ref. [84]. Copyright © 2014 Elsevier
B.V. All rights reserved)

TTTGGGTTTCTCGC  (DABCYL)-3') via
EDC-assisted coupling reaction. The fluorescence
of QDs was quenched by the dabcyl via the FRET
process. When adding the target DNA sequence,
the hairpin oligonucleotides opened and the dis-
tance between QDs and dabcyl increased,
resulting in a decrease in FRET efficiency and
recovery of QD fluorescence. Using the enhanced
fluorescence, the concentration of target DNA
could be measured. The applications of QDs to
develop QD-MBs have many advantages, such as
higher photobleaching resistance than traditional
organic dye-based MBs and improved signal-to-
noise ratios over “always on” nucleic acid
staining agents. According to the different fluo-
rescence emission wavelength of QDs, many dark
quenchers such as dabcyl, black hole quenchers
(BHQ), Iowa black (IaB) quenchers, and AuNPs
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565 nm ITK/Ni** QDs and mCherry-Hisg. (b) The fluo-
rescence spectra of QD upon complexing with increasing
amount of mCherry-Hisg. Inset, the corresponding fluores-
cence spectra of mCherry-Hisg binding to the surface of
QDs. The fluorescence of QDs at 565 nm decreases as the
amount of mCherry-Hisg increases, while the fluorescence
of mCherry-Hisg increases concomitantly. (c¢) Fluores-
cence imaging of cells expressing mCherry-Hisg (up) and

have been employed to quench the fluorescence
of QDs, allowing to construct QD-MBs with dif-
ferent fluorescence emission for multicolor imag-
ing [87-89]. In addition, organic fluorophores
such as TAMRA, Cy5, and ROX have also been
used as energy acceptors to build QD-MBs for
ratiometric fluorescence detection [61, 90].

In 2010, Yeh et al. employed CdSe/ZnS core-
shell QDs as energy donors and AuNPs as
quencher to construct a QD-MB-AuNP probe
for fluorescence imaging of viral RNA in cells
(Fig. 16a) [89]. They added a Hisg tag to the 5’
end of a Coxsackie virus B6 (CVB6) genome
targeted hairpin oligonucleotide, which can pro-
vide strong metal-affinity coordination to

tion with the 565 nm ITK/Ni** QDs. Green fluorescence
and red fluorescence show the location of QDs and
mCherry inside the cells, and the yellow fluorescence
indicates the existence of FRET process due to the assem-
bly of 565 nm ITK/Ni** QDs and mCherry-Hisg in the
cells. (Reprinted with permission from Ref. [85]. Copy-
right © 2010, American Chemical Society)

facilitate its binding to the surface of CdSe/ZnS
QDs. On the 3" end of the hairpin oligonucleotide,
a free amino group was introduced to allow the
conjugation with the AuNPs that contained
monosulfo-NHS esters. In addition, a 12 bp
sequence was inserted at the 3’ end as a spacer
to improve hybridization efficacy. They
demonstrated that the as-prepared QD-MB-
AuNP probe exhibited low fluorescence via the
efficient FRET process from the QDs to the
AuNPs. After addition of CVB6 genome, QD
fluorescence increased 7.3-fold within 50 min.
To enable intracellular delivery for the detection
of CVB6 infection in cells, cell penetration
peptides (Tat) were further applied to modify the
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Fig. 16 (a) Illustration of the QD-MB-AuNP probes for
the detection of viral genome based on the FRET mecha-
nism. QD-MB-AuNP was synthesized by assembly of
CdSe/ZnS core-shell QDs with AuNP via hairpin
oligonucleotides. (b) Fluorescence imaging of BGMK

QD-MB-AuNP into Tat-QD-MB-AuNP probe.
As shown in Fig. 16b, Buffalo green monkey
kidney (BGMK) cells incubated with the probe
showed bright intracellular fluorescence upon
infection with CVB6, and the number of fluores-
cent cells increased with the dosage of CVB6
added. Moreover, by tracking the intracellular
fluorescence in the infected BGMK cells, it was
feasible for the detection of newly transcribed
RNA, thus allowing for the dynamic monitoring
of viral infection among host cells.

The above-mentioned two QD-MBs were
designed via the increase of the distance between
QDs and the energy acceptors through opening of
the hairpin oligonucleotides upon hybridization
with target nucleotides (e.g., DNA, RNA). Alter-
nately, complimentary hybridization with target
oligonucleotides to decrease the distance between
QDs and the energy acceptors, thereby changing
the QD fluorescence to detect nucleic acids, has
also been reported. For example, Bakalova et al.
developed a QD-conjugated hybridization probe
amenable for the screening of small-interfering
RNA (siRNA) sequences towards mRNA targets,
which were useful for RNA interference (RNA1)
in cells [91]. They linked different single-
stranded siRNA sequences on the surface of

cells infected with varying dosage of CVB6, followed by
incubation with QD-MB-AuNP probes. (Reprinted with
permission from Ref. [89]. Copyright © 2010, Royal
Society of Chemistry)

CdSe/ZnS QDs to build the hybridization probes.
The target mRNA was labeled with organic
fluorophore Cy5. When the target Cy5-mRNA
hybridized with the QD-siRNA probes, the fluo-
rescence of Cy5 increased due to the FRET pro-
cess from QDs to Cy5. The increase of CyS5
fluorescence could act as an indicator to evaluate
the hybridization ability of siRNA, which might
be further used for the down-regulation of target
gene. This hybridization-enhanced FRET process
was also demonstrated by the formation of “sand-
wich” type of QD-hybridization probes for the
detection of nucleic acids, such as hemagglutinin
H5 DNA fragments of avian influenza viruses
[92], echinoderm microtubule-related protein-
like 4 (EML4)-anaplastic lymphoma kinase gene
[93], and many other target DNA fragments
[94, 95].

In 2014, Wei et al. reported a DNA-templated
heterobivalent QD nanoprobe that was allowed to
target cancer cells and detect intracellular mRNA
via fluorescence imaging [96]. They designed a
hybrid DNA sequence that contains a phosphor-
othioate domain in the middle (purple, Fig. 17a)
and two phosphate domains (blue and orange) at
each end. The phosphorothioate domain is used
for the growth of CdTe QDs as well as for
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Fig. 17 (a) Schematic illustration of the construction of
DNA-templated heterobivalent QD nanoprobe, and their
applications for the detection of mRNA in tumor cells. (a)
Schematic illustration of the construction, the dual-
targeting strategy, and intracellular delivery route of the
heterobivalent QD nanoprobe. (b) Fluorescence imaging
of HeLa cells after incubation with the heterobivalent QD

efficient binding of the DNA sequence to QDs
through strong coordination between Cd** and
sulfur. The two phosphate domains are consisted
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nanoprobe for 4 h. By comparing the fluorescence
locations of QDs and Cy5 resulting from direct excitation
and FRET process, the intracellular expression of survivin
mRNA could be easily detected. (Reprinted with permis-
sion from Ref. [96]. © 2014 WILEY-VCH Verlag GmbH
& Co. KGaA, Weinheim)

of an extracellular nucleolin-binding aptamer
AS1411 and an intracellular survivin mRNA-
targeting motif (MTM). After complexing with
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QDs, a Cy5-labeled short oligonucleotide was
assembled with MTM to enable FRET process
from QDs to Cy5. As such, the initial fluores-
cence of QDs decreases while the Cy5 fluores-
cence increases upon excitation of QDs. When
applied for cell imaging, the nanoprobe could
enter the HeLa cells via AS1411 aptamer-
mediated micropinocytosis, following by cyto-
solic delivery due to the leaky macropinosomes.
The survivin mRNA that was upregulated in the
cytosol could subsequently bind to the MTM in
the nanoprobe, liberate the Cy5-labeled oligomer,
and recover QD fluorescence. By comparing the
fluorescence locations of QDs and Cy5 resulting
from direct excitation and FRET process, the
intracellular expression of survivin mRNA could
be easily detected (Fig. 17b). This approach of
integrating two different oligonucleotides to
design QD-based nanoprobes was also extended
to develop a QD-based photosensitizer, which
can target to tumor cells and be activated by
adenosine triphosphate (ATP), thereby allowing
for the measuring of intracellular ATP and selec-
tive photodynamic therapy of tumors [97].

In addition to design QD-based probes to
detect nucleic acids based on the complimentary
hybridization process, there are also some
examples of using antibiotics or proteins
functionalized QDs to detect DNA. For example,
Shen et al. devised an activatable QD-based NIR
probe for sensitive fluorescence imaging of DNA
in living tumor cells (Fig. 18a) [98]. In this study,
negative NAC-coated CdTe QDs with NIR fluo-
rescence were directly labeled with cationic Al
(II)-gatifloxacin (Al-GFLX) complexes to form
QD-AI-GFLX conjugates through strong electro-
static interactions. Owing to an efficient PET
process between QDs and AI-GFLX, the NIR
fluorescence of QDs was quenched. Upon inter-
action with double-stranded DNA (dsDNA), the
QD-AI-GFLX nanocomplexes were dissociated
due to the high binding affinity between dsDNA
and the Al-GFLX complex, thus eliminating the
PET process. The NIR fluorescence of QDs was
recovered, which was sensitive to detect dsSDNA
in aqueous solution. Moreover, QD-Al-GFLX
could be further applied for the detection of
endogenous dsDNA in live cancer cells. As
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shown in Fig. 18b, bright fluorescence of QDs
that overlapped well with the blue fluorescence
from the nucleus staining appeared in the HeLa
cells after being incubated with QD-Al-GFLX. In
contrast, the incubation with QDs or AI-GFLX
alone showed little NIR fluorescence in the
nucleus, confirming that QD-Al-GFLX were use-
ful for the detection of endogenous dsDNA in live
cells.
3.2.4 Imaging of Cellular
Microenvironment
The non-invasive imaging of different cellular
microenvironment such as pH and temperature
is of great significance in elucidating biological
processes. The applications of QDs to design
fluorescent probes for the measurement of cellular
microenvironment have shown promising results.
For example, many “turn-on” QD-based fluores-
cent probes have been developed for the measure-
ment of intracellular pH essential for many
cellular processes. One of the general approaches
to design pH-sensitive fluorescent probes is the
direct use of QDs because their PL can be affected
by the environmental parameters (e.g., pH, tem-
perature, and electric field). Liu et al. have
synthesized a MAA-capped CdSe/ZnSe/ZnS QD
that could be directly used as an intracellular pH
sensor [99]. They demonstrated that the fluores-
cence of the MAA-capped QDs increased as pH
increased from 4 to 10 in both aqueous solution
(Fig. 19a) and fixed cells. The MAA-capped QDs
were also feasible to detect the intracellular pH in
SKOV-3 ovarian cancer cells. When the cellular
pH became more basic upon stimulation with
chloroquine for 30 min, a stronger fluorescence
of QDs within cells was observed (Fig. 19b).
Another approach to engineer QDs as pH
sensors is the use of pH-sensitive chromophores
to tune the fluorescence of QDs under different
pH. Because QDs are normally sensitive to
charge transfer, their PL can be altered when the
charge transfer between QDs and incorporated
chromophores is changed by different
pH. According to this mechanism, Medintz et al.
developed QD-dopamine-peptide bioconjugates
as charge-transfer coupled intracellular pH
sensors by exploring pH-dependent oxidation of
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Fig. 18 (a) General design of “turn-on” NIR fluorescent
QD-AI-GFLX nanoprobe for DNA detection. The NIR
fluorescence of QDs was quenched owing to an efficient
PET process between QDs and Al-GFLX, while the fluo-
rescence recovers upon interaction with dsDNA. (b) Fluo-
rescence imaging of dsDNA in live HeLa cells after

dopamine to quinone (Fig.20a) [100]. In their
work, a dopamine-labeled peptide was assembled
to QDs via the Hisg sequence. The assembly of
peptide on the surface of QDs via the strong
metal-coordination affinity could offer the prox-
imity for efficient electron transfer process to
manipulate the QD PL. At low pH, the dopamine
on the surface of QDs is present as hydroquinone
predominantly, which is a poor electron acceptor,
and the QD PL is little quenching. As pH
increases to basic values, the dopamine is easily
oxidized into quinone by ambient O,, thus
becoming as an efficient electron acceptor to
quench the QD PL. When the QD-dopamine-pep-
tide conjugates were dispersed in aqueous

QD-AI-GFLX
Fluorescence “OFF”

Y. Hu et al.

NAC-CdTe QDs
Fluorescence “ON"

Merge

incubation with QD-AI-GFLX and AI-GFLX, respec-
tively. Red color indicates the NIR fluorescence from
QDs, and blue color indicates the nucleus stained by
DAPI. Scale bars: 20 pm. (Reprinted with permission
from Ref. [98]. Copyright © 2017, American Chemical
Society)

solution, the QD PL decreased linearly as the
pH increased from 6.5 to 11.5, suggesting the
potential to measure the pH values (Fig. 20b).
After microinjection into COS-1 cells, they
demonstrated that the intracellular fluorescence
of QDs dropped steadily when the cells were
treated with nystatin, a polyene antifungal drug
that can induce intracellular alkalosis. In contrast,
the red fluorescence of the internal standard of
Fluorophorex 20 nm nanosphere (FLX) was little
changed. It was notable that the intracellular pH
values could be accurately derived from the PL
data upon imaging for over 60 min, suggesting
that the QD-dopamine-peptide assemblies could
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Fig. 19 (a) Fluorescence spectra of QD-probe under dif-
ferent pH. (b) Fluorescence imaging of pH change in
living SKOV-3 ovarian cancer cells with the
MAA-capped CdSe/ZnSe/ZnS quantum dots. As the

efficiently monitor the intracellular changes
(Fig. 20c).

In 2012, Dennis et al. incorporated
pH-sensitive fluorescent proteins (FPs) into
photostable QDs and developed a QD-based
radiometric pH sensor (Fig. 21a) [101]. They con-
jugated FPs of mOrange (pKa = 6.9) and
mOrgange M163K (pKa = 7.9) to QDs to allow
FRET process between QDs and FPs, respec-
tively. Because the absorbance and emission
intensities of mOrange and mOrgange M163K
were pH dependent, their absorbance and emis-
sion intensities decreased with pH. The FRET
process between QD and conjugated FPs in prox-
imity varied under different pH, thus tuning the
FP/QD emission ratio upon photoexcitation of
QDs. It was found that the fluorescence ratio
between FPs and QDs (Fa/Fp) increased by
>12-fold when the pH in the solution increases
from 6 to 8 (Fig. 21b). A pKa of 7.0 was derived
from the sigmoidal fit, which was appropriate for
the detection of the physiological pH in cells. As
shown in Fig. 21c, both the mOrgane fluores-
cence and the FRET signal were obviously
reduced when HeLa cells were loaded with the
C-terminal polyarginine-modified QD-Orange
probe for additional 2 h, attributed to the low
pH values in endosomes (pH ~4.5-5.5). When
the endosomal acidification in HeLa cells was
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cellular pH becomes more basic upon stimulation with
chloroquine, a stronger fluorescence of QDs within cells
was observed. (Reprinted with permission from Ref.
[99]. Copyright © 2007, American Chemical Society)

inhibited, the FRET signal in HeLa cells was not
changed between time 0 and 2 h after probe
delivery into cells.

Besides pH, the applications of QDs for to
measure temperature in cells have also been
demonstrated. For example, Zhang el al reported
CulnS,/ZnS QDs, whose fluorescence is depen-
dent on the temperature (Fig. 22a) [102]. They
encapsulated the synthesized CulnS,/ZnS QDs
with amphiphilic polymers to form QD-micelles,
which showed improved water solubility and bio-
compatibility for biological applications. They
demonstrated that the red fluorescence of the
QD-micelles in PBS buffer increased as the tem-
perature decreased (Fig. 22b). The fluorescence
intensity at 645 nm at O °C PBS buffer was found
to be 3.88 times that at 60 °C. After being
incubated with the QD-micelles under different
temperature, the intracellular fluorescence
became weaker when the temperature increased
from 25 to 40 °C (Fig. 22c), with a good linear
relationship between the fluorescence intensity
and temperature. Such temperature-sensitive
QD-micelles could also be useful for the measure-
ment of temperature in living mice through
non-invasive fluorescence imaging (Fig. 22d).
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Fig. 20 (a) Schematic illustration of QD-dopamine-pep-
tide bioconjugates for the detection of pH. (b) Fluores-
cence spectra of QD-dopamine conjugates at increasing
pH values in solution. Inset: linear plots of the normalized
PL intensity of QDs and FLX versus pH values from 6.5 to

4 Conclusion and Future Outlook

QDs, with their extraordinary electronic and opti-
cal properties, have shown promising results for
fluorescence imaging in cells. The high
photostability of QDs could allow for long-term
tracking and monitoring of dynamic biological
processes in cells. The broad and strong absorp-
tion of QDs could make them serve as efficient
energy donors to design various FRET-based
fluorescent probes for real-time cellular imaging.
Moreover, the size-dependent fluorescence wave-
length together with symmetric and narrow emis-
sion could enable to design different color QDs
for multiplex imaging of biomolecules in cells.

9.4+10 9.7 +12 109+17 128+14

11.5. (¢) Fluorescence imaging of COS-1 cells at different
pH. The green fluorescence is from QDs and the red
fluorescence is from the internal standard of FLX.
(Reprinted with permission from Ref. [100]. Copyright
© 2010 Springer Nature Limited)

Although many encouraging results have been
demonstrated from cell imaging with QDs, there
are still some challenges related to the QDs
remaining to be overcome. One of the major
challenges is the potential issue of toxicity of
QDs toward living biology due to the use of
toxic heavy metal ions (e.g., Cd**, Pb™).
Initially, it was assumed that the release of toxic
metal ions and excitation-induced generation of
free radical in the body would cause damage to
normal tissue cells and organs. The overwhelm-
ing majority of evidence disclosed to date, how-
ever, indicated that well designed QDs with core-
shell structure, proper hydrophilic coating, and
the optimization of dosage, the potential toxicity
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Fig. 21 (a) Schematic illustration of the pH-sensitive
fluorescent proteins/QDs conjugates for the detection of
pH. The FRET process between the quantum dot and
fluorescent protein changes with the alternation of pH
value. (b) Fluorescence spectra of QDs and fluorescent
protein under different pH. (¢) Fluorescence images of

QDs toward cells and body could be dramatically
mitigated. For example, Cho and co-workers
investigated the Cd** release and cell toxicity of
core-shell QDs and core-only QDs [103]. It was
showed that the ZnS shell could significantly
prevent Cd** from releasing and cause nearly
non-toxic to MCF-7 cells, while the core-only
CdTe QDs could cause cell death via mechanisms
involving both Cd** release and ROS generation.
In addition, the direct biosynthesis of QDs in
living biological systems has been emerging as a
sustainable and environment benign approach to
synthesize biocompatible QDs. For example,
Stiirzenbaum et al. have realized the biosynthesis
of luminescent CdTe QDs in a live earthworm via
an intrinsic metal detoxification pathway
[104]. The isolated QDs from worm’s body
were capable of applications in cell imaging,
with negligible toxicity observed. Shao et al.
have explored the applications of selenium
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HeLa cells immediately and 2 h after delivery of the
QD-Orange probes. Both the mOrgane fluorescence and
the FRET signal were obviously reduced after incubation
for 2 h, suggesting the maturation of the endosome.
(Reprinted with permission from Ref. [101]. Copyright
© 2012, American Chemical Society)

+ 2 hours

metabolism for the biosynthesis of CdSe QDs in
living yeast. They demonstrated that the
overexpression of the MET6 gene in the
engineered cells could significantly enhance the
yield of QDs [105]. It is anticipated that the
biosynthesis of QDs directly in the living biology,
without using harsh conditions and organic sol-
vent, could be highly biocompatible for
biological applications. However, it is mentioned
that most of these biosynthesized QDs have lower
PL quantum yields compared to that synthesized
via chemical approaches. In addition, the size and
fluorescence emission wavelength of QDs are
difficult to control during biosynthesis. In the
future, the efficient approach to control the bio-
synthesis of QDs with improved quantum yield
and manipulated fluorescence emission wave-
length for fluorescence imaging is highly
demanded.
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the QD-micelles. (b) Fluorescence spectra of CulnS,/ZnS
QD-micelles in PBS at different temperature. (¢) Fluores-
cence imaging of HeLa cells incubated with the
QD-micelles at indicated temperature. (d) In vivo

In addition to the side toxicity, the efficient
delivery of QDs into a specific organelle of a
living cell in a non-invasive manner is another
challenge for cell imaging. It is recognized that
QDs with the nanoscale size can generally enter
living cells via an energy-dependent endocytosis
pathway, which will trap these QDs within
lysosomes. When applied to detect biomolecules
and biological processes in the cytosol or other
organelles (e.g., mitochondria, nucleus), the QDs
are required to escaped from the lysosomes and
then translocated into the desired organelles. Cur-
rent approaches such as microinjection are suf-
fered from the low throughput and invasiveness
to the cells. The use of lysosomal rupture agents
to help QDs escape from the lysosomes have also

CulnS2/ZnS QDs

Y. Hu et al.

Water solubilization
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fluorescence images of tumor-bearing nude mice injected
with QD-micelles at different temperature. (Reprinted with
permission from Ref. [102]. Copyright © 2019, Royal
Society of Chemistry)

been demonstrated, while these agents may also
cause toxicity to the cells and potentially disturb
many biological processes in cells. Therefore, the
development of efficient methods to modify QDs
that have good ability to bypass the lysosomal
trapping is crucial for achieving efficient fluores-
cence imaging of a cellular molecular target.
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1 Introduction

Carbon nanodots (CNDs), also known as carbon
dots (CDs), graphene quantum dots (GQDs), car-
bon quantum dots (CQDs), carbonized polymer
dots, or C-dots, are zero-dimensional fluorescent
carbonaceous nanomaterials with a typical size of
<10 nm [1-3]. CNDs were first discovered from
the purification of single-walled carbon nanotube
fragments in 2004 [4], and they have been widely
investigated since pure CNDs with multicolor
emission were prepared by Sun et al. [5].
Generally, CNDs have an internal core com-
posed of sp>-hybridized carbon atoms, and an
external surface with various functional groups
such as amino, carboxyl, hydroxyl, epoxy, ether,
and carbonyl groups [6-8]. Both the conjugated
carbon core and surface defects can affect the
optical properties, conductivity, and catalytic
activity of the CNDs [9]. Many CNDs possess
interesting excitation-dependent ~ emission
properties [10—13], which means that the emis-
sion wavelengths have redshifts with the increas-
ing excitation wavelengths. It is believed that the
distinct optical properties of CNDs are highly
related to their carbon core and surface defects [9].
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Compared to other fluorescent materials,
CNDs have several advantages that are beneficial
for biomedical applications. First, most CNDs
have good water-dispersity due to the abundant
hydrophilic groups on their surfaces, which
makes further hydrophilic modification unneces-
sary [14-16]. Second, their surface groups such
as amino and carboxyl groups endow CNDs with
the convenience of conjugating with functional
molecules such as targeting ligands and drugs
[17-19]. Third, CNDs have a strong anti-
photobleaching property [20-22]. For example,
it was reported that the fluorescence intensity of
CNDs prepared by glycerol and (3-aminopropyl)
triethoxysilane (APTES) only decreased to ~60%
after 200 min ultraviolet (UV) light irradiation
[23]. In contrast, other fluorescent probes includ-
ing CdTe quantum dots, gold nanoclusters
(Au NCs), and fluorescein isothiocyanate (FITC)
were almost completely quenched under the same
condition. Fourth, CNDs can be facilely prepared
at a low cost. They have been synthesized from
various precursors such as small organic
molecules [24, 25], polymers [26, 27], bulk car-
bon [28], cells [29, 30], and biomass resources [3]
through different approaches. Acidic oxidation,
hydrothermal/solvothermal route, microwave-
assisted synthesis, and electrochemical prepara-
tion are the commonly used inexpensive
approaches for the preparation of CNDs
[9, 31]. Fifth, the optical properties of CNDs can
be tuned through changing the precursors and
reaction conditions such as temperature and time
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[32]. For example, Jiang et al. used three isomers
of phenylenediamines (including m-
phenylenediamine, o-phenylenediamine, and p-
phenylenediamine) as the carbon sources to
obtain blue-, green-, and red-emitting CNDs,
respectively [33]. Zhang et al. reported that the
fluorescence color of the CNDs prepared by L-
valine (as the carbon sources) and H;PO, (as the
oxidant) could be changed from green to yellow
through prolonging the reaction time [34].

Owing to their superior properties, CNDs have
broad applications in catalysis [35], electronics
[36], sensing [37], drug delivery [38], and
bioimaging [39, 40]. In this chapter, we will sum-
marize the use of CNDs in imaging a variety of
cells, including mammalian cells, microbial cells,
and plant cells.

2 Preparation of CNDs

“Bottom-up” and “top-down’ approaches are the
two commonly used methods to prepare
nanoparticles. CNDs as fluorescent nanomaterials
can also be synthesized via the two strategies. The
“bottom-up” approach to synthesize CNDs is
realized through the carbonization of small
organic molecules or the stepwise chemical
fusion of small aromatic molecules, while the
“top-down” approach is achieved by breaking
down carbonaceous materials. To realize the
“bottom-up” or “top-down” synthesis of CNDs,
hydrothermal/solvothermal, microwave-assisted,
electrochemical, and acidic oxidation methods
have been proposed.

2.1 Hydrothermal/Solvothermal

Method

Hydrothermal/solvothermal method, as the most
popular “bottom-up” approach for synthesizing
CNDs, only requires an inexpensive heating sys-
tem and a hydrothermal reactor, and can realize
the high-quality synthesis of CNDs with simple
procedures  [41-43]. The  hydrothermal/
solvothermal temperature used for the preparation
of CNDs is usually in the range of 120-300 °C
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[9], and the reaction temperature and reaction
time can largely affect the size and optical
properties of the as-prepared CNDs [44, 45].

Zhang et al. prepared nitrogen-doped and
fluorescence-tunable CNDs by a one-pot
solvothermal reaction using CCl, and NaNH,
[44]. They found that the size of the CNDs
increased with increasing reaction time, and
their excitation and emission wavelengths had a
redshift when the reaction duration prolonged
from 1 to 8 h. Li et al. demonstrated that the
CNDs with different surface densities of amino
groups and the excitation-dependent/excitation-
independent fluorescence property could be
prepared through controlling hydrothermal reac-
tion temperature [45]. They found that the CNDs
prepared at lower temperatures (e.g., 160 °C) had
a higher surface density of amino groups with the
excitation-independent fluorescence property. By
comparison, the CNDs synthesized at higher
temperatures (e.g., 240 °C) had a lower surface
density of amino groups with the excitation-
dependent fluorescence property.

Besides, the reaction solvent also plays an
important role in the preparation of CNDs. For
example, the CNDs obtained from o-
phenylenediamine using the hydrothermal
method had the maximum emission wavelength
located at 567 nm under 420 nm excitation with a
low photoluminescence quantum yield (PLQY)
of 2% [46]. In contrast, the o-phenylenediamine-
derived CNDs using ethanol as the reaction sol-
vent had a much higher PLQY of 17.6% under
420 nm excitation [33].

2.2 Microwave-Assisted Method

Compared with the hydrothermal/solvothermal
method, the microwave-assisted method is a
much faster approach for the synthesis of
nanomaterials with a reaction duration from
minutes to tens of minutes [47-50]. The CNDs
prepared via the microwave-assisted method usu-
ally have a narrow size distribution, which is
mainly because microwave has a deep penetration
depth and uniform heating performance. If the
raw materials can form CNDs under
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hydrothermal/solvothermal conditions, they may
also be used to synthesize CNDs through the
microwave-assisted method. However, the
CNDs prepared by the two different approaches
may have some differences.

Huang et al. prepared the CNDs using the
mixture containing glycerol and
(3-aminopropyl)triethoxysilane (APTES) under
microwave irradiation within a short reaction
period of 30 min [23]. After the incubation of
these CNDs with HeLa cells, some dot-like fluo-
rescence signals were observed in the cytoplasms.
By contrast, the CNDs prepared using similar raw
materials by the solvothermal method targeted the
mitochondria after incubation with the HeLa
cells, as demonstrated by our group [51].

2.3 Electrochemical Method
Compared with the above-mentioned “bottom-
up” methods, the electrochemical method for the
preparation of CNDs has some distinct
advantages, such as low cost, low energy con-
sumption, the capability of real-time monitoring
of the CND formation, and large-scale production
[52, 53]. Moreover, both thermally stable and
unstable raw materials can be used to synthesize
CNDs wusing the electrochemical method.
Besides, the size and properties of the
as-prepared CNDs can be tuned through changing
the reaction conditions, such as electrode poten-
tial, electrolyte type, electrolyte concentration,
and reaction time. For example, Deng et al. devel-
oped a simple method to prepare CNDs through
the electrochemical carbonization of low-
molecular-weight alcohols [54]. The size of the
CNDs could be tuned by changing the electrode
potential, and the fluorescence emission of the
resultant CNDs was excitation- and size-
dependent.

Besides its use for the “bottom-up” synthesis
of CNDs, the electrochemical method can also
serve as a “top-down” way to produce CNDs
[55, 56]. It is proposed that OHe and Oe radicals
formed from the anodic oxidation of water
can oxidize bulk carbon sources, leading to the
formation of small hydroxylated carbon particles
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[57]. To introduce functional groups or
heteroatoms into the CNDs, choosing different
electrolyte solutions is considered as an available
way [58, 59]. For instance, to prepare nitrogen
(N)-doped CNDs, Li et al. used N-containing
tetrabutylammonium perchlorate in acetonitrile
as the electrolyte to introduce N atoms into the
resultant CNDs [58].

24  Acidic Oxidation Method

Besides the electrochemical exfoliation, the
acidic oxidation method is also a common “top-
down” way to produce CNDs. The acidic oxida-
tion method has been successfully used to exfoli-
ate CNDs from various carbon sources, such as
carbon fibers [60], carbon nanotubes [61],
nanodiamonds [62], graphite oxide [63], plant
soot [64], coal [65], carbon black [66], and
activated carbon [67]. Large-quantity synthesis
of CNDs from bulk carbon sources can be
realized by this method. Furthermore, acidic treat-
ment usually endows CNDs with negatively
charged groups on their surfaces, making them
hydrophilic and easy to be further modified. For
example, Zhang et al. synthesized water-
dispersible CNDs with tunable photolumi-
nescence via the one-pot acidic oxidation of
nanodiamonds using H,SO,, HNO;, and
KMnO, [62]. During the oxidation process,
many functional groups such as carboxyl and
hydroxyl groups were introduced on the surface
of the CNDs. In addition, the CNDs were suc-
cessfully used in cytoplasm imaging due to its
excellent water dispersibility and
biocompatibility.

3 CNDs for Mammalian Cell
Imaging

Owing to their superior fluorescence properties
and excellent biocompatibility, CNDs show
great potential in biomedical applications. Imag-
ing cells especially mammalian cells using CNDs
is a hot research topic [68—70]. CNDs have been
used to light up the whole cells or some parts of
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the cells, and monitor the locations and
concentrations of the molecules/ions in the cells.
Besides, thanks to the presence of many reactive
groups on their surfaces, CNDs can be modified
with targeting moieties and realize selective
imaging of the cells especially the cancer cells.

3.1 CNDs for Subcellular Imaging
In mammalian cells, various subcellular
structures such as the nucleus, mitochondrion,
lysosome, Golgi apparatus, endoplasmic reticu-
lum, ribosome, and plasma membrane are essen-
tial components of the cells. Each subcellular
structure performs its specialized role to support
the fundamental cellular functions. Thus, visuali-
zation and monitoring of subcellular components
are of great importance. Compared with other
fluorescent probes, CNDs have many functional
groups on their surfaces, enabling subcellular
structure-targeting moieties to be easily conju-
gated with the CNDs. On the other hand, because
a variety of carbon sources can be used for the
preparation of CNDs, the as-prepared CNDs have
different surface properties, and even have intrin-
sic subcellular structure-targeting ability without
further modifications. Besides, CNDs have excel-
lent photostability, making them suitable for the
long-term monitoring of subcellular components.
Additionally, CNDs can be facilely prepared with
low cost, making them much cheaper than the
commercial subcellular imaging probes.
3.1.1 CNDs for Nucleus/Nucleolus
Imaging
Cell nucleus which contains the majority of cellu-
lar genetic materials acts as the brain of the cell.
Thus, many efforts have been devoted to
visualizing cell nuclei [71, 72]. However, the
probes with large sizes are hard to enter the nuclei
because of the presence of the small nuclear pores
[73]. Thanks to their ultrasmall size and excellent
fluorescence properties, CNDs show great poten-
tial in imaging cell nuclei.

As shown in Fig. 1, Yang et al. synthesized the
amine group-containing CNDs, and
functionalized the CNDs with nuclear
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localization signal (NLS) peptide through
carboxyl-amine reaction for realizing cell
nucleus imaging [74]. Besides, it has been
reported that zwitterionic CNDs may have the
intrinsic nucleus-targeting ability [75, 76]. For
example, Jung et al. prepared zwitterionic CNDs
using citric acid and f-alanine as raw materials
[75]. The CNDs had excitation-dependent
photoluminescence, which could monitor the
cell nuclei in blue, green, and red fluorescence
channels. Similarly, ascorbic acid and polyethy-
leneimine were used as raw materials to fabricate
nitrogen-doped zwitterionic CNDs [76]. The
as-prepared CNDs could also enter the cell
nucleus without further modification.

As the largest structure in a nucleus, the nucle-
olus is the site of ribosome biogenesis, and plays
an important role in the formation of signal rec-
ognition particles and the cellular response to
stress [77, 78]. Several studies have reported
that CNDs can enter the cell nuclei and even
target the nucleoli [79-82].

Barbosa et al. found that the surface modifica-
tion of the CNDs with ethylenediamine could
endow the CNDs with the nucleolus-targeting
ability [79]. Besides, CNDs with intrinsic
nucleolus-imaging ability were also reported.
For example, Kong et al. synthesized highly
bright fluorescent CNDs by refluxing polyethyl-
ene glycol in the presence of sodium hydroxide,
which were used to selectively stain cell nucleoli
[80]. The nucleolus-targeting ability of the CNDs
may be attributed to the large number of oxygen-
containing functional groups on their surfaces,
which make the CNDs easy to interact with the
weakly alkaline chromatin of the nuclei rather
than other subcellular structures. Our group
reported the one-pot hydrothermal synthesis of
nucleolus-targeting CNDs using m-
phenylenediamine and L-cysteine [81]. Different
from the commercial nucleolus-imaging probe
SYTO RNASelect which can only be used to
stain the nucleoli of the fixed cells, the
as-prepared CNDs could realize nucleolus imag-
ing in both fixed and living cells (Fig. 2), making
it possible for the in situ monitoring of nucleolus-
related biological behaviors. For the nucleolus-
targeting mechanism of the CNDs, we found
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NLS-CDs

MCF7

LysoTracker

Fig. 1 Confocal microscopic images showing the nuclear imaging performance of NLS-conjugated CDs (NLS-CDs).
Reprinted with permission from Ref. [74]. Copyright © 2015 Royal Society of Chemistry

that the CNDs could selectively bind to RNA
instead of DNA after entering the nucleus. Fur-
thermore, the fluorescence intensity of the CNDs
was markedly increased after interaction with
RNA, which makes the RNA-bound CNDs
much brighter than free CNDs. Recently, we
also found that the mixture of metal ions and p-
phenylenediamine could form red-emitting CNDs
after hydrothermal treatment, and the as-prepared
CNDs could be used for the real-time and high-
resolution fluorescence imaging of the nucleoli of
living cells [82].

3.1.2 CNDs for Mitochondrial Imaging

Besides the cell nucleus, the mitochondrion is
also an important organelle for the cell, because
it is the “powerhouse” of the cell and is related to
various cellular functions such as energy conver-
sion, storage of calcium ions, and regulation of
cellular metabolism [83]. Owing to the large
membrane  potential  gradient of  the

mitochondrion, mitochondrion-targeting probes
are usually positively charged, which enable the
interaction of these probes with mitochondria.
Triphenylphosphonium (TPP), a commonly
used mitochondrion-targeting ligand, was suc-
cessfully conjugated with the CNDs derived
from citric acid and urea [84]. The
TPP-functionalized CNDs were used for both
one- and two-photon mitochondrial imaging in
living cells. Our group synthesized fluorescent
CNDs through the hydrothermal treatment of
chitosan, ethylenediamine, and mercaptosuccinic
acid [85]. The as-prepared CNDs were
endocytosed by the cells through the caveolae-
mediated pathway and then specifically targeted
mitochondria without further modification. We
presumed that the raw materials mercaptosuccinic
acid and chitosan/ethylenediamine could form
delocalization structures and positively charged
surfaces, respectively, which endowed the
CNDs with excellent mitochondrion-targeting
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Fig. 2 Confocal microscopic images showing the nucleolus-imaging performance of CDs and SYTO RNASelect in
unfixed and fixed cells. Reprinted with permission from Ref. [81]. Copyright © 2018 American Chemical Society

ability. Different from the commercial mitochon-
drial imaging dye Mito-Tracker which cannot be
used to image mitochondria for a long time, the
CNDs could firmly attach to mitochondria and
realize long-term mitochondrial tracking for
more than 24 h. Besides, our group prepared a
series of CNDs with inherent mitochondrial
targeting/imaging  capability  using  the
solvothermal treatment of glycerol and silane
molecules (Fig. 3) [51]. The cationic
(3-aminopropyl)trimethoxysilane (APTMS) CDs
were easy to accumulate in mitochondria rather
than in other organelles due to the large mem-
brane potential of the mitochondria. Interestingly,
the CNDs could effectively distinguish cancerous
cells from normal ones due to the differences in
the mitochondrial membrane potentials and
uptake efficiencies of the two types of cells.

3.1.3 CNDs for Lysosomal Imaging

Lysosomes are the waste disposal system of cells
and essential in various physiological processes
(e.g., autophagy and protein degradation) [86—
88]. Generally, acidotropic dyes and some large
molecules are the two types of lysosome-
targeting reagents. The former type usually

includes weakly basic amines, such as
morpholine and commercial lysosomal imaging
agents Lyso-Tracker/Lyso-Sensor probes. They
can target the lysosomes due to their acidic envi-
ronment. The Ilatter one (i.e., Alexa Fluor
594-conjugated dextran and BODIPY-conjugated
bovine serum albumin) can be internalized by
cells and enter the lysosomes through the endo-
lysosomal pathway.

Taking advantage of the lysosome-targeting
ability of morpholine derivatives, Wu et al.
modified the CNDs (prepared by citric acid and
polyethylenimine) with morpholine groups for
long-term lysosomal imaging [89]. Similar to
the morpholine derivatives, the ruthenium
(II) complex (Rul) is also a ligand that can target
lysosomes. Based on this, Zhang et al.
constructed the nanohybrids composed of CNDs
and Rul for one- and two-photon imaging of
lysosomes [90]. Besides, it was reported that
some amine-containing CNDs have the intrinsic
lysosome-targeting ability. For example, E et al.
found that amine group-functionalized CNDs
prepared from citric acid and urea could image
the lysosomes [91]. Zhang et al. used p-benzoqui-
none and ethanediamine to prepare highly
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ER-Tracker

Fig. 3 (a) Confocal microscopic images showing the
colocalization of APTMS CDs with Mito-Tracker, Lyso-
Tracker, Golgi-Tracker, or ER-Tracker. (b) Fluorescence
distribution of APTMS CDs and Mito-Tracker. (¢) Three
dimensional merged confocal microscopic images of

photoluminescent  lysosome-targeting CNDs
[92]. They believed that the lysosome-targeting
ability of the CNDs was attributed to their abun-
dant hydrophilic groups, especially the amine
groups. Liu et al. reported the synthesis of
lysosome-targeting CNDs using dexamethasone
and 1,2,4,5-tetraaminobenzene as the raw
materials [93]. The authors attributed the lyso-
somal targeting performance of the CNDs to the
acidotropic effect of the amine groups on the
surface of the CNDs. Chen et al. found that the
surface amine groups could improve the
lysosome-targeting specificity of the CNDs that
were prepared from methionine and citric acid
and further modified by a naphthalimide deriva-
tive [94]. Zhao et al. synthesized lysosome-
targetable CNDs using 1,3,6-trinitropyrene and
NaOH without further modification [95]. They
also believed that the amine groups endowed the
CNDs with lysosome-targeting ability. Recently,

wiem |Golgi-Tracker
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and APTMS CD-costained HeLa cells
viewed via multiple cross sections. Reprinted with permis-
sion from Ref. [51]. Copyright © 2017 Royal Society of
Chemistry

Mito-Tracker-

Qin et al. developed a novel fluorescent probe
based on CNDs prepared from N-methyl-1,2-
phenylenediamine hydrochloride [96]. The
CNDs were non-fluorescent in water, but emitted
strong yellow fluorescence in cells. Besides, the
CNDs had good lysosome-targeting ability due to
the presence of amine groups, making them suit-
able for fast imaging lysosomes without washing
steps. Singh et al. reported a simple and facile
hydrothermal method to synthesize the CNDs
using neem root extracts as the raw materials
[97]. The as-prepared CNDs with strong lyso-
somal specificity were suitable for structured illu-
mination microscopy and two-photon microscopy
(Fig. 4). The authors presumed that the presence
of the ether, carboxyl, and amino groups on the
surface of the CNDs might ensure the appropriate
lipophilicity for lysosomal targeting. Similarly,
Guo et al. used a facile microwave-assisted
method to prepare green-emitting CNDs with
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Fig. 4 Evaluation of the colocalization of the CNDs (carbon dots) with Lyso-Tracker Deep Red probes in RAW cells.
Reprinted with permission from Ref. [97]. Copyright © 2019 Royal Society of Chemistry

intrinsic lysosome-targeting ability using citric
acid and N,N-dimethylaniline as the raw materials
[98]. The CNDs could specifically monitor the
lysosomes in various cell lines for more than
48 h, and even stain the lysosomes in apoptotic
cells and fixed cells.

3.1.4 CNDs for Golgi Apparatus Imaging
The Golgi apparatus is a crucial eukaryotic organ-
elle for biogenesis, secretion, and intracellular
distribution of a wide range of macromolecules
[99]. The morphological change of the Golgi
apparatus is related to external stimuli, which
can thus effectively reflect the physiological
state of cells. As a result, it is urgently needed to
develop new fluorescent probes capable of real-
time monitoring the morphology of the Golgi
apparatus.

Li et al. developed a pyrolysis method to pre-
pare chiral CNDs using citric acid and L-cysteine
as the carbon sources [100]. The chiral CNDs
(termed LC-CQDs) had a high PLQY of 68%
and showed excellent photostability. Moreover,
as shown in Fig. 5, long-time Golgi apparatus
targeting and monitoring was realized using the

CNDs. The authors believed that the Golgi
apparatus-targeting ability of the CNDs was
attributed to the presence of the cysteine residues
on their surfaces. In another work, Wang et al.
reported a simple molecular fusion route for
industrial production of sulfonated CNDs from
1,3,6-trinitropyrene [101]. The 1,3,6-
trinitropyrene  molecules were completely
converted into the CNDs without byproducts
after a green sulfonation reaction at a low hydro-
thermal temperature of 130 °C. Then, the CNDs
were used to target and visualize the Golgi
apparatuses in living cells.

3.2 CNDs for Monitoring the pH
and lons/Molecules in the Cells
3.2.1 CNDs for Intracellular pH Sensing

Intracellular pH modulates the functions of many
organelles and plays a pivotal role in biological
systems, such as cell proliferation and apoptosis,
ion transport, and muscle contraction [102]. As a
result, it is essential to monitor the pH distribution
and change in living cells. CNDs with good
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LC-CQDs  Golgi-GFP

LC-CQDs cis-Golgi

LC-CQDs trans-Golgi

Fig. 5 Evaluation of the Golgi apparatus-targeting ability of
the LC-CQDs. (a—d) Fluorescence images of the LC-CQDs
(blue), Golgi-GFP (green, Golgi apparatus-specific green
fluorescent protein), and Bodipy ceramide (red, a commercial
dye for Golgi apparatus) in a HEp-2 cell. (e-h) Fluorescence
images showing the colocalization of the LC-CQDs and the

cis-Golgi. (i-1) Fluorescence images showing the

Bodipy ceramide
C d
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merged

AT o e

colocalization of the LC-CQDs and the trans-Golgi. (m)
Photographs of the Au-doped LC-CQDs under illumination
by white light (left) and UV (365 nm) light (right). (n) TEM
image of the Au-doped LC-CQDs. (o, p) TEM images of the
Golgi apparatus of the cells incubated with (o) and without
(p) Au-doped LC-CQDs. Reprinted with permission from
Ref. [100]. Copyright © 2017 Royal Society of Chemistry
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water-dispersity ~ usually  have  numerous
pH-sensitive groups such as amino groups and
carboxyl groups on their surfaces, endowing the
fluorescence of CNDs with pH responsiveness
[10, 14, 92, 103-106].

Zhang et al. developed a simple method to

prepare highly photoluminescent CNDs by
mixing p-benzoquinone and ethanediamine
under ambient  conditions [92]. The

as-synthesized CNDs had massive amino groups
(came from ethanediamine) and lysosomal
targeting ability, and their fluorescence emission
could sensitively respond to the pH in the
lysosomes. Moreover, the CNDs were success-
fully used to monitor the lysosomal pH dynamics
during the apoptosis of living cells. Ye et al.
fabricated red-emitting CNDs with two-photon
fluorescence excitation ability by one-pot hydro-
thermal method using p-phenylenediamine, o-
phenylenediamine, and dopamine [106]. The
CNDs exhibited a broad pH-sensitive range
from 1.0 to 9.0 due to the aggregation and disag-
gregation of the CNDs. Owing to the excellent
fluorescence properties and pH-responsive abil-
ity, the CNDs could be used as a fluorescent agent
to sense and visualize pH fluctuation in cells,
tissue, and zebrafish.

Besides, ratiometric probes with more accurate
sensing results have also been designed based on
CNDs. Nie et al. prepared a ratiometric probe
based on CNDs and pH-sensitive fluorescein iso-
thiocyanate (FITC) [10]. Similarly, CNDs with
dual emissions located at 475 and 545 nm under
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single-wavelength excitation were prepared by
the one-pot hydrothermal treatment of citric acid
and basic fuchsin (Fig. 6) [105]. Taking advan-
tage of the pH sensitivity of the as-obtained
CNDs at the two emissions, ratiometric detection
of intracellular pH was successfully realized
using the CNDs.

3.2.2 CNDs for Intracellular Metal lon
Sensing
Various metal ions are present in the cells. Some
of the metal ions are essential for living cells,
while others are toxic to the cells [107]. Therefore,
the in situ detection of these metal ions is impor-
tant for the diagnosis of metal ion-related
diseases. Up till now, CNDs have been used to
detect many kinds of metal ions (such as Zn**
APP*, Fe*, Cu®*, Ag*, and Hg*") in living cells.
Zinc (Zn), an essential element in the human
body, is an indispensable component of many
enzymes. Thus, sensitive detection of Zn>*
important to understand these enzyme-related
physiological processes. Yang et al. designed
Zn**-passivated CNDs whose fluorescence
could be effectively quenched by ethylenediami-
netetraacetic acid disodium salt (EDTA)
[108]. Moreover, taking advantage of the com-
plexation between Zn** and EDTA, the fluores-
cence of the Zn**-passivated CND/EDTA
complex could be recovered by the addition of
external Zn>* with a detection of limit (LOD) of
5.1 x 1077 M, making the system suitable for
monitoring the intracellular Zn>* concentration.

Basic pH

II 475 545

i (nm)

\c:d:c pH

2. (nm) Extracellular

Basic pH

R e e
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Fig. 6 Schematic illustrating the synthesis of the CNDs (carbon dots) and their application for extracellular and
intracellular pH sensing. Reprinted with permission from Ref. [105]. Copyright © 2016 American Chemical Society
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AI** jon has been widely investigated in the
etiology of neurological disorders, such as
Parkinson’s disease, Alzheimer’s disease, and
dialysis encephalopathy [109]. Hence, the accu-
rate detection of AI** is crucial for understanding
the progression of neurological diseases. Kong
et al. synthesized amphiphilic blue-emitting
CNDs from citric acid and methionine, which
could be quenched by morin (MR) through elec-
trostatic interaction [109]. After the addition of
AI**, the system could emit strong green emission
due to the Forster resonance energy transfer
(FRET) process between the CNDs and the
MR-APP* complex. Besides, the designed system
could be used to visualize the AI’* distribution in
human umbilical vein endothelial cells.

Ferric ion (Fe**) can regulate cellular metabo-
lism and oxygen transport in hemoglobin in the
human body. The fluorescence of many CNDs
shows excellent responsiveness to Fe’* [110—
115]. For example, it was reported that the
N-doped CNDs derived from a popular antibiotic
aminosalicylic acid showed excellent sensitivity
to Fe** in living cells [113]. Similarly, a
CND-based fluorescent probe with the “on-off-
on” property was fabricated by our group via a
one-pot solvothermal method using glycerol and
N-[3-(trimethoxysilyl)propyl]ethylenediamine

(DAMO) as the raw materials (Fig. 7) [115]. The
fluorescence of CNDs could be selectively and
sensitively quenched by Fe** with a low LOD of
16 nM. The potential Fe** detection mechanism
of the CNDs was attributed to the presence of the
amino groups on the surface of the CNDs. The
amino groups may have strong interaction with
Fe3+, making the electrons in the excited state
transfer to Fe** and quenching the fluorescence
of CNDs.

Besides Fe’* ions, Cu®* ions also play essen-
tial structural roles in many proteins and enzymes
and are involved in many physiological
behaviors. However, high concentrations of intra-
cellular Cu”* are toxic to organisms. To detect the
Cu?* concentration in the cells, Salinas-Castillo
et al. developed a microwave-assisted strategy to
prepare the CNDs with both down- and
up-conversion fluorescence properties using citric
acid and polyethylenimine as the precursors
[116]. The CNDs showed low cytotoxicity and
were successfully used for imaging intracellular
Cu?* with high selectivity and sensitivity.

Silver has a long and intriguing history as an
antibiotic for fighting against bacterial infections,
but high concentrations of Ag* can elicit high
toxicity [117]. Therefore, sensitive detection of
Ag® is highly required. Zuo et al. prepared
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fluorine (F)-doped CNDs using 4,5-difluoro-1,2-
benzenediamine and tartaric acid as the raw
materials, and found that the F-doped CNDs
could selectively bind to Ag*, making the
F-doped CNDs suitable for the detection of Ag*
in various biological systems including mamma-
lian cells [118].

Hg”* as one of the most hazardous and toxic
ions to the environment and human health is
responsible for many fatal diseases such as ner-
vous system damage and nephritic syndrome
even at a low concentration of 2 mg/kg per day
[119]. To detect the intracellular Hg2+, two kinds
of CNDs were prepared using “citric acid +
1,2-ethylenediamine” and “citric acid + N-(f3-
aminoethyl)-y-aminopropyl methyldi-
methoxysilane (AEAPMS)” as the starting
materials [120]. Both of the two types of the
CNDs could be effectively quenched by Hg?*,
and even trace the Hg*" in living cells. The excel-
lent Hg** detection selectivity of the CNDs was
possibly due to the fact that Hg>* ions have a
stronger affinity for the electron-rich surface
(due to the presence of amino and carboxyl
groups) of the CNDs than other metal ions.

Besides the above-mentioned metal ions,
CNDs have also been used to detect other ions,
such as Fe** [121], Sn>* [122], Sn** [123], Mo®*
[123], Pb>* [124], Cr®* [125], and even anions,
including I [126] and phosphate [127]. However,
only a few studies have reported that the CNDs
can be used for detecting these ions in the pres-
ence of cells or in physiological conditions. In the
future, the feasibility of using CNDs for in vitro
and in vivo ion detection should be extensively
investigated.

3.2.3 CNDs for Intracellular Molecule
Sensing

Besides pH and metal ions, CNDs are also a

powerful tool for the detection of intracellular

molecules. As fluorescent probes, CNDs can

detect and image molecules through “turn-off”,

“on-off-on”, and ratiometric ways.

Hydrogen peroxide (H,O,) is a prominent
member of the reactive oxygen species (ROS)
family and necessary in biological systems, and
hence the detection of H,O, and the elucidation

X. Zhang et al.

of its biological functions have become an impor-
tant research topic in the biological and medical
fields. Du et al. designed a CND-based nanoprobe
for detecting mitochondrial H,O, by conjugating
the CNDs with TPP and 3-oxo0-3’,6'-bis(4,4,5,5-
tetra-methyl-1,3,2-dioxaborolan-2-yl)-3 H-spiro
[isobenzofuran-1,9’-xanthene]-6-carboxylic acid
(PFI) for mitochondrial targeting and H,O, rec-
ognition, respectively, in which the CNDs served
as the carrier and the FRET donor [128].
Hydrogen sulfide (H,S) is an endogenous gas-
eous signaling compound generated in cells via
the enzymatic or non-enzymatic pathway, which
can regulate cardiovascular, neuronal, and
immune systems [129]. Yu et al. designed a
CND-based ratiometric fluorescent probe for
intracellular H,S detection [130]. The blue-
emitting CNDs (em = 425 nm) were conjugated
with green-emitting naphthalimide-azide
(em = 526 nm). No FRET process occurred
between the CNDs and naphthalimide-azide with-
out H,S. After the addition of H,S, the
naphthalimide-azide could be reduced to an

energy acceptor naphthalimide-amine by
H,S. As a result, the fluorescence ratio (Isy¢/
Ly»s) increased with  increasing H,S
concentrations.

Formaldehyde (FA) is an important intermedi-
ate in cellular metabolism in mammals, and is
related to Alzheimer’s disease, cancer, and other
diseases. Thus, to develop approaches for
detecting FA with high sensitivity and selectivity
in living cells is highly required. To this end, as
reported by Liu et al., dexamethasone and
1,2,4,5-tetraaminobenzene (TAB) were used to
synthesize the lysosome-targeted CNDs for the
ratiometric fluorescence detection of FA (Fig. 8)
[93]. The residual o-diamino groups in the
synthesized CNDs could react quickly and selec-
tively with FA, leading to the ratiometric fluores-
cence response to FA through altering the
intramolecular charge transfer (ICT) process
from the amino groups (electron donors) to the
carbonyl groups (electron acceptors) of the
CNDs. Chen et al. synthesized naphthalimide
derivative (ND)-conjugated CNDs for monitoring
lysosomal FA, in which the fluorescence intensity
of green fluorescent ND (em = 535 nm) and blue-
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Fig.8 Schematic illustrating the synthesis of the CNDs (CDs) and their possible mechanism for FA detection. Reprinted
with permission from Ref. [93]. Copyright © 2019 Royal Society of Chemistry

fluorescent CNDs (em = 414 nm) served as the
response signal and the reference signal, respec-
tively [94]. The fluorescence intensity ratio (Fs3s/
F414) of the probe was linearly dependent on the
FA concentration with a LOD of 3.4 x 1077 M.
Combined with its lysosome-targeting ability, the
probe was suitable for the ratiometric fluores-
cence imaging of FA in lysosomes.

Glutathione (GSH) is an important antioxidant
that prevents the cells from being damaged by
ROS and heavy metals. Besides, it also
participates in many physiological processes
such as cell metabolism. As we stated above,
our group reported that Fe** could quench the
fluorescence of the CNDs made from glycerol
and DAMO [115]. More interestingly, we found
that GSH could recover the fluorescence of the
CNDs quenched by Fe**. Based on the different
GSH contents in normal cells and cancerous
cells [131], we successfully distinguished cancer-
ous cells from normal ones using the mixture of
CNDs and Fe®*. Sun et al. also designed an “on-
off-on” probe based on the CNDs prepared from
citric acid and diethylenetriamine [132]. The fluo-
rescence of the CNDs could be significantly
quenched by Hg?*, and could be recovered after

the addition of GSH. Then the CND-based fluo-
rescent agent was successfully applied in moni-
toring the Hg** and GSH in living cells.

Ascorbic acid (AA), as an essential nutrient for
humans, functions as a cofactor in many enzy-
matic reactions, and is related to many diseases.
As a result, to develop a sensitive method for
detecting the intracellular AA level is of great
importance [133]. Feng et al. prepared near-
infrared-emitting CNDs which could be
quenched by cobalt oxyhydroxide (CoOOH)
nanoflakes by energy transfer [134]. After the
addition of AA, CoOOH was reduced to Co**,
resulting in the “turn-on” of the CND fluores-
cence. The as-prepared nanosystem had high
AA detection selectivity and sensitivity with an
LOD of 270 nM. Furthermore, the nanosystem
was successfully employed for two-photon imag-
ing of endogenous AA in living cells and deep
tissues.

Sensitive and selective glucose sensing is
highly needed because glucose detection is
incredibly important to the patients suffering
from diabetes. Kiran et al. found that the boronic
acid-functionalized CNDs could enter the cells
and form aggregates due to the presence of
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glucose in the cells, leading to the fluorescence
quenching of the CNDs [135]. As a result, intra-
cellular glucose detection could be realized using
the CNDs.

Besides small molecule imaging, CNDs can be
used for macromolecule sensing, such as DNA
[136] and RNA [137]. Han et al. synthesized
carboxyl- and hydroxyl-containing CNDs
through acidic oxidation of conductive carbon
nanoparticles, and modified the CNDs with p-
phenylenediamine and 4-carboxybutyl triphenyl-
phosphonium to endow the CNDs with positive
charges [138]. Interestingly, the fluorescence
intensity of the as-prepared green-emitting
CNDs could be enhanced by double-stranded
DNA (dsDNA) and single-stranded RNA
(ssRNA), and both the absorption and emission
profiles of the CNDs had a bathochromic shift
after the addition of ssSRNA but not dsDNA.
Besides, the CNDs could penetrate through vari-
ous biological barriers, and could emit spectrally
distinguishable fluorescence when they bound to
dsDNA and ssRNA in living cells, thus realizing
real-time visualization of dsDNA and ssRNA
in situ.

In addition, CNDs have been successfully
used for detecting other molecules such as dopa-
mine [139], tetracycline [140], amino acids
[141, 142], and even proteins [143]. Similar to
ions, most of these molecules are detected by
CNDs without cells. As a result, novel CNDs
that are suitable for in vitro and in vivo molecule
detection are urgently needed.

3.3 CNDs for Selective Cell Imaging

Owing to their flexibility of surface functiona-
lization, CNDs can be conjugated with targeting
motifs for targeted cell imaging. Based on this, Li
et al. designed a type of transferrin-modified
CNDs for imaging transferrin  receptor-
overexpressed cancer cells [144]. Wang et al.
connected the CNDs with DNA aptamers by
carboxyl-amine reaction, and the resultant
aptamer-modified CNDs maintained both the
bright fluorescence of the CNDs and the
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recognition ability of the DNA aptamer
[18]. The authors also demonstrated that the
aptamer-conjugated CNDs could sensitively and
selectively image human breast cancer cells
(MCF-7 cells).

Besides, it has been reported that some CNDs
can selectively image the cells without further
modifications. Zheng et al. developed a pyrolysis
strategy to synthesize the tumor-targeting CNDs
(termed CD-Asp) without the modification of any
extra targeting ligands using D-glucose and L-
aspartic acid as the raw materials (the tumor-
targeting performance of the CNDs was shown
in Fig. 9) [145]. The self-targeting ability of the
CNDs was attributed to the presence of D-glucose
and L-aspartic acid residues, which helped the
CNDs to cross the blood—brain barrier through
the GLUT-1 and ACT2 transporters. Bhunia
et al. used tumor-targeting folate molecules as
the carbon source to prepare CNDs [146]. The
as-prepared CNDs could target folate receptor-
overexpressed cancer cells as they expected.

4 CNDs for Microbial Cell
Imaging

Microbial infection induced by bacteria, fungi,
and viruses is one of the major public health
problems worldwide [147]. To fight against
microbial infections, early, sensitive, and accu-
rate detection of microorganisms is of great
importance. The fluorescence-based methods
are considered as a powerful tool for microbial
detection. Owing to the outstanding optical
properties of CNDs, recent decades have
witnessed considerable research progress in
their applications in microbial imaging and
sensing [148].

Mehta et al. reported the synthesis of
Saccharum  officinarum juice-derived CNDs
[149]. The CNDs were proven to be suitable for
bacterial and fungal imaging. Nandi et al.
synthesized hydrocarbon chain-functionalized
amphiphilic CNDs for bacterial detection and
imaging [150]. The fluorescence intensity and
spectral position of the CNDs were dependent
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Fig. 9 (a) In vivo fluorescence images of C6 glioma-
bearing mice after the injection of CD-Asp. (b) Three-
dimensional reconstruction of CD-Asp distribution in the
brain 20 min after injection. (¢) Ex vivo fluorescence

on the bacterial species, and could be used for
distinguishing bacteria.

CNDs for Gram-Positive
and Gram-Negative Bacterial
Distinguishment

4.1

The Gram staining method is a standard diagnos-
tic method to classify bacteria into Gram-positive
and Gram-negative ones. Gram-negative bacteria
but not Gram-positive ones are sensitive to some
antibiotics such as streptomycin and gentamicin,
while Gram-positive bacteria but not Gram-
negative ones are sensitive to other antibiotics
such as penicillin. Thus, differentiating Gram-
positive and Gram-negative bacteria is very
important.

Our group prepared quaternized CNDs using
the reaction between carboxyl group-containing
lauryl betaine and amine group-containing CNDs
[151]. The as-synthesized quaternized CNDs
(termed CDs-C;,) had polarity-sensitive fluores-
cence emission property, leading to the

image of the brain 90 min after the injection of CD-Asp.
Reprinted with permission from Ref. [145]. Copyright
© 2015 American Chemical Society

significantly enhanced fluorescence when the
CNDs interacted with the Gram-positive bacteria.
Moreover, owing to the presence of both hydro-
phobic hydrocarbon chains and positively
charged quaternary ammonium groups on their
surfaces, the CNDs could selectively attach to
Gram-positive bacteria (Fig. 10), realizing the
bacterial differentiation. Recently, we developed
a simpler method for the one-step synthesis of
quaternized CNDs via the solvothermal treatment
of glycerol and dimethyloctadecyl
[3-(trimethoxysilyl)propy]ammonium  chloride
(termed  Si-QAC) [152].  Similarly, the
as-obtained CNDs had the bacterial contact-
enhanced fluorescence emission property and
could be used for fast Gram-type identification.
Besides Gram-positive bacterial imaging, the
CNDs have been also used for selective Gram-
negative bacterial imaging. Colistin, a well-
known antibiotic against Gram-negative bacteria,
was reacted with diammonium hydrogen citrate
to prepare CNDs [153]. Owing to the excellent
specificity of colistin to Gram-negative bacteria,
selective imaging of Gram-negative bacteria over
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Fig. 10 (a) Confocal microscopic images of Gram-
positive bacteria (Micrococcus luteus (M. Luteus) and
Bacillus subtilis (B. subtilis)) and Gram-negative bacteria
(Pseudomonas aeruginosa (P. aeruginosa) and Proteus

P. vulgaris

vulgaris (P. vulgaris)) after incubation with the

Gram-positive ones was realized using the CNDs.
Similarly, amikacin, an antibiotic with strong bac-
tericidal activity against most Gram-negative bacte-
ria, and diammonium hydrogen citrate were used to
prepare CNDs [154]. The amikacin-functionalized
CNDs were successfully used for the selective
detection of Gram-negative bacteria with an LOD
of 552 colony forming units (CFU)/mL.

4.2 CNDs for Microbial Live/Dead

Differentiation

To assess the microbial inactivation performance
of antimicrobial agents, the distinguishment
between live and dead microbial cells is of great
importance. Thus, various methods and
techniques have been developed for microbial
live/dead differentiation, such as the plate
counting method, atomic force microscopy, and
fluorescence-based methods. Among them, the
fluorescence labeling method is one of the most
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quaternized CNDs (CDs-Cy,) for 1 h under 405, 488,
and 552 nm laser excitations. (b) Corresponding flow
cytometric data. Reprinted with permission from Ref.
[151]. Copyright © 2016 American Chemical Society

commonly used approaches for rapidly and sensi-
tively  distinguishing live/dead  microbial
cells [155].

Our group prepared bacteria-derived CNDs
with a highly negative zeta potential of —42 mV
[29]. The CNDs were hard to be internalized by
live bacterial cells due to the strong electrostatic
repulsion between the CNDs and the bacterial
surfaces, but could enter the dead cells with dam-
aged cell surfaces. As a result, the CNDs could
selectively image the dead microbial cells
(Fig. 11). Compared to propidium iodide
(PI) which is a commercial dye for dead cell imag-
ing, the as-synthesized CNDs showed low toxicity
to microbial cells and excellent photostability.
Nitrogen- and phosphorus-doped CNDs with tun-
able surface potentials were prepared using a facile
hydrothermal method [156]. Similarly, the
obtained CNDs selectively stained dead bacterial
cells but not live ones due to the electrostatic
repulsion between the negatively charged CNDs
and the negatively charged bacterial walls.
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Fig. 11 Confocal microscopic images (a) and flow cytometric results (b) of live and dead S. aureus stained with the
CNDs (CDs-S. aureus) for 1 h. Reprinted with permission from Ref. [29]. Copyright © 2017 Royal Society of Chemistry

4.3 CNDs for Microbial Biofilm
Imaging
Microbial  biofilms are surface-attached

communities of microbes encased in an extracel-
lular matrix of biomolecules and display high
levels of antibiotic tolerance, because most
antibiotics cannot penetrate the biofilms effec-
tively [157]. Similar to antibacterial agents, fluo-
rescent materials could also be blocked by the
sticky extracellular polymeric substance (EPS)
matrix, which hinders their successful biofilm
imaging.

Ritenberg et al. showed that the amphiphilic
CNDs could readily bind to the EPS scaffold of
the bacteria P. aeruginosa, making them suitable
for the fluorescence microscopic visualization of
the EPS structural features [158]. Lin et al. devel-
oped a one-step hydrothermal carbonization
method to synthesize the CNDs from the bacteria
Lactobacillus plantarum (L. plantarum) [30]. The
as-prepared CNDs were found to be capable of
imaging the microorganisms within the biofilms.
Our group prepared Si-QAC/glycerol-derived
CNDs by a solvothermal method [152] and used
the obtained CNDs with ultrasmall size (~3.3 nm)
and strong positively charged surfaces (zeta
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Fig. 12 Three-dimensional confocal microscopic images
of an S. aureus biofilm stained with the CNDs (Si-QAC
CDs). These images include the ones taken under different

potential: ~33 mV) for excellent fluorescence
imaging of the S. aureus biofilms [159] (Fig. 12).
As stated above, CNDs have become a power-
ful tool for microbial imaging, including Gram-
positive and Gram-negative bacterial
distinguishment, microbial live/dead differentia-
tion, and biofilm imaging. Although many studies
have demonstrated that CNDs can image bacteria
and fungi, few studies have reported virus imag-
ing using CNDs. Besides, taking advantage of the
excellent optical properties of CNDs and super-
resolution fluorescence imaging
techniques [151, 160], the imaging of subcellular
structures in microbial cells may also be realized;
however, relevant studies are still lacking.

5 CNDs for Plant Cell Imaging

Besides mammalian and microbial cells, CNDs
also show potential in imaging plant cells. CNDs
usually have ultrasmall sizes, enabling their pen-
etration into the walls and membranes of the plant
cells.

X. Zhang et al.
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excitation wavelengths and the merged one. Reprinted
with permission from Ref. [159]. Copyright © 2019
Royal Society of Chemistry

Zhang et al. found that the chiral CNDs
fabricated from D-cysteine and citric acid could
be absorbed by mung beans during the period of
seed germination, and were detected in the vascu-
lar system of the root, stem, and leaf after 5-day
incubation [161]. Wang et al. synthesized bright
CNDs using L-glutamic acid with nitric acid as a
carbonization agent and ethylene glycol as a pas-
sivation agent [162]. The CNDs with negligible
cytotoxicity could be endocytosed by intact plant
cells with 10 min and even directly stain the
nuclei of these cells (Fig. 13). Li et al. found
that the CNDs prepared from  p-
phenylenediamine have a strong affinity for cel-
lulose through hydrogen bonding, and the PLQY
of the CNDs dramatically increased from 8% to
449% when the CNDs were dispersed in cellulose
matrices [163]. The authors demonstrated that the
affinity of the CNDs for binding cellulose
endowed them with the capability of imaging
the cellulosic plant cell walls.

Recent studies have reported that some CNDs
are able to enhance the production of cereal crops
[164] and promote carbohydrate accumulation in
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Fig. 13 Confocal microscopic images of HeLa cells
incubated with CNDs (a) and acridine orange (AO) (b),
and onion epidermal cells incubated with CNDs for 10 and

mung bean plants [161]. However, the detailed
interaction mechanisms between CNDs and
plants remain largely unknown. Using CNDs for
plant cell imaging will help the researchers to
investigate the interactions between CNDs and
plants, and study the biodistribution of the
CNDs in the plants. Besides, whether the various
CNDs synthesized by the researchers can be used
for plant cell imaging should be tested to enrich
the applications of the CNDs and foster the
advancement of the CND-related plant research.
Further, to get a deep understanding of the inter-
action between CNDs and plant cells, the evalua-
tion of the CNDs for organelle-specific imaging
in plant cells is highly desirable.

6 Conclusion and Future
Perspective

With their ultrasmall size, ease of preparation and
modification, good anti-photoblinking and anti-
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60 min (c, d) and AO (e). Reprinted with permission from
Ref. [162]. Copyright © 2014 Elsevier Ltd. All rights
reserved

photobleaching properties, and excellent biocom-
patibility, CNDs have become popular probes for
bioimaging. Up to now, CNDs have been suc-
cessfully used in imaging various cells, including
mammalian cells, microbial cells, and plant cells.
Subcellular distributions and selective/sensitive
detection of ions/molecules using CNDs can be
achieved by controlling their size, charge, and
surface chemistry.

Although many efforts have been devoted to
the preparation of CNDs and cell imaging using
CNDs, there are still several issues that need to be
addressed in the future. First, most CNDs have
broad and excitation-dependent emissions, limit-
ing their imaging applications when they are used
in combination with other fluorescent probes.
Hence, novel CNDs with bright and narrow
emissions are highly desired. Second, a large
number of CNDs with novel optical properties
such as two-photon excitation [165-167], long-
wavelength  emission  [168-170],
temperature phosphorescence [50,

room-

171-173],
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photo-activation [174], piezochromic lumines-
cence [174-176], up-conversion properties
[177-179], and electrochemiluminescence [143],
have been synthesized, and their applications in
bioimaging also need to be investigated. Third,
many CNDs have poor water-dispersity and low
cellular uptake efficiency. Thus, developing suit-
able surface modification strategies for these
CNDs is in urgent need for improving their cell
imaging performance. Fourth, the structures of
most CNDs are not clear, and the mechanisms
of the interactions between CNDs and cells,
organelles, or intracellular ions/molecules need
to be further investigated. It is challenging to
rationally design CNDs  with  suitable
compositions, sizes, and surface chemistries for
monitoring the cells, organelles, ions, and
molecules with high selectivity and sensitivity.
Fifth, although CNDs have been used for imaging
many organelles (including nuclei, mitochondria,
lysosomes, and Golgi apparatus), ions, and
molecules, new kinds of CNDs need to be
synthesized to image other subcellular structures
(such as plasma membrane, cell wall, endoplas-
mic reticulum, ribosome, centrosome, lipid drop-
let, and peroxisome) and intracellular ions/
molecules. Sixth, owing to their surface modifi-
ability, the diverse CNDs can be conjugated with
specific targeting ligands to be ideal probes for
imaging various cells (such as cancer cells,
inflammation-related cells, stem cells, and
immune cells), subcellular structures, and intra-
cellular ions/molecules. Hence, more efforts
should be devoted to the modification of the
CNDs for realizing the selective imaging of
these cells and cellular structures/compositions.
Seventh, most of the CNDs can be quenched by
the ions/molecules, thus realizing molecule/ion
detection. However, the design of CND-based
“turn-on” probes for intracellular ion/molecule
imaging is still lacking. Eighth, recent studies
regarding the use of CNDs for bioimaging mainly
focus on mammalian cell imaging, but the
applications of CNDs in microbial cells and
plant cells are still insufficient. The imaging per-
formance of the developed CNDs for microbial
and plant cell imaging should be extensively
evaluated. Last, due to their excellent optical

X. Zhang et al.

properties and good biocompatibility, CNDs
may have potential in the selective imaging of
cellular biomacromolecules such as the protein
antigens on the cell surfaces. The feasibility of
using CNDs for monitoring the biomacro-
molecules should be tested.

References

1. Li XM, Rui MC, Song JZ, Shen ZH, Zeng HB (2015)
Carbon and graphene quantum dots for
optoelectronic and energy devices: a review. Adv
Funct Mater 25:4929-4947

2.Zhu SJ, Song YB, Zhao XH, Shao JR, Zhang JH,
Yang B (2015). The photoluminescence mechanism
in carbon dots (graphene quantum dots, carbon
nanodots, and polymer dots): current state and future
perspective. Nano Res 8:355-381

3. Meng WX, Bai X, Wang BY, Liu ZY, Lu SY, Yang
B (2019) Biomass-derived carbon dots and their
applications. Energy Environ Mater 2:172—-192

4. Xu XY, Ray R, Gu YL, Ploehn HJ, Gearheart L,
Raker K, Scrivens WA (2004) Electrophoretic analy-
sis and purification of fluorescent single-walled car-
bon nanotube fragments. J Am Chem Soc
126:12736-12737

5. Sun YP, Zhou B, Lin Y, Wang W, Fernando KAS,
Pathak P, Meziani MJ, Harruff BA, Wang X, Wang
HF, Luo PJG, Yang H, Kose ME, Chen BL, Veca
LM, Xie SY (2006) Quantum-sized carbon dots for
bright and colorful photoluminescence. J Am Chem
Soc 128:7756-7757

6. Bao L, Zhang ZL, Tian ZQ, Zhang L, Liu C, Lin Y,
Qi BP, Pang DW (2011) Electrochemical tuning of
luminescent carbon nanodots: from preparation to
luminescence mechanism. Adv Mater 23:5801-5806

7. Zheng HZ, Wang QL, Long YJ, Zhang HJ, Huang
XX, Zhu R (2011) Enhancing the luminescence of
carbon dots with a reduction pathway. Chem
Commun 47:10650-10652

8. Yang JJ, Gao G, Zhang XD, Ma YH, Jia HR, Jiang
YW, Wang ZF, Wu FG (2017) Ultrasmall and
photostable nanotheranostic agents based on carbon
quantum dots passivated with polyamine-containing
organosilane molecules. Nanoscale 9:15441-15452

9. Xu D, Lin Q, Chang HT (2020) Recent advances and
sensing applications of carbon dots. Small Methods 4
(4):1900387

10. Nie H, Li MJ, Li QS, Liang SJ, Tan YY, Sheng L,
Shi W, Zhang SXA (2014) Carbon dots with contin-
uously tunable full-color emission and their applica-
tion in ratiometric pH sensing. Chem Mater
26:3104-3112

11. Pan LL, Sun S, Zhang AD, Jiang K, Zhang L, Dong
CQ, Huang Q, Wu AG, Lin HW (2015) Truly fluo-
rescent excitation-dependent carbon dots and their



Carbon Nanodots for Cell Imaging

13.

14.

15.

16.

17.

19.

20.

21.

22.

23.

applications in multicolor cellular imaging and mul-
tidimensional sensing. Adv Mater 27:7782-7787

. Sharma A, Gadly T, Gupta A, Ballal A, Ghosh SK,

Kumbhakar M (2016) Origin of excitation dependent
fluorescence in carbon nanodots. J Phys Chem Lett
7:3695-3702

van Dam B, Nie H, Ju B, Marino E, Paulusse JMJ,
Schall P, Li MJ, Dohnalova K (2017) Excitation-
dependent photoluminescence from single-carbon
dots. Small 13:1702098

Wang CX, Xu ZZ, Cheng H, Lin HH, Humphrey
MG, Zhang C (2015) A hydrothermal route to
water-stable luminescent carbon dots as nanosensors
for pH and temperature. Carbon 82:87-95

Wang N, Wang YT, Guo TT, Yang T, Chen ML,
Wang JH (2016) Green preparation of carbon dots
with papaya as carbon source for effective fluorescent
sensing of Iron (III) and Escherichia coli. Biosens
Bioelectron 85:68-75

Fan YZ, Zhang Y, Li N, Liu SG, Liu T, Li NB, Luo
HQ (2017) A facile synthesis of water-soluble carbon
dots as a label-free fluorescent probe for rapid, selec-
tive and sensitive detection of picric acid. Sens
Actuators B Chem 240:949-955

Li SH, Amat D, Peng ZL, Vanni S, Raskin S, De
Angulo G, Othman AM, Grahamb RM, Leblanc RM
(2016) Transferrin conjugated nontoxic carbon dots
for doxorubicin delivery to target pediatric brain
tumor cells. Nanoscale 8:16662-16669

. Wang ZG, Fu BS, Zou SW, Duan B, Chang CY,

Yang B, Zhou X, Zhang LN (2016) Facile construc-
tion of carbon dots via acid catalytic hydrothermal
method and their application for target imaging of
cancer cells. Nano Res 9:214-223

Feng T, Ai XZ, An GH, Yang PP, Zhao YL (2016)
Charge-convertible carbon dots for imaging-guided
drug delivery with enhanced in vivo cancer therapeu-
tic efficiency. ACS Nano 10:4410-4420

Liu Q, Guo BD, Rao ZY, Zhang BH, Gong JR (2013)
Strong  two-photon-induced fluorescence from
photostable, biocompatible nitrogen-doped graphene
quantum dots for cellular and deep-tissue imaging.
Nano Lett 13:2436-2441

Liu YB, Zhou L, Li YN, Deng RP, Zhang HJ (2017)
Highly fluorescent nitrogen-doped carbon dots with
excellent thermal and photo stability applied as invis-
ible ink for loading important information and anti-
counterfeiting. Nanoscale 9:491-496

Sun MH, Liang C, Tian Z, Ushakova EV, Li D, Xing
GC, Qu SN, Rogach AL (2019) Realization of the
photostable intrinsic core emission from carbon dots
through surface deoxidation by ultraviolet irradiation.
J Phys Chem Lett 10:3094-3100

Huang YF, Zhou X, Zhou R, Zhang H, Kang KB,
Zhao M, Peng Y, Wang Q, Zhang HL, Qiu WY
(2014) One-pot synthesis of highly luminescent car-
bon quantum dots and their nontoxic ingestion by
zebrafish for in vivo imaging. Chem Eur J
20:5640-5648

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

69

Zhu SJ, Meng QN, Wang L, Zhang JH, Song YB,
Jin H, Zhang K, Sun HC, Wang HY, Yang B (2013)
Highly photoluminescent carbon dots for multicolor
patterning, sensors, and bioimaging. Angew Chem
Int Ed 52:3953-3957

Xu Q, Pu P, Zhao JG, Dong CB, Gao C, Chen YS,
Chen JR, Liu Y, Zhou HJ (2015) Preparation of
highly photoluminescent sulfur-doped carbon dots
for Fe(IlT) detection. J Mater Chem A 3:542-546
Zhang Z, Hao JH, Zhang J, Zhang BL, Tang JL
(2012) Protein as the source for synthesizing fluores-
cent carbon dots by a one-pot hydrothermal route.
RSC Adv 2:8599-8601

Ge JC, Jia QY, Liu WM, Guo L, Liu QY, Lan MH,
Zhang HY, Meng XM, Wang PF (2015)
Red-emissive  carbon dots for fluorescent,
photoacoustic, and thermal theranostics in living
mice. Adv Mater 27:4169—-4177

Hu SL, Wei ZJ, Chang Q, Trinchi A, Yang JL (2016)
A facile and green method towards coal-based fluo-
rescent carbon dots with photocatalytic activity. Appl
Surf Sci 378:402-407

Hua XW, Bao YW, Wang HY, Chen Z, Wu FG
(2017) Bacteria-derived fluorescent carbon dots for
microbial live/dead differentiation. Nanoscale
9:2150-2161

Lin FM, Li CC, Dong L, Fu DG, Chen Z (2017)
Imaging biofilm-encased microorganisms using car-
bon dots derived from L. plantarum. Nanoscale
9:9056-9064

Zheng XT, Ananthanarayanan A, Luo KQ, Chen P
(2015) Glowing graphene quantum dots and carbon
dots:  properties, syntheses, and biological
applications. Small 11:1620-1636

Peng H, Li Y, Jiang CL, Luo CH, Qi RJ, Huang R,
Duan CG, Travas-Sejdic J (2016) Tuning the
properties of luminescent nitrogen-doped carbon
dots by reaction precursors. Carbon 100:386-394
Jiang K, Sun S, Zhang L, Lu Y, Wu AG, Cai CZ, Lin
HW (2015) Red, green, and blue luminescence by
carbon dots: full-color emission tuning and multi-
color cellular imaging. Angew Chem Int Ed
54:5360-5363

Zhang CF, Hu ZB, Song L, Cui YY, Liu XF (2015)
Valine-derived carbon dots with colour-tunable fluo-
rescence for the detection of Hg?* with high sensitiv-
ity and selectivity. New J Chem 39:6201-6206
Hutton GAM, Martindale BCM, Reisner E (2017)
Carbon dots as photosensitisers for solar-driven catal-
ysis. Chem Soc Rev 46:6111-6123

Semeniuk M, Yi ZH, Poursorkhabi V, Tjong J,
Jaffer S, Lu ZH, Sain M (2019) Future perspectives
and review on organic carbon dots in electronic
applications. ACS Nano 13:6224-6255

Li MX, Chen T, Gooding JJ, Liu JQ (2019) Review
of carbon and graphene quantum dots for sensing.
ACS Sens 4:1732-1748



70

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Mishra V, Patil A, Thakur S, Kesharwani P (2018)
Carbon dots: emerging theranostic nanoarchitectures.
Drug Discov Today 23:1219-1232

Sharma V, Tiwari P, Mobin SM (2017) Sustainable
carbon-dots: recent advances in green carbon dots for
sensing and bioimaging. J Mater Chem B
5:8904-8924

Li HX, Yan X, Kong DS, Jin R, Sun CY, Du D, Lin
YH, Lu GY (2020) Recent advances in carbon dots

for bioimaging applications. Nanoscale Horiz
5:218-234

Wang W, Cheng L, Liu WG (2014) Biological
applications of carbon dots. Sci China Chem

57:522-539

Song YB, Zhu SJ, Yang B (2014) Bioimaging based
on fluorescent carbon dots. RSC Adv 4:27184-27200
Liu X, Pang JH, Xu F, Zhang XM (2016) Simple
approach to synthesize amino-functionalized carbon
dots by carbonization of chitosan. Sci Rep 6:31100
Zhang YQ, Ma DK, Zhuang Y, Zhang X, Chen W,
Hong LL, Yan QX, Yu K, Huang SM (2012) One-pot
synthesis of N-doped carbon dots with tunable lumi-
nescence properties. J Mater Chem 22:16714-16718
Li XM, Zhang SL, Kulinich SA, Liu YL, Zeng HB
(2014) Engineering surface states of carbon dots to

achieve controllable luminescence for solid-
luminescent composites and sensitive Be>* detection.
Sci Rep 4:4976

Vedamalai M, Periasamy AP, Wang CW, Tseng YT,
Ho LC, Shih CC, Chang HT (2014) Carbon nanodots
prepared from o-phenylenediamine for sensing of
Cu?* ions in cells. Nanoscale 6:13119-13125

Zhang XD, Chen XK, Kai SQ, Wang HY, Yang JJ,
Wu FG, Chen Z (2015) Highly sensitive and selective
detection of dopamine using one-pot synthesized
highly photoluminescent silicon nanoparticles. Anal
Chem 87:3360-3365

Wu FG, Zhang XD, Kai SQ, Zhang MY, Wang HY,
Myers JN, Weng YX, Liu PD, Gu N, Chen Z (2015)
One-step synthesis of superbright water-soluble sili-
con nanoparticles with photoluminescence quantum
yield exceeding 80%. Adv Mater Interfaces
2:1500360

Zhang YQ, Liu XY, Fan Y, Guo XY, Zhou L, Lv Y,
Lin J (2016) One-step microwave synthesis of
N-doped hydroxyl-functionalized carbon dots with
ultra-high fluorescence quantum yields. Nanoscale
8:15281-15287

Jiang K, Wang YH, Gao XL, Cai CZ, Lin HW (2018)
Facile, quick, and gram-scale synthesis of ultralong-
lifetime room-temperature-phosphorescent carbon
dots by microwave irradiation. Angew Chem Int Ed
57:6216-6220

Gao G, Jiang YW, Yang JJ, Wu FG (2017)
Mitochondria-targetable carbon quantum dots for
differentiating cancerous cells from normal cells.
Nanoscale 9:18368-18378

Li HT, Ming H, Liu Y, Yu H, He XD, Huang H, Pan
KM, Kang ZH, Lee ST (2011) Fluorescent carbon

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

X. Zhang et al.

nanoparticles: electrochemical synthesis and their pH
sensitive photoluminescence properties. New J] Chem
35:2666-2670

Hou YX, Lu QJ, Deng JH, Li HT, Zhang YY (2015)
One-pot electrochemical synthesis of functionalized
fluorescent carbon dots and their selective sensing for
mercury ion. Anal Chim Acta 866:69-74

Deng JH, Lu QJ, Mi NX, Li HT, Liu ML, Xu MC,
Tan L, Xie QJ, Zhang YY, Yao SZ (2014) Electro-
chemical synthesis of carbon nanodots directly from
alcohols. Chem Eur J 20:4993-4999

Li HT, He XD, Kang ZH, Huang H, Liu Y, Liu JL,
Lian SY, Tsang CHA, Yang XB, Lee ST (2010)
Water-soluble fluorescent carbon quantum dots and
photocatalyst design. Angew Chem Int Ed
49:4430-4434

LiY,Hu Y, Zhao Y, Shi GQ, Deng LE, Hou YB, Qu
LT (2011) An electrochemical avenue to green-
luminescent graphene quantum dots as potential
electron-acceptors for photovoltaics. Adv Mater
23:776-780

LuJ, Yang JX, Wang JZ, Lim AL, Wang S, Loh KP
(2009) One-pot synthesis of fluorescent carbon
nanoribbons, nanoparticles, and graphene by the
exfoliation of graphite in ionic liquids. ACS Nano
3:2367-2375

Li Y, Zhao Y, Cheng HH, Hu Y, Shi GQ, Dai LM,
Qu LT (2012) Nitrogen-doped graphene quantum
dots with oxygen-rich functional groups. J Am
Chem Soc 134:15-18

Ananthanarayanan A, Wang XW, Routh P, Sana B,
Lim S, Kim DH, Lim KH, Li J, Chen P (2014) Facile
synthesis of graphene quantum dots from 3D
graphene and their application for Fe** sensing.
Adv Funct Mater 24:3021-3026

Peng J, Gao W, Gupta BK, Liu Z, Romero-Aburto R,
Ge LH, Song L, Alemany LB, Zhan XB, Gao GH
(2012) Graphene quantum dots derived from carbon
fibers. Nano Lett 12:844-849

Shinde DB, Pillai VK (2012) Electrochemical prepa-
ration of luminescent graphene quantum dots from
multiwalled carbon nanotubes. Chem Eur J
18:12522-12528

Zhang XY, Wang SQ, Zhu CY, Liu MY, Ji Y,
Feng L, Tao L, Wei Y (2013) Carbon-dots derived
from nanodiamond: photoluminescence tunable
nanoparticles for cell imaging. J Colloid Interface
Sci 397:39-44

Wang QL, Zheng HZ, Long YJ, Zhang LY, Gao M,
Bai WJ (2011) Microwave-hydrothermal synthesis
of fluorescent carbon dots from graphite oxide. Car-
bon 49:3134-3140

Tan MQ, Zhang LX, Tang R, Song XJ, Li YM,
Wu H, Wang YF, Lv GJ, Liu WF, Ma XJ (2013)
Enhanced photoluminescence and characterization of
multicolor carbon dots using plant soot as a carbon
source. Talanta 115:950-956

Hu C, Yu C, Li MY, Wang XN, Yang JY, Zhao ZB,
Eychmiiller A, Sun YP, Qiu JS (2014) Chemically



Carbon Nanodots for Cell Imaging

66.

67.

68.

69.

70.

71.

72.

73

74.

75.

76.

71.

78.

tailoring coal to fluorescent carbon dots with tuned
size and their capacity for Cu (II) detection. Small
10:4926-4933

Dong YQ, Chen CQ, Zheng XT, Gao LL, Cui ZM,
Yang HB, Guo CX, Chi YW, Li CM (2012) One-step
and high yield simultaneous preparation of single-
and multi-layer graphene quantum dots from CX-72
carbon black. J] Mater Chem 22:8764-8766

Qiao ZA, Wang YF, Gao Y, Li HW, Dai TY, Liu YL,
Huo QS (2010) Commercially activated carbon as the
source for producing multicolor photoluminescent
carbon dots by chemical oxidation. Chem Commun
46:8812-8814

Lai CW, Hsiao YH, Peng YK, Chou PT (2012) Facile
synthesis of highly emissive carbon dots from pyrol-
ysis of glycerol; gram scale production of carbon
dots/mSiO, for cell imaging and drug release. J
Mater Chem 22:14403-14409

Mehta VN, Jha S, Singhal RK, Kailasa SK (2014)
Preparation of multicolor emitting carbon dots for
HeLa cell imaging. New J Chem 38:6152-6160
Feng J, Wang WJ, Hai X, Yu YL, Wang JH (2016)
Green preparation of nitrogen-doped carbon dots
derived from silkworm chrysalis for cell imaging. J
Mater Chem B 4:387-393

Ding P, Wang HY, Song B, Ji XY, Su YY, He Y
(2017) In situ live-cell nucleus fluorescence labeling
with bioinspired fluorescent probes. Anal Chem
89:7861-7868

Li D, Qiao ZZ, Yu YR, Tang JL, He XX, Shi H, Ye
XS, Lei YL, Wang KM (2018) In situ fluorescence
activation of DNA-silver nanoclusters as a label-free
and general strategy for cell nucleus imaging. Chem
Commun 54:1089-1092

. Chen XK, Zhang XD, Guo YX, Zhu YX, Liu XY,

Chen Z, Wu FG (2019) Smart supramolecular “Tro-
jan horse”-inspired nanogels for realizing light-
triggered nuclear drug influx in drug-resistant cancer
cells. Adv Funct Mater 29:1807772

Yang L, Jiang WH, Qiu LP, Jiang XW, Zuo DY,
Wang DK, Yang L (2015) One pot synthesis of
highly luminescent polyethylene glycol anchored
carbon dots functionalized with a nuclear localization
signal peptide for cell nucleus imaging. Nanoscale
7:6104-6113

Jung YK, Shin E, Kim BS (2015) Cell nucleus-
targeting zwitterionic carbon dots. Sci Rep 5:18807
Ci JL, Tian Y, Kuga S, Niu ZW, Wu M, Huang Y
(2017) One-pot green synthesis of nitrogen-doped
carbon quantum dots for cell nucleus labeling and
copper (II) detection. Chem Asian J 12:2916-2921
Boisvert FM, van Koningsbruggen S, Navascués J,
Lamond AI (2007) The multifunctional nucleolus.
Nat Rev Mol Cell Biol 8:574-585

Frottin F, Schueder F, Tiwary S, Gupta R, Korner R,
Schlichthaerle T, Cox J, Jungmann R, Hartl F, Hipp
M (2019) The nucleolus functions as a phase-
separated protein quality control compartment. Sci-
ence 365:342-347

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

71

Barbosa CDES, Corréa JR, Medeiros GA, Barreto G,
Magalhaes KG, de Oliveira AL, Spencer J, Rodrigues
MO, Neto BAD (2015) Carbon dots (C-dots) from
cow manure with impressive subcellular selectivity
tuned by simple chemical modification. Chem Eur J
21:5055-5060

Kong WQ, Liu RH, Li H, Liu J, Huang H, Liu Y,
Kang ZH (2014) High-bright fluorescent carbon dots
and their application in selective nucleoli staining. J
Mater Chem B 2:5077-5082

Hua XW, Bao YW, Wu FG (2018) Fluorescent car-
bon quantum dots with intrinsic nucleolus-targeting
capability for nucleolus imaging and enhanced cyto-
solic and nuclear drug delivery. ACS Appl Mater
Interfaces 10:10664—-10677

Hua XW, Bao YW, Zeng J, Wu FG (2019)
Nucleolus-targeted red emissive carbon dots with
polarity-sensitive and excitation-independent fluores-
cence emission: high-resolution cell imaging and
in vivo tracking. ACS Appl Mater Interfaces
11:32647-32658

McBride HM, Neuspiel M, Wasiak S (2006)
Mitochondria: more than just a powerhouse. Curr
Biol 16:R551-R560

Wang BB, Wang YF, Wu H, Song XJ, Guo X, Zhang
DM, Ma XJ, Tan MQ (2014) A mitochondria-
targeted fluorescent probe based on TPP-conjugated
carbon dots for both one-and two-photon fluores-
cence cell imaging. RSC Adv 4:49960-49963

Hua XW, Bao YW, Chen Z, Wu FG (2017) Carbon
quantum dots with intrinsic mitochondrial targeting
ability for mitochondria-based theranostics. Nano-
scale 9:10948-10960

De Duve C, Wattiaux R (1966) Functions of
lysosomes. Annu Rev Physiol 28:435-492

Chen XK, Zhang XD, Xia LY, Wang HY, Chen Z,
Wu FG (2018) One-step synthesis of ultrasmall and
ultrabright organosilica nanodots with 100%
photoluminescence quantum yield: long-term lyso-
some imaging in living, fixed, and permeabilized
cells. Nano Lett 18:1159-1167

Zhang XD, Chen XK, Guo YX, Jia HR, Jiang YW,
Wu FG (2020) Endosome/lysosome-detained supra-
molecular nanogels as an efflux retarder and
autophagy inhibitor for repeated photodynamic ther-
apy of multidrug-resistant cancer. Nanoscale Horiz
5:481-487

Wu LL, Li XL, Ling YF, Huang CS, Jia NQ (2017)
Morpholine derivative-functionalized carbon dots-
based fluorescent probe for highly selective lyso-
somal imaging in living cells. ACS Appl Mater
Interfaces 9:28222-28232

Zhang DY, Zheng Y, Zhang H, He L, Tan CP, Sun
JH, Zhang W, Peng XY, Zhan QQ, Ji LN, Mao ZW
(2017)  Ruthenium complex-modified carbon
nanodots  for  lysosome-targeted one- and
two-photon imaging and photodynamic therapy.
Nanoscale 9:18966-18976



72

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

E S, Mao QX, Yuan XL, Kong XL, Chen XW, Wang
JH (2018) Targeted imaging of the lysosome and
endoplasmic reticulum and their pH monitoring
with surface regulated carbon dots. Nanoscale
10:12788-12796

Zhang QQ, Yang T, Li RS, Zou HY, Li YF, Guo J,
Liu XD, Huang CZ (2018) A functional preservation
strategy ~ for the  production of  highly
photoluminescent emerald carbon dots for lysosome
targeting and lysosomal pH imaging. Nanoscale
10:14705-14711

Liu HF, Sun YQ, Li ZH, Yang J, Aryee AA, Qu LB,
Du D, Lin YH (2019) Lysosome-targeted carbon dots
for ratiometric imaging of formaldehyde in living
cells. Nanoscale 11:8458-8463

Chen S, Jia Y, Zou GY, Yu YL, Wang JH (2019) A
ratiometric  fluorescent nanoprobe based on
naphthalimide derivative-functionalized carbon dots
for imaging lysosomal formaldehyde in HeLa cells.
Nanoscale 11:6377-6383

Zhao SJ, Wu SL, Jia QY, Huang L, Lan MH, Wang
PF, Zhang WJ (2020) Lysosome-targetable carbon
dots for highly efficient photothermal/photodynamic
synergistic cancer therapy and photoacoustic/two-
photon excited fluorescence imaging. Chem Eng J
388:124212

Qin HY, Sun YQ, Geng X, Zhao KR, Meng HM,
Yang R, Qu LB, Li ZH (2020) A wash-free lysosome
targeting carbon dots for ultrafast imaging and moni-
toring cell apoptosis status. Anal Chim Acta
1106:207-215

Singh H, Sreedharan S, Tiwari K, Green NH,
Smythe C, Pramanik SK, Thomas JA, Das A (2019)
Two photon excitable graphene quantum dots for
structured illumination microscopy and imaging
applications: lysosome specificity and tissue-
dependent imaging. Chem Commun 55:521-524
Guo S, Sun YQ, Geng X, Yang R, Xiao LH, Qu LB,
Li ZH (2020) Intrinsic lysosomal targeting fluores-
cent carbon dots with ultrastability for long-term
lysosome imaging. J Mater Chem B 8:736-742
Beams HW, Kessel RG (1968) The Golgi apparatus:
structure and function. Int Rev Cytol 23:209-276

Li RS, Gao PF, Zhang HZ, Zheng LL, Li CM,
Wang J, Li YF, Liu F, Li N, Huang CZ (2017) Chiral
nanoprobes for targeting and long-term imaging of
the Golgi apparatus. Chem Sci 8:6829-6835

Wang L, Wu B, Li WT, Li Z, Zhan J, Geng BJ, Wang
SL, Pan DY, Wu MH (2017) Industrial production of
ultra-stable sulfonated graphene quantum dots for
Golgi apparatus imaging. J Mater Chem B
5:5355-5361

Han JY, Burgess K (2010) Fluorescent indicators for
intracellular pH. Chem Rev 110:2709-2728

Jia XF, LiJ, Wang EK (2012) One-pot green synthe-
sis of optically pH-sensitive carbon dots with
upconversion luminescence. Nanoscale 4:5572-5575
Hu YP, Yang J, Tian JW, Jia L, Yu JS (2014) Waste
frying oil as a precursor for one-step synthesis of

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

X. Zhang et al.

sulfur-doped carbon dots with pH-sensitive
photoluminescence. Carbon 77:775-782

Shangguan JF, He DG, He XX, Wang KM, Xu FZ,
Liu JQ, Tang JL, Yang X, Huang J (2016) Label-free
carbon-dots-based ratiometric fluorescence pH
nanoprobes for intracellular pH sensing. Anal Chem
88:7837-7843

Ye XX, Xiang YH, Wang QR, Li Z, Liu ZH (2019) A
red emissive two-photon fluorescence probe based on
carbon dots for intracellular pH detection. Small
15:1901673

Stohs SJ, Bagchi D (1995) Oxidative mechanisms in
the toxicity of metal ions. Free Radic Biol Med
18:321-336

Yang MX, Tang QL, Meng Y, Liu JJ, Feng TL, Zhao
XH, Zhu SJ, Yu WX, Yang B (2018) Reversible “off-
on” fluorescence of Zn>*-passivated carbon dots:
mechanism and potential for the detection of EDTA
and Zn**. Langmuir 34:7767-7775

Kong DP, Yan FY, Luo YM, Ye QH, Zhou S, Chen L
(2017) Amphiphilic carbon dots for sensitive detec-
tion, intracellular imaging of AI**. Anal Chim Acta
953:63-70

Zhang HJ, Chen YL, Liang MJ, Xu LF, Qi SD, Chen
HL, Chen XG (2014) Solid-phase synthesis of highly
fluorescent nitrogen-doped carbon dots for sensitive
and selective probing ferric ions in living cells. Anal
Chem 86:9846-9852

Gong XJ, Lu WJ, Paau MC, Hu Q, Wu X, Shuang
SM, Dong C, Choi MMF (2015) Facile synthesis of
nitrogen-doped carbon dots for Fe** sensing and
cellular imaging. Anal Chim Acta 861:74-84
Shangguan JF, Huang J, He DG, He XX, Wang KM,
Ye RZ, Yang X, Qing TP, Tang JL (2017) Highly Fe®
*-selective fluorescent nanoprobe based on ultra-
bright N/P codoped carbon dots and its application
in biological samples. Anal Chem 89:7477-7484
Song Y, Zhu CZ, Song JH, Li H, Du D, Lin YH
(2017) Drug-derived bright and color-tunable
N-doped carbon dots for cell imaging and sensitive
detection of Fe** in living cells. ACS Appl Mater
Interfaces 9:7399-7405

Atchudan R, Edison TNIJI, Aseer KR, Perumal S,
Karthik N, Lee YR (2018) Highly fluorescent
nitrogen-doped carbon dots derived from Phyllanthus
acidus utilized as a fluorescent probe for label-free
selective detection of Fe®* ions, live cell imaging and
fluorescent ink. Biosens Bioelectron 99:303-311
Gao G, Jiang YW, Jia HR, Yang JJ, Wu FG (2018)
On-off-on fluorescent nanosensor for Fe** detection
and cancer/normal cell differentiation via silicon-
doped carbon quantum dots. Carbon 134:232-243
Salinas-Castillo A, Ariza-Avidad M, Pritz C,
Camprubi-Robles M, Fernidndez B, Ruedas-Rama
MJ, Megia-Fernandez A, Lapresta-Ferniandez A,
Santoyo-Gonzalez F, Schrott-Fischer A, Capitan-
Vallvey LF (2013) Carbon dots for copper detection
with down and upconversion fluorescent properties
as excitation sources. Chem Commun 49:1103-1105



Carbon Nanodots for Cell Imaging

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

Sotiriou GA, Pratsinis SE (2011) Engineering
nanosilver as an antibacterial, biosensor and
bioimaging material. Curr Opin Chem Eng 1: 3-10
Zuo GC, Xie AM, Li JJ, Su T, Pan XH, Dong W
(2017) Large emission red-shift of carbon dots by
fluorine doping and their applications for red cell
imaging and sensitive intracellular Ag™ detection. J
Phys Chem C 121:26558-26565

Makam P, Shilpa R, Kandjani AE, Periasamy SR,
Sabri YM, Madhu C, Bhargava SK, Govindaraju T
(2018) SERS and fluorescence-based ultrasensitive
detection of mercury in water. Biosens Bioelectron
100:556-564

Yan FY, Zou Y, Wang M, Mu XL, Yang N, Chen L
(2014) Highly photoluminescent carbon dots-based
fluorescent chemosensors for sensitive and selective
detection of mercury ions and application of imaging
in living cells. Sens Actuators B Chem 192:488-495
Prathumsuwan T, Jamnongsong S,
Sampattavanich S, Paoprasert P (2018) Preparation
of carbon dots from succinic acid and glycerol as
ferrous ion and hydrogen peroxide dual-mode
sensors and for cell imaging. Opt Mater 86:517-529
Yazid SNAM, Chin SF, Pang SC, Ng SM (2013)
Detection of Sn(I) ions via quenching of the fluores-
cence of carbon nanodots. Microchim Acta
180:137-143

Tabaraki R, Abdi O, Yousefipour S (2017) Green and
selective fluorescent sensor for detection of Sn
(IV) and Mo (VI) based on boron and nitrogen-co-
doped carbon dots. J Fluoresc 27:651-657

Kumar A, Chowdhuri AR, Laha D, Mahto TK,
Karmakar P, Sahu SK (2017) Green synthesis of
carbon dots from Ocimum sanctum for effective fluo-
rescent sensing of Pb>* ions and live cell imaging.
Sens Actuators B Chem 242:679-686

Zhang HY, Wang Y, Xiao S, Wang H, Wang JH,
Feng L (2017) Rapid detection of Cr(VI) ions based
on cobalt(II)-doped carbon dots. Biosens Bioelectron
87:46-52

Du FK, Zeng F, Ming YH, Wu SZ (2013) Carbon
dots-based fluorescent probes for sensitive and selec-
tive detection of iodide. Microchim Acta
180:453-460

Sun S, Jiang K, Qian SH, Wang YH, Lin HW (2017)
Applying carbon dots-metal ions ensembles as a mul-
tichannel fluorescent sensor array: detection and dis-
crimination of phosphate anions. Anal Chem
89:5542-5548

Du FK, Min YH, Zeng F, Yu CM, Wu SZ (2014) A
targeted and FRET-based ratiometric fluorescent
nanoprobe for imaging mitochondrial hydrogen per-
oxide in living cells. Small 10:964-972

LiL, Rose P, Moore PK (2011) Hydrogen sulfide and
cell signaling. Annu Rev Pharmacol Toxicol
51:169-187

Yu CM, Li XZ, Zeng F, Zheng FY, Wu SZ (2013)
Carbon-dot-based ratiometric fluorescent sensor for

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

73

detecting hydrogen sulfide in aqueous media and
inside live cells. Chem Commun 49:403-405

Zhang XD, Wu FG, Liu PD, Gu N, Chen Z (2014)
Enhanced fluorescence of gold nanoclusters com-
posed of HAuCl, and histidine by glutathione: gluta-
thione detection and selective cancer cell imaging.
Small 10:5170-5177

Sun XH, Yang SH, Guo MZ, Ma S, Zheng MD, He J
(2017) Reversible fluorescence probe based on
N-doped carbon dots for the determination of mer-
cury ion and glutathione in waters and living cells.
Anal Sci 33:761-767

Kim DO, Lee KW, Lee HJ, Lee CY (2002) Vitamin
C equivalent antioxidant capacity (VCEAC) of phe-
nolic phytochemicals. J Agric Food Chem
50:3713-3717

Feng LL, Wu YX, Zhang DL, Hu XX, Zhang J,
Wang P, Song ZL, Zhang XB, Tan WH (2017)
Near infrared graphene quantum dots-based
two-photon nanoprobe for direct bioimaging of
endogenous ascorbic acid in living cells. Anal
Chem 89:4077-4084

Kiran S, Misra RDK (2015) Mechanism of intracel-
lular detection of glucose through nonenzymatic and
boronic acid functionalized carbon dots. J Biomed
Mater Res A 103:2888-2897

Loo AH, Sofer Z, Bousa D, Ulbrich P, Bonanni A,
Pumera M (2016) Carboxylic carbon quantum dots as
a fluorescent sensing platform for DNA detection.
ACS Appl Mater Interfaces 8:1951-1957

Mahani M, Mousapour Z, Divsar F, Nomani A, Ju
HX (2019) A carbon dot and molecular beacon based
fluorometric sensor for the cancer marker microRNA-
21. Microchim Acta 186:132

Han GM, Zhao J, Zhang RL, Tian XH, Liu ZJ, Wang
AD, Liu RY, Liu BH, Han MY, Gao XH, Zhang ZP
(2019) Membrane-penetrating carbon quantum dots
for imaging nucleic acid structures in live organisms.
Angew Chem Int Ed 58:7087-7091

Mao Y, Bao Y, Han DX, Li FH, Niu L (2012)
Efficient one-pot synthesis of molecularly imprinted
silica nanospheres embedded carbon dots for fluores-
cent dopamine optosensing. Biosens Bioelectron
38:55-60

Liu XQ, Wang T, Wang WIJ, Zhou ZP, Yan YS
(2019) A tailored molecular imprinting ratiometric
fluorescent sensor based on red/blue carbon dots for
ultrasensitive tetracycline detection. J Ind Eng Chem
72:100-106

Deng JH, Lu QJ, Hou YX, Liu ML, Li HT, Zhang
YY, Yao SZ (2015) Nanosensor composed of
nitrogen-doped carbon dots and gold nanoparticles
for highly selective detection of cysteine with multi-
ple signals. Anal Chem 87:2195-2203

Copur F, Bekar N, Zor E, Alpaydin S, Bingol H
(2019) Nanopaper-based photoluminescent
enantioselective sensing of L-lysine by L-cysteine
modified carbon quantum dots. Sens Actuators B
Chem 279:305-312



74

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

Han TQ, Yan T, Li YY, Cao W, Pang XH, Huang QJ,
Wei Q (2015) Eco-friendly synthesis of electroche-
miluminescent nitrogen-doped carbon quantum dots
from diethylene triamine pentacetate and their appli-
cation for protein detection. Carbon 91:144-152

Li Q, Ohulchanskyy TY, Liu RL, Koynov K, Wu
DQ, Best A, Kumar R, Bonoiu A, Prasad PN (2010)
Photoluminescent carbon dots as biocompatible
nanoprobes for targeting cancer cells in vitro. J Phys
Chem C 114:12062-12068

Zheng M, Ruan SB, Liu S, Sun TT, Qu D, Zhao HF,
Xie ZG, Gao HL, Jing XB, Sun ZC (2015) Self-
targeting fluorescent carbon dots for diagnosis of
brain cancer cells. ACS Nano 9:11455-11461
Bhunia SK, Maity AR, Nandi S, Stepensky D,
Jelinek R (2016) Imaging cancer cells expressing
the folate receptor with carbon dots produced from
folic acid. ChemBioChem 17:614-619

Zhang XD, Chen XK, Yang JJ, Jia HR, Li YH,
Chen Z, Wu FG (2016) Quaternized silicon
nanoparticles with polarity-sensitive fluorescence
for selectively imaging and killing Gram-positive
bacteria. Adv Funct Mater 26:5958-5970

Lin FM, Bao YW, Wu FG (2019) Carbon dots for
sensing and killing microorganisms. C 5:33

Mehta VN, Jha S, Kailasa SK (2014) One-pot green
synthesis of carbon dots by using Saccharum
officinarum juice for fluorescent imaging of bacteria
(Escherichia coli) and yeast (Saccharomyces
cerevisiae) cells. Mater Sci Eng C 38:20-27

Nandi S, Ritenberg M, Jelinek R (2015) Bacterial
detection with amphiphilic carbon dots. Analyst
140:4232-4237

Yang JJ, Zhang XD, Ma YH, Gao G, Chen XK, Jia
HR, Li YH, Chen Z, Wu FG (2016) Carbon
dot-based platform for simultaneous bacterial
distinguishment and antibacterial applications. ACS
Appl Mater Interfaces 8:32170-32181

Yang JJ, Gao G, Zhang XD, Ma YH, Chen XK, Wu
FG (2019) One-step synthesized carbon dots with
bacterial contact-enhanced fluorescence emission
property: fast Gram-type identification and selective
Gram-positive  bacterial ~ inactivation.  Carbon
146:827-839

Chandra S, Mahto TK, Chowdhuri AR, Das B, Sahu
SK (2017) One step synthesis of functionalized car-
bon dots for the ultrasensitive detection of
Escherichia coli and iron (III). Sens Actuators B
Chem 245:835-844

Chandra S, Chowdhuri AR, Mahto TK, Samui A,
Sahu SK (2016) One-step synthesis of amikacin
modified fluorescent carbon dots for the detection of
Gram-negative bacteria like Escherichia coli. RSC
Adv 6:72471-72478

Chen XK, Zhang XD, Li CC, Sayed SM, Sun W, Lin
FM, Wu FG (2019) Superbright organosilica
nanodots as a universal sensor for fast discrimination
and accurate quantification of live/dead cells. Sens
Actuators B Chem 295:49-55

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

X. Zhang et al.

Lu F, Song YX, Huang H, Liu Y, Fu YJ, Huang J,
Li H, Qu HH, Kang ZH (2017) Fluorescent carbon
dots with tunable negative charges for bio-imaging in
bacterial viability assessment. Carbon 120:95-102
Chen XK, Zhang XD, Lin FM, Guo YX, Wu FG
(2019) One-step synthesis of epoxy group-terminated
organosilica nanodots: a versatile nanoplatform for
imaging and eliminating multidrug-resistant bacteria
and their biofilms. Small 15:1901647

Ritenberg M, Nandi S, Kolusheva S, Dandela R,
Meijler MM, Jelinek R (2016) Imaging Pseudomonas
aeruginosa biofilm extracellular polymer scaffolds
with amphiphilic carbon dots. ACS Chem Biol
11:1265-1270

Ran HH, Cheng XT, Bao YW, Hua XW, Gao G,
Zhang XD, Jiang YW, Zhu YX, Wu FG (2019)
Multifunctional quaternized carbon dots with
enhanced biofilm penetration and eradication
efficiencies. ] Mater Chem B 7:5104-5114
Belkahla H, Boudjemaa R, Caorsi V, Pineau D,
Curcio A, Lomas JS, Decorse P, Chevillot-Biraud A,
Azais T, Wilhelm C, Randriamahazaka H, Hémadi M
(2019) Carbon dots, a powerful non-toxic support for
bioimaging by fluorescence nanoscopy and eradica-
tion of bacteria by photothermia. Nanoscale Adv
1:2571-2579

Zhang ML, Hu LL, Wang HB, Song YX, Liu Y,
Li H, Shao MW, Huang H, Kang ZH (2018)
One-step hydrothermal synthesis of chiral carbon
dots and their effects on mung bean plant growth.
Nanoscale 10:12734-12742

Wang ZY, Qu YN, Gao XT, Mu CJ, Bai JP, Pu QS
(2014) Facile preparation of oligo(ethylene glycol)-
capped fluorescent carbon dots from glutamic acid
for plant cell imaging. Mater Lett 129:122-125

Li W, Zhang HR, Zheng YJ, Chen S, Liu YL, Zhuang
JL, Liu WR, Lei BF (2017) Multifunctional carbon
dots for highly luminescent orange-emissive cellu-
lose based composite phosphor construction and
plant tissue imaging. Nanoscale 9:12976-12983
Tripathi S, Sarkar S (2014) Influence of water soluble
carbon dots on the growth of wheat plant. Appl
Nanosci 5:609-616

Pan LL, Sun S, Zhang L, Jiang K, Lin HW (2016)
Near-infrared emissive carbon dots for two-photon
fluorescence bioimaging. Nanoscale 8:17350-17356
Lan MH, Zhao SJ, Zhang ZY, Yan L, Guo L, Niu
GL, Zhang JF, Zhao JF, Zhang HY, Wang PF, Zhu
GY, Lee CS, Zhang WJ (2017) Two-photon-excited
near-infrared emissive carbon dots as multifunctional
agents for fluorescence imaging and photothermal
therapy. Nano Res 10:3113-3123

Lu SY, Sui LZ, Liu JJ, Zhu SJ, Chen AM, Jin MX,
Yang B (2017) Near-infrared photoluminescent
polymer—carbon nanodots with two-photon fluores-
cence. Adv Mater 29:1603443

Yang CH, Zhu SJ, Li ZL, Li Z, Chen C, Sun L,
Tang W, Liu R, Sun Y, Yu M (2016) Nitrogen-
doped carbon dots with excitation-independent



Carbon Nanodots for Cell Imaging

169.

170.

171.

172.

173.

174.

long-wavelength emission produced by a room-
temperature reaction. Chem Commun
52:11912-11914

Wu ZL, Liu ZX, Yuan YH (2017) Carbon dots:
materials, synthesis, properties and approaches to
long-wavelength and multicolor emission. J Mater
Chem B 5:3794-3809

Shamsipur M, Barati A, Karami S (2017) Long-
wavelength, multicolor, and white-light emitting
carbon-based dots: achievements made, challenges
remaining, and applications. Carbon 124:429-472
Li QJ, Zhou M, Yang QF, Wu Q, Shi J, Gong AH,
Yang MY (2016) Efficient room-temperature phos-
phorescence from nitrogen-doped carbon dots in
composite matrices. Chem Mater 28:8221-8227
Jiang K, Wang YH, Cai CZ, Lin HW (2018) Conver-
sion of carbon dots from fluorescence to ultralong
room-temperature phosphorescence by heating for
security applications. Adv Mater 30:1800783

Jiang K, Gao XL, Feng XY, Wang YH, Li ZJ, Lin
HW (2020) Carbon dots with dual-emissive, robust,
and aggregation-induced room-temperature phospho-
rescence characteristics. Angew Chem Int Ed
59:1263-1269

Jiang L, Ding HZ, Lu SY, Geng T, Xiao GJ, Zou B,
Bi H (2020) Photoactivated fluorescence enhance-
ment in F,N-doped carbon dots with piezochromic
behavior. Angew Chem Int Ed 59:9986-9991

175.

176.

177.

178.

179.

75

Lu SY, Xiao GY, Sui LZ, Feng TL, Yong X, Zhu SJ,
LiBJ, Liu ZY, Zou B, Jin MX, Tse JS, Yan H, Yang
B (2017) Piezochromic carbon dots with two-photon
fluorescence. Angew Chem Int Ed 56:6187-6191
Zhan 'Y, Geng T, Liu YL, Hu CF, Zhang XJ, Lei BF,
Zhuang JL, Wu X, Huang D, Xiao GJ, Zou B (2018)
Near-ultraviolet to near-infrared fluorescent nitrogen-
doped carbon dots with two-photon and
piezochromic luminescence. ACS Appl Mater
Interfaces 10:27920-27927

Zhu SJ, Zhang JH, Tang SJ, Qiao CY, Wang L,
Wang HY, Liu X, Li B, Li YF, Yu WL, Wang XF,
Sun HC, Yang B (2012) Surface chemistry routes to
modulate the photoluminescence of graphene quan-
tum dots: from fluorescence mechanism to
up-conversion bioimaging applications. Adv Funct
Mater 22:4732-4740

Alam AM, Park BY, Ghouri ZK, Park M, Kim HY
(2015) Synthesis of carbon quantum dots from cab-
bage with down-and up-conversion photolumi-
nescence properties: excellent imaging agent for
biomedical applications. Green Chem 17:3791-3797
LiJY,Liu Y, Shu QW, Liang JM, Zhang F, Chen XP,
Deng XY, Swihart MT, Tan KJ (2017) One-pot
hydrothermal synthesis of carbon dots with efficient
up- and down-converted photoluminescence for the
sensitive detection of morin in a dual-readout assay.
Langmuir 33:1043-1050



t')

Check for
updates

Xiaokai Chen, Xiaodong Zhang, and Fu-Gen Wu

1 Silicon Nanoparticles

Silicon nanoparticles (SiNPs) are metal-free and
photoluminescent nanomaterials containing sili-
con, a nontoxic and naturally abundant element
in the Earth’s crust [1-3]. There are mainly two
types of SiNPs: one contains a Si(0)-dominated
core and the other contains a Si(4)-dominated
core [4]. As an emerging and attractive kind of
fluorescent materials, SiNPs present many attrac-
tive features: (1) ultrasmall size endowing their
excretion from a living body via renal clearance,
(2) intrinsic photoluminescence which can be
tuned by controlling their size and surface com-
position, (3) metal-free composition eliminating
the heavy metal-caused toxicity of conventional
semiconductor quantum dots and ensuring bio-
compatibility, (4) the presence of various surface
functional groups providing the chances of fur-
ther surface modifications, and (5) enough
silicon-containing raw materials from the Earth’s
crust that may ensure their low-cost fabrication
[4-32]. Up to date, the versatile SiNPs have been
used as biomedical imaging agents, anticancer
nanodrugs/nanocarriers, antimicrobial agents,
light-emitting diodes, biological/chemical
sensors, photovoltaic materials, catalysts, battery
electrodes, and solar concentrators [1, 2, 33-47].
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1.1 Synthesis
The preparation methods of colloidal SiNPs can
be divided into three classes [3]. The methods in
class I adopting the “top-down’ approach include
the etching of bulk silicon and breaking down
silicon-rich oxides. The methods in class II via
the “bottom-up” approach depend on the self-
assembly of small-molecule silicon precursors,
including the reduction of silicon precursors and
the reaction between silicon halides and silicon
Zintl salts. The preparation methods in class III
need both the “top-down” and “bottom-up” pro-
cesses, involving the decomposition of silicon-
containing precursors and the re-assembly pro-
cesses to form the final SiNPs. Specific examples
include the preparation of SiNPs in supercritical
fluids, the generation of SiNPs using laser pyrol-
ysis, and the synthesis of SiNPs adopting plasma.
However, many of the SiNPs prepared via the
above-mentioned methods contain hydrophobic
surfaces, which greatly limits the applications of
these SiNPs in the biomedical field. Thus, numer-
ous researchers have made their efforts to obtain
water-dispersible SiNPs. In 2004, Li et al. suc-
cessfully turned hydrophobic SiNPs into water-
dispersible ones by grafting a water-soluble poly-
mer poly(acrylic acid) on the surface of the SiNPs
[24]. Then, using the precursors including silicon
nanowires and glutaric acid, water-dispersible
SiNPs with good pH stability and strong fluores-
cence emission were synthesized via a simple
one-pot microwave-assisted method by He et al.
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in 2011 [18], which provides a new approach for
the facile preparation of SiNPs with good water-
dispersity. After that, another one-step synthetic
method based on the hydrothermal treatment of
(3-aminopropyl)trimethoxysilane (APTMS) and
sodium citrate was reported by Zhang et al. in
2014 for the rapid and large-scale preparation of
highly photoluminescent SiNPs with excellent
aqueous stability [27].

1.2 Photoluminescence Properties
According to the origin of photoluminescence,
the fluorescent SiNPs can be classified into two
classes. The fluorescence of the SiNPs in class I
comes from Si and the average size of these
SiNPs is usually below 10 nm. The SiNPs in
class I show size-dependent fluorescence and usu-
ally have long fluorescence lifetimes (usually in
microseconds). These optical properties are simi-
lar to those of semiconductor quantum dots. The
photoluminescence mechanism of the SiNPs in
class I can be attributed to the quantum confine-
ment effect. Specifically, the ultrasmall size of the
SiNPs (<10 nm) results in the squeezed electrons
and holes, followed by the dramatically increased
bandgaps, which causes the formation of the dis-
crete energy levels of SiNPs. Under light irradia-
tion, the electrons absorb energy and are excited
from the ground state to an unstable level (excited
state). Owing to their instability, the energized
electrons then return to the ground state, during
which excess energy is released in the form of
fluorescence. In addition to the size effect, the
surface effect can also affect the optical properties
of the SiNPs in class I. For example, different
surface molecules may induce distinct defects,
thus tuning the fluorescence emission [42, 48].
The SiNPs in class II possess shorter fluores-
cence lifetimes (usually in nanoseconds) and
commonly have blue or green emissions. For
this kind of SiNPs, the silicon-formed
nanostructure provides a basic framework and is
not responsible for the fluorescence, and the
photoluminescence is attributed to the introduced

X. Chen et al.

molecular fluorophores [49, 50]. Therefore, the
changes of size and surface groups have negligi-
ble influence on the emission tunability of the
SiNPs.

SiNPs possess outstanding photoluminescence
properties, which are represented by their high
photoluminescence quantum yields (PLQYs),
size and surface tailorable emissions, and
photostability [28, 51-59]. For better biomedical
applications, many researchers have realized the
improvement of the photoluminescence
properties of SiNPs recently. In 2006, Jurbergs
et al. adopted a plasma technique to synthesize
SiNPs with an average diameter of 3 nm under an
anaerobic environment [60]. By passivating the
surface of the SiNPs with an organic ligand, a
high PLQY exceeding 60% was achieved at the
wavelength of ~789 nm. After that, through the
surface modification with diphenylamine and car-
bazole, both of which are aromatic electron-rich
and have high nucleophilicity, the PLQY of the
SiNPs was successfully improved to ~75% by Li
et al. [61]. In 2015, a series of superbright water-
dispersible SiNPs were synthesized by our group
via a microwave-assisted method using three sim-
ilar amine-containing silane molecules APTMS,
N-[3-(trimethoxysilyl)propyl]ethylenediamine
(DAMO), and 3-[2-(2-aminoethylamino)
ethylamino]propyl-trimethoxysilane (AEEA)
[4]. All the SiNPs emitted blue fluorescence
under ultraviolet (UV) light irradiation and the
DAMO SiNPs showed the brightest fluorescence
with a PLQY value of 82.4% (Fig. la). Then,
another advance was made by Li et al. in 2016
[62]. By adopting the strategy that changed the
surface of SiNPs with nitrogen, they successfully
improved the photoluminescence properties of
the SiNPs with an ultrahigh PLQY up to 90%
and narrow photoluminescence bandwidth (full
width at half maximum (FWHM) =~ 40 nm,
Fig. 1b). Two years later, our group realized the
preparation of SiNPs with a PLQY of 100% via a
one-step hydrothermal treatment of a silane mol-
ecule (DAMO or AEEA) and rose bengal
(RB) for 4 h [50]. The SiNPs with a PLQY of
74% can be prepared through the hydrothermal



79

Silicon Nanoparticles for Cell Imaging

uaSorey,, suedw X, UONRUIULI) QU L, ‘suoneurutd)  (3) "A19100§ [eonuoy) ueouowy 910¢ O ySukdo) [z9] ‘Joy woiy uorssiuiod

Q0BJINS JUAIMIP YNM SINIS JO SSSB[O SNOLIRA JO UOHRHSN[I dnewaydS (P) "A19100S s pajuriday] Jy3Ij Jusiquie opun uaye) owA[3 ut papuadsns SGNIS a3 jo ydei3ojoyd
[eorwray) ueowewry 8107 O WSuAdo) [og] ‘Joy woiy uorssturad yim poyunidoy  pue (ueSontu yyrm paddeds sem SINIS Ul JO 90vJINS ) SINIS JO wnnoads UOTSSTIID
‘(y3u) uorsuadsns NIS VAHYV Y Jo enoads UOISSIWS Q0UddSAIONy pue ‘uon  douddsaurunjojoyd (q) “AfIp S107 © wSukdo) [y] "Joy woiy uorsstwrad ym

on
143

29X 90uadsarony ‘uondrosqe (Sta—A () S[qISIA—Q[OIARIN Y} pue ‘(3Jo[) uoneipenr  pajundey ‘uoneIper JYS A WU G9¢ Jopun Uaye) (SYUI Juadsalony se suorsuadsns
1T Al WU ZOE pue a)ym 1opun uaxe) SNIS VAAY () pue ‘SINIS OINVA (¢)  dNIS Surpuodsomios oy Suisn £q uenum) (), Pue ‘g, ‘S, SIN9[ juddsarony

‘SdNIS SINLAV (2) Jo suorsuadsns oyy pue uonnjos gy (1) jo sydeiSojoyd oory yim 1oded 10yy e pue suorsuadsns JNIS 9a1y) ay) jo sydeiSojoyd (e) | 614

G e e e S S B SRS e S s s S s S e S S s e e e 0¥ oom.e
.m i / /_/\\ ff\la z
% g
9, o 3
o..o é%. ____ 1ro &
%, \u,v = .._ |||||||| \Hso &
\ =8
v Tem
auelxo—— —3luel|xo [TLTE-TIT — F
— uoenxy
x—g IS §—x say—
\ /e zL
& <, /
P _, %, /
» ) “ + _ +
3
3
]

ﬁEcv Emcw_gmg

dnoub auayje/ijle =y

() WiSuapaaey
006 008 0OL 009 005  OOF

o I —H Wi gp ~ NHAA
SN V4 ( 4\_n e
A ==
A W > Wz Q
(o) 4 Is) wv %
0 N
o/ \ao _ \4,
Hooo— 1S —ooon HN— IS —n

. 5, . . v33¥ OWVQ SWLdY v33av OWvA SWLdY e



80

reaction between APTMS and RB. The FWHM
of the as-synthesized SiNPs was further decreased
to ~30 nm (Fig. 1c). The superior fluorescence
properties of the as-prepared SiNPs were
attributed to the “heavy atom effect” which
means the halide loss of RB during the hydrother-
mal process promoted the enhancement of their
photoluminescence efficiency.

1.3 Surface Chemistry

According to their different surface terminations,
as indicated in Fig. 1d, SiNPs can be divided into
the following several classes: amino-, carboxyl-,
alkyl/alkene-, oxirane-, halogen-, or hydrogen-
terminated SiNPs [4, 47, 50, 63—-66]. SiNPs with
hydrogen and halogen surfaces are hydrophobic
which are not readily dispersed in common
solvents, and hence the hydrogen- and halogen-
terminated SiNPs require further modifications to
passivate their surfaces for improving their
dispersity in previously incompatible solvents.
SiNPs with alkyl/alkene group termination are
hydrophobic and hard to be further
functionalized. SiNPs terminated with amino,
carboxyl, or oxirane groups are usually water-
dispersible and easily modifiable, and therefore
their biomedical applications can be broadened
with appropriate surface functionalizations.

On the other hand, proper surface engineering
can alter the optical performance of SiNPs [9, 22,
63, 67]. As reported by Dohnalova et al., the
fluorescence emission of SiNPs could be effec-
tively adjusted by changing the surface termina-
tion [22]. Specifically, the carbon (C)-terminated
SiNPs emit blue-green fluorescence with short
decaying time (ns) due to an excitonic recombi-
nation process in the SiNP core. When the
C-modified surface of SiNPs is replaced by the
oxygen (O)-terminated one, the excited carriers
on the surface states can be ultrafast trapped,
resulting in the disabled recombination of
excitons from the core-related states. Thus, the
emission of the SiNPs with O termination is
changed to red luminescence with long decaying
time (ps).

X. Chen et al.

2 SiNPs for In Vitro Cellular
Imaging

The use of fluorescent SiNPs for in vitro cell
imaging has gained intense interest due to their
strong photoluminescence, broad excitation spec-
tra, and good photostability [6, 68—71]. The
favorable photoluminescence features provide
the nanoparticles with advantages exceeding con-
ventional molecular fluorophores for cell imaging
[72]. As a class of biocompatible and low-cost
fluorescent  nanoprobes,  surface-modifiable
SiNPs are an attractive candidate to replace
other kinds of nanoparticles whose applications
are limited by the shortcomings such as high
toxicities, complicated synthetic procedures, fluo-
rescence overlaps caused by multi-color
photoluminescence  emission, poor  water
dispersibility, difficulty of functionalization, or
high cost [4, 50, 73, 74]. In this section, we
emphasize the use of SiNPs for in vitro cellular
imaging, including mammalian cell imaging,
microbial cell imaging, and plant cell imaging.

SiNPs for Mammalian Cell
Imaging

2.1

In the past decade, SiNPs have been extensively
investigated as a tracker for mammalian cell
(including normal and cancer cell) imaging
[5, 34, 75]. Herein, we will focus on the develop-
ment of functional SiNP-based nanoprobes for
various cell imaging purposes, such as macro-
phage imaging, immunofluorescence imaging,
visualization of intracellular distributions of
SiNPs, intracellular biomolecule/ion monitoring,
tumor cell-specific imaging, and organelle imag-
ing [10, 76-80].

2.1.1 Macrophage Imaging

It is widely known that macrophages are related
to the inflammatory processes activated by the
stimulation of exogenous agents including
particles [81, 82]. The interactions between
nanoparticles and phagocytic cells are important
for the monitoring and modulation of the
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behaviors and fates of the cells via these fluores-
cent nanoparticles. For example, Choi et al.
investigated the inflammatory responses and
cytotoxicity of photoluminescent SiNPs in RAW
264.7 macrophages [81]. They revealed that the
ultrasmall SiNPs (<4 nm) could interact with the
macrophages by attaching to the cell membranes
or entering the cells through the pores in the cell
membranes. Interestingly, these SiNPs induced
negligible inflammatory responses and cytotoxic-
ity, showing the excellent biocompatibility of the
SiNPs.

In another work, paramagnetic and
manganese-doped SiNPs were synthesized by
Tu et al. in 2010 [83]. To actively target
macrophages and image the macrophage density,
the SiNPs were coated with dextran sulfate, a
ligand for macrophage scavenger receptor class
A (SR-A). The SR-A is a cell surface receptor and
is primarily expressed by mature macrophages.
Then, direct two-photon imaging at 780 nm exci-
tation was performed. As shown in Fig. 2a, the
uptake of the functionalized SiNPs was success-
fully visualized. The results indicated that the
probes  specifically accumulated in the
macrophages by a receptor-mediated process.
The authors have also verified that the prepared
SiNPs could be used as a promising diagnostic
agent for the detection of some diseases such as
atherosclerosis, as a high macrophage density is
associated with atherosclerotic plaques vulnera-
ble to rupture.

2.1.2 Immunofluorescence Imaging
Immunofluorescence is a microscopy-based tech-

nique to detect specific antigens utilizing
fluorescence-labeled antigen-targeting
antibodies. Furthermore, immunofluorescence

can also be used for the diagnosis of certain
diseases through the detection of the fluorescent
antibody—antigen complexes, which is widely
used in both laboratory researches and clinical
surgeries [86]. Taking advantage of their strong
fluorescence, high photostability, and favorable
biocompatibility, SiNPs have been recently
employed as highly efficient fluorescent probes
for immunofluorescence imaging [7, 17, 77, 87,
88]. As shown in Fig. 2b, the carboxyl group-
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containing antibody goat-antimouse immuno-
globulin G (IgG) was conjugated to the amine-
terminated SiNPs by Zhong et al. via the amine—
carboxyl reaction [7]. The resultant SiNPs-IgG
conjugates could serve as probes for cellular
immunofluorescence labeling, which was verified
by the green-fluorescent cellular microtubules
that were stained with the green-emitting SiNPs-
IgG conjugates (the nuclei were labeled by a blue-
fluorescent cell-nucleus dye Hoechst).

In addition, Tu et al. demonstrated that
antibody-conjugated SiNPs could achieve time-
gated immunofluorescence imaging of live cancer
cells using the drastic photoluminescence lifetime
differentiation between SiNPs and organic dyes
[87]. After separately staining the cell membrane
and nucleus with the antibody-conjugated SiNPs
and the organic dye (Hoechst 33342), the authors
successfully distinguished the cell membrane and
nucleus of a single cell from each other by the
time-gated fluorescence imaging of the long-lived
antibody-conjugated SiNPs (with lifetime in
microseconds) and the short-lived organic dyes
(with lifetime in nanoseconds), respectively. The
distinguishment between different types of cells
could also be achieved using a similar time-
correlated imaging technique, which overcomes
the limitations caused by fluorescence overlap
when adopting the conventional multiplexing
strategy.

2.1.3 Intracellular Distributions of SiNPs
With the rapid development of nanoscience and
nanotechnology, nanocarriers have emerged as
multifunctional platforms for cancer diagnosis
and therapy with a variety of useful properties,
such as: (1) long blood circulation time for
increasing the uptake of drugs in target area,
which will be further enhanced after modifying
the surface of nanocarriers with targeting ligands;
(2) improved intracellular uptake assisted with the
cell-penetrating molecules; (3) ability to protect
the loaded drugs from being prematurely
degraded; (4) contrast/fluorescence properties
for direct visualization after loading with various
contrast/fluorescent materials; (5) capability to
respond to various stimuli (e.g., pH, redox, and
heat) for controllable release of drugs
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Fig. 2 (a) Two-photon microscopic images of
macrophages treated with fluorescent SINPs with excitation
at 780 nm. Reprinted with permission from Ref. [83]. Copy-
right © 2010 American Chemical Society. (b) Schematic
illustration of the antibody-conjugated SiNPs and their
application in immunofluorescence imaging. Reprinted
with permission from Ref. [7]. Copyright © 2015 Ameri-
can Chemical Society. (¢) Real-time and long-term tracking
of the movement of the SiNP-based complexes in one live
HeLa cell (a human cervical carcinoma cell line). Reprinted
with permission from Ref. [84]. Copyright © 2016
Springer Nature. (d) Schematic illustrating the design of
fluorescent SiNP-based sensor system for the detection of

[89, 90]. Understanding the intracellular
distributions of nanocarriers will provide invalu-
able knowledge for revealing the subcellular fates

immunofluorescent cell imaging
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metal ions in live cells. Reprinted with permission from Ref.
[78]. Copyright © 2016 American Chemical Society. (e)
Photostability comparison of the fluorescence signals of
U87MG cells (human glioblastoma cells) incubated with
arginine—glycine—aspartic acid sequence-conjugated SiNPs
(SiNPs-RGD) and FITC. Reprinted with permission from
Ref. [85]. Copyright © 2015 American Chemical Society.
(f) Confocal fluorescence images illustrating the lysosomal
imaging performance of OSiNDs, Lyso-Tracker Green
(LT-Green), and Lyso-Tracker Red (LT-Red) in A549
cells (human lung cancer cells). Reprinted with permission
from Ref. [50]. Copyright © 2018 American Chemical
Society

of the nanocarriers and thus further facilitate their
use in drug delivery. For instance, Pang et al.
introduced photoluminescent SiNPs as a new
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type of gene carrier [84]. The SiNP-based carriers
feature bright and stable fluorescence, high
deoxyribonucleic acid (DNA) loading/transfec-
tion efficiency, and favorable biocompatibility.
Utilizing the fluorescence of the gene carriers
(SiNPs), they successfully observed the long-
term dynamic movements of the SiNPs in live
cells in real time (Fig. 2c). The results provided
important information on the intracellular
behaviors of the gene carriers, such as the cellular
uptake, intracellular distribution, and endosomal
escape process. Moreover, the work presented the
prospect of the fluorescent SiNP-based gene
vectors as powerful tools for gene therapy.

2.1.4 Biomolecule or lon Monitoring

Chemosensors play an important role in
biological and medical fields. Biocompatible
SiNPs with unique photoluminescence properties
are of great interest and have been developed as a
type of new materials to function as
chemosensors for the detection of biomolecules
or intracellular ions [13, 78, 91, 92]. For example,
based on the fluorescence “turn-on” of silicon
quantum dots (SiQDs) made from silicon tetra-
chloride, Dhenadhayalan et al. designed a multi-
ple sensor system based on the aza-crown ether-
functionalized SiQDs including SiQDs/azal5C5,
SiQDs/azal8C6, and SiQDs/diazal8C6 for
detecting individual Mg?*, Mn?*, and Ca** ions,
respectively (Fig. 2d) [78]. The corresponding
detection limits of the above three metal ions
were 1.81, 0.47, and 3.15 pM. The practical
application of the SiQD-based sensor system for
intracellular metal ion detection was proven in the
live HeLa cells. The authors explained the detec-
tion mechanism as a photoinduced electron trans-
fer (PET)-based process: (1) After the SiQDs
were coordinated with aza-crown ethers, the
PET took place from the aza-crown ether moiety
to the valence band of the SiQD core when the
aza-crown ether-capped SiQDs were under
photo-excitation, followed by the reduced proba-
bility of electron—hole recombination, resulting in
the decreased fluorescence of the SiQDs.
(2) When the specific metal ions were added, the
PET effect was inhibited due to the presence of
the charge—electron binding force between the
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metal ions and the aza-crown ethers, thus restor-
ing the fluorescence of the SiNPs.

In another work, Zhao et al. constructed a
ratiometric fluorescent probe using chlorin e6
(Ce6)-modified SiNPs [91]. The red-fluorescent
Ce6 molecules (negatively charged) were
attached to the surface of the blue-fluorescent
amine-terminated SiNPs (positively charged)
through electrostatic interaction. The designed
probe Si—Ce6 nanocomplex emitted dual fluores-
cence with two emission peaks at 490 and 660 nm
when using 410 nm as an excitation wavelength.
When reactive oxygen species (ROS) were pres-
ent, the fluorescence of SiNPs decreased while
that of Ce6 remained constant, and the fluores-
cence intensity ratio of Ce6 (Igg0) to SiNPs (I490)
increased linearly with the concentration of ROS.
Thus, the dually emitting probe (the Si—Ce6
nanocomplex) could be used for the efficient
detection and imaging of the ROS. Specifically,
the constructed probe could be applied to sensi-
tively and selectively detect the hydroxyl radical
(*OH) with a low detection limit of ~0.97 pM.
Furthermore, this study presented a successful
example of monitoring the endogenous release
of *OH in living cells using the SiNP-based
nanoprobe.

2.1.5 Specific Tumor Cell Imaging

Fast and effective diagnosis of cancer cells has
great significance in cancer treatments. Among
various imaging technologies, the fluorescence
imaging technology has been developed as a
commonly used method due to the advantages
of simplicity, high sensitivity, and rapidity [93—
95]. SiNPs can be ideal candidates as cancer cell-
specific probes by modifying their surfaces with
specific targeting molecules [79, 85, 96]. In 2011,
Erogbogbo et al. reported that amine-containing
biomolecules including lysine, folate, anti-
mesothelin, and transferrin could be covalently
attached to biocompatible SiNPs terminated with
carboxyl groups via the amine—carboxyl reaction
[96]. Particularly, the folate- and anti-mesothelin-
conjugated SiNPs showed selective uptake by
Panc-1 cells (a human pancreatic adenocarcinoma
cell line which has receptors for all the four
biomolecules mentioned above (lysine, folate,
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anti-mesothelin, and transferrin)). Additionally,
as presented in Fig. 2e, Song et al. introduced a
kind of peptide-conjugated SiNPs as probes for
real-time labeling of cancer cells [85]. A cyclic
peptide containing arginine—glycine—aspartic acid
sequence (c(RGDyC)) was chosen as a represen-
tative peptide and conjugated to blue-fluorescent
SiNPs (the resultant complexes were termed
SiNPs-RGD). Taking advantage of the strong
fluorescence (PLQY: ~28%) and robust
photostability of the SiNPs and the tumor-
targeting ability of the RGD, the SiNPs-RGD
realized the long-term fluorescence labeling of
cancer cells. The above examples illustrate that
SiNPs can be a valuable optical probe for cancer
diagnosis.

2.1.6 Organelle Imaging

Organelle is a specialized intracellular unit that
performs a specific function in cellular behaviors.
For example, the nucleus controls gene expres-
sion, the mitochondrion is responsible for cellular
aerobic metabolism, and the lysosome regulates
cell recycling [80]. Therefore, monitoring the
states and changes of specific cellular organelles
via fluorescent materials is crucial to understand
and control the behaviors and fate of the whole
cell. In 2018, our group reported for the first time
the long-term imaging of lysosomes in living,
fixed, and permeabilized cells using green-
fluorescent organosilica nanodots (OSiNDs)
[50]. The OSiNDs exhibited intrinsic lysosomal
tracking ability without the introduction of
lysosome-targeting ligands like morpholine and
had exceptional lysosomal targeting performance
with a very high Pearson’s coefficient of 0.98.
More importantly, the lysosomal monitoring
time of these OSiNDs was up to 48 h, and the
probes did not disturb the pH environment of
lysosomes during the monitoring process
(Fig. 2f). Overall, the presented lysosomal imag-
ing performance of OSiNDs outperformed that of
the current commercial lysosomal trackers (e.g.,
Lyso-Tracker Green and Lyso-Tracker Red)
[50]. Furthermore, the work indicated that the
excellent long-term lysosomal imaging capability
of OSiNDs was attributed to their acidic
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environment-induced  precipitation/aggregation
of the OSiNDs within the acidic lysosomes.

Unfortunately, to the best of our knowledge,
there have been no reports regarding the
applications of photoluminescent SiNPs for imag-
ing mitochondria, nucleus, or other organelles.
New SiNPs capable of visualizing various subcel-
lular structures are therefore highly desired.

2.2 SiNPs for Microbial Cell Imaging
Microbial infections cause millions of deaths
annually. Rapid, effective, and economically
friendly diagnosis of microorganisms such as
bacteria, bacterial biofilms, and fungi is essential
for the treatment of infectious diseases
[97, 98]. As stated above, SiNPs feature ultra-
small size (<10 nm), bright photoluminescence,
strong photostability, and good biocompatibility,
and show great potential as fluorescent probes for
microbial detection. In recent years, extensive
efforts have been devoted to developing
photoluminescent SiNP-based diagnostic agents.
In this section, we focus on the recent advances in
the use of SiNPs for imaging bacterial cells, bac-
terial biofilms, and fungal cells.

2.2.1 SiNPs for Imaging Bacterial Cells

To efficiently treat bacterial infections, sensitive
and accurate identification of bacterial cell types
is highly desirable. Currently, fluorescent SiNPs
have been successfully adopted to identify bacte-
rial cell types [93, 97, 99, 100]. As shown in
Fig. 3a, blue-emitting quaternized SiNPs with
polarity-sensitive fluorescence were prepared by
our group for selective imaging of Gram-positive
bacterial cells [99]. We demonstrated that the
fluorescence  emission  property of  the
as-prepared quaternized SiNPs was influenced
by the polarity of the solvent used to disperse
these SiNPs, and the SiNPs generated the stron-
gest emission intensity when they were dispersed
in ethanol. The above results could explain the
significantly enhanced fluorescence emission of
the SiNPs when they accumulated inside the
hydrophobic bacterial cells. Especially, we
revealed that the quaternized SiNPs could realize
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sensitive and selective labeling of Gram-positive
bacteria (taking Staphylococcus aureus (S.
aureus) as a representative), which was possibly
due to the strong interactions between the
quaternized SiNPs and the cell walls/membranes
of Gram-positive bacteria. Specifically, the Gram-
positive bacteria with the negatively charged
teichoic acids and thick peptidoglycan layers
have a stronger affinity for the quaternary ammo-
nium compounds than the Gram-negative bacteria
with lipopolysaccharide-linked outer membranes.

In another work, Tang et al. prepared multi-
functional SiNPs that could be used for simulta-
neously imaging Gram-positive and Gram-
negative bacterial cells [101]. As indicated in
Fig. 3b, the SiNPs prepared via a photochemical
synthetic  method using APTMS and
1,8-naphthalimide as the precursor and the reduc-
ing agent, respectively, were functionalized with
glucose polymer (GP) and loaded with Ce6. The
obtained GP-Ce6-SiNPs with dual emission (the
red fluorescence from Ce6 molecules and the
green fluorescence from SiNPs) could be rapidly
internalized by Gram-positive and Gram-negative
bacterial cells via an adenosine triphosphate
(ATP)-binding cassette (ABC) transporter path-
way. By tracking the green fluorescence of SiNPs
and the red fluorescence of Ce6, diverse bacteria
could be labeled with high sensitivity.

On the other hand, the wide use of antibiotics
has led to the generation of multidrug-resistant
bacteria (MRB) with high levels of drug toler-
ance, resulting in the decreased efficacies of
antibacterial drugs and leading to a serious threat
to the worldwide health [102, 103]. Very recently,
our group successfully employed OSiNDs with
green fluorescence emission as an imaging
reagent for visualizing MRB [47]. We explained
the efficient uptake of OSiNDs by MRB via the
following three reasons: First, the OSiNDs had
ultrasmall size (<5 nm), so they could enter bac-
terial cells. In addition, the surface of the OSiNDs
contained epoxy groups, which might facilitate
the bacterial uptake of the OSiNDs. Besides, the
OSiNDs were negatively charged, which could
protect the NPs from being recognized by the
efflux proteins and intracellular enzymes of
MRB, thus preventing the OSiNDs from being
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pumped out of the bacterial cells and degraded.
This work reported the first successful example
that applied SiNPs for the imaging of MRB,
which may give an impetus to the development
of new nanomaterials for the circumvention of
bacterial multidrug resistance.

2.2.2 SiNPs for Imaging Fungal Cells

In addition to the threat of pathogenic bacterial
infections, public health is also imperiled by inva-
sive fungal infections. The threat to human health
is continuously expanded due to the emergence of
drug-resistant fungi, resulting in significant mor-
bidity and mortality in infected patients
[104]. The severe situation caused by drug-
resistant fungal infections highlights the urgent
need for new diagnostic and therapeutic agents.
Metal-free SiNPs may be promising candidates
for the theranostics of fungal infections. Unfortu-
nately, few reports have employed the ultrasmall
and photoluminescent SiNPs as fluorescent
probes for imaging living fungal cells, let alone
for tracking drug-resistant fungi. Up to date, only
our group has reported the use of green-
fluorescent SiNPs (termed OSiNDs) to label
dead fungal cells [93]. We found that very few
OSiNDs could be internalized by live bacterial/
fungal cells (taking E. coli and Yeast as
representatives, respectively), in sharp contrast
to the rapid penetration of the probes into the
dead bacterial/fungal cells with damaged
surfaces, leading to the bright fluorescence of
the dead bacterial/fungal cells (Fig. 3c).

2.2.3 SiNPs for Imaging Biofilms

Biofilm is a three-dimensional microbial commu-
nity where microbes reside in an extracellular
polymeric substance (EPS) matrix and are highly
protected by the EPS [105, 106]. Biofilms have
stubborn drug resistance and can cause persistent
bacterial infections, since most antibacterial
agents are not capable of penetrating into the
full depth of the biofilms, thus reducing their
therapeutic efficacies [107-109]. For a better
treatment of biofilm-associated infections, the
need for effective imaging tools should be
stressed. However, few reports have employed
SiNPs as fluorescent probes for imaging biofilms.
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Our group has synthesized bright epoxy group-
terminated OSiNDs with a size of ~3.7 nm, a
slightly negative zeta potential of —3.2 mV,
and a high PLQY of ~31% [47]. The ultrasmall
size of the OSiNDs endowed the NPs with the
ability to penetrate bacterial biofilms, because it
was reported that 10 nm is a critical size for
homogeneous biofilm staining [110]. The nega-
tive zeta potential of OSiNDs prevented the
probes from being detained by the EPS matrix
of the bacterial biofilms. We have also confirmed
that the green-fluorescent OSiNDs could rapidly
and deeply penetrate various types of bacterial
biofilms including the biofilms formed by Gram-
positive S. aureus, Gram-negative E. coli, and
MRSA (Fig. 3d), achieving the universal and
favorable imaging of biofilms for the first time.
Through the reaction between the amine group
and the epoxy group, the amine-containing anti-
biotic vancomycin (Van) was conjugated to the
epoxy group-terminated OSiNDs. The resultant
OSiNDs-Van could successfully inhibit the
growth of MRSA and even eliminate the biofilms
formed by MRSA. This work illustrates the pos-
sibility of using metal-free SiNPs for the
theranostics of biofilm-caused infections.

23 SiNPs for Plant Cell Imaging
Currently, nanotechnology plays a critical role in
the development of agriculture considering that
more and more functional nanoparticles have
found applications in plants [111]. Especially,
photoluminescent nanoparticles with favorable
optical properties, low cytotoxicity, surface mod-
ifiability, as well as physiological stability can be
ideal materials for the plant research, such as
plant cell imaging. The high-quality plant cell
imaging may help to reveal the detailed structure
of plant cells, illustrate the signal transduction
process in plant cells, and investigate the nutrition
transport process within plant cells. Fluorescent
SiNPs with ultrasmall sizes (<5 nm) could be
excellent probes for plant cell imaging, due to
the small pore sizes (3.2-5.2 nm) of plant cells
[111, 112]. However, only a few studies on plant
cell imaging have been reported.
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In 2019, Li et al. proposed a biomimetic
approach for the facile synthesis of red-emissive
SiNPs using unicellular algae of diatoms as a
reaction precursor [113]. The resultant ultrasmall
SiNPs with an average size of 2.0 nm had the
ability to enter plant cells via the pathway of free
diffusion (Fig. 4a). Additionally, the SiNPs pos-
sessed a high quantum yield of ~15% and a nar-
row FWHM of ~35 nm. As shown in Fig. 4b, the
confocal images of the cucumber seedling root,
the stem longitudinal section, and the leaf trans-
verse section indicated that the SiNPs could be
internalized by cucumber seedlings and transmit-
ted from the root to the leaf section, showing the
phytophysiology effect of the SiNPs on the
growth of cucumber seedlings.

3 SiNPs for In Vivo Cellular
Imaging

In vivo imaging is crucial for revealing target
morphology/distribution and improving the ther-
apeutic efficiencies of site-specific operations. As
biocompatible and photoluminescence-tunable
nanomaterials, SiNPs have high clinical potential
for use as diagnostic probes with well-defined
morphology, favorable photoluminescence, and
modifiable surfaces yielding desirable properties
and functions [114]. Recent progress in the devel-
opment of fluorescent SiNP-based multimodal
imaging nanoprobes has advanced their
applications in imaging-guided drug delivery
and theranostics of malignant tumors or
infections [115, 116]. The aim of this section is
to describe the recent advances in the develop-
ment of in vivo imaging technologies based on
SiNPs.

Briefly, various in vivo models have been
adopted for testing the feasibility of using SiNPs
for in vivo imaging applications, such as zebrafish
including embryos and adults, Caenorhabditis
elegans (C. elegans), and mice [19, 76, 114,
116-120]. First, for the application of fluorescent
SiNPs in live/dead discrimination of zebrafish,
green-fluorescent OSiNDs which could only
light up dead zebrafish with strong green fluores-
cence were used by our group to differentiate
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between live and dead zebrafish (including
embryos and adults) [93]. Furthermore, due to
their high sensitivity to cell viability, the OSiNDs
could be applied to monitor the real-time change
of the cellular viability in zebrafish upon the
treatment of the commonly used anticancer drug
doxorubicin, showing the great potential of the
OSiNDs in evaluating the drug toxicity/efficacy
in vivo. Regarding the use of SiNPs for imaging
living zebrafish embryos, Ye et al. synthesized
amino group-terminated SiNPs (~4.2 nm) with
excellent water dispersibility via a one-pot micro-
wave-assisted method [120]. The SiNPs featured
bright blue-green fluorescence with a high PLQY
of 47% and a long lifetime of 12.8 ns. As shown
in Fig. 5a, evident green fluorescence signals of
the as-prepared SiNPs successfully appeared in
the zebrafish embryos. Additionally, the authors
demonstrated that the internalized SiNPs did not
affect the natural development of the zebrafish
embryos to the zebrafish larvae, proving the
good in vivo safety of the SiNPs.

On the other hand, Srivastava et al. observed
the phototoxicity of SiNPs in vivo using zebrafish
as an animal model [117]. The used SiNPs
(~5 nm) had a long photoluminescence lifetime
of ~13.56 ps and could function as photosen-
sitizers that could transfer the absorbed energy
from optical light to oxygen molecules in prox-
imity, generating the cytotoxic singlet oxygen.
Zebrafish were microinjected with the SiNPs at
the dorsal trunk regions, and then irradiated by
the blue light or kept in the dark. Figure 5b
revealed that the SiNP-treated zebrafish with
light irradiation showed remarkable green fluores-
cence signals near the microinjection sites, while
the one without light treatment showed no fluo-
rescence signals. The subsequent acridine orange
(a dye for the detection of cell apoptosis) staining
results revealed the presence of cell apoptosis
near the microinjection site of the zebrafish,
whereas no apoptosis was found for the SiNP-
treated zebrafish without light irradiation,
confirming the phototoxic effect of the used
SiNPs under light irradiation.

In another example, Wu et al. produced two
kinds of SiNPs with separate blue and red fluo-
rescence using a biomimetic preparation
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approach [19]. The resultant SiNPs had PLQYs
of 15-20%, narrow FWHM values of ~30 nm,
and nontoxicity. By simultaneously employing
the blue- and red-fluorescent SiNPs, dual-color
fluorescence imaging in vivo was realized by
selecting C. elegans as an animal model. The
blue- and red-emitting SiNPs were microinjected
to the digestive (intestine) and reproductive
(gonad) systems of C. elegans, respectively. As
displayed in Fig. 5c, the blue and red fluorescence
signals of the blue-emitting SiNPs and the
red-emitting SiNPs were detected in the gut
lumen/intestinal cells and gonad of C. elegans,
respectively, proving the feasibility of using
SiNPs for dual-color imaging in vivo.

Regarding the mouse model, Erogbogbo et al.
prepared near-infrared (NIR)-emitting SiNPs
using a method of laser pyrolysis followed with
acid etching [121]. Then the synthesized SiNPs
were encapsulated by the PEGylated micelles
with various surface terminations including the
amine, folate, methoxy, and carboxyl groups.
Through the amine—carboxyl reaction, the RGD
peptide was linked to the surface of the carboxyl
group-terminated micelle encapsulating SiNPs.
The obtained micelle-encapsulated SiNPs were
successfully applied in multiple cancer-related
imaging in vivo, including tumor vasculature
imaging, sentinel lymph node tracking, and mul-
tiplex NIR imaging in living mice (Fig. 5d). Nota-
bly, the micelle-encapsulated SiNPs had long
tumor accumulation time (>40 h) in vivo,
exhibiting the stable photoluminescence and
strong tumor-targeting ability of the micelle-
functionalized SiNPs.

Besides, for achieving multimodal imaging
in vivo, a new macrocyclic ligand—**Cu** com-
plex was synthesized by Tu et al. and used to label
dextran-coated SiNPs which had an average
hydrodynamic diameter of 15.1 £+ 7.6 nm
[115]. By employing the in vivo positron emis-
sion tomography (PET) imaging technology, the
authors revealed the in vivo biodistribution of the
SiNP-based complex, in which the urinary blad-
der and the liver were the main sites for drug
accumulation after 5 min and 1 h post tail-vein
injection. At 4 h and 24 h post injection, the
complex mainly accumulated in the liver
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Fig. 4 (a) Schematic
illustration of the uptake a
and transport of SiNPs
(obtained using unicellular
algae of diatoms as a

reaction precursor) by

cucumber seedlings. (b) s
. . L I L 3

Confocal microscopic sPeee o .

images of the cucumber SLLe

seedling root, the stem
longitudinal section, and

the leaf transverse section b
after 10 days of cultivation

in the presence of SiNP
suspension (0.3 mg/mL).
Reprinted with permission

from Ref. [113]. Copyright

© 2015 Royal Society of
Chemistry

Root

Stem

Leaf

(Fig. 5e). The real-time biodistribution results of
the SiNP-based agents may provide useful infor-
mation for designing new  SiNP-based
nanomaterials for in vivo theranostics.

4 Conclusion and Future
Perspective

Over the past decades, SiNPs have achieved
remarkable progress in the improvement of their
physicochemical properties (e.g., core composi-
tion, size, surface chemistry, and photolumi-
nescence) and cell imaging applications both
in vitro and in vivo. Especially, the cell imaging
applications of SiNPs have been significantly
expanded from mammalian cell lines to microbial
cells, and even to plant cells. Furthermore,

405 nm excitation
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satisfactory results about the utilization of SiNPs
as probes for in vivo imaging have been obtained
using various animal models.

Despite the great progress achieved up till
now, many efforts are still required in the future:
(1) Developing a gentle synthetic method to
achieve the efficient, low-cost, and large-scale
preparation of fluorescent SiNPs is of great
importance, since many adopted methods of pre-
paring silicon nanomaterials require harsh prepa-
ration conditions, such as high temperature,
oxygen-free atmosphere, vacuum, electric field,
or ion sputtering. (2) Simple methods for the
preparation of water-dispersible SiNPs with
bright red/NIR photoluminescence still remain
highly desirable, as most reported SiNPs are
blue- or green-fluorescent and their cell imaging
applications are largely limited by the



90
a NH,
H,N NH,
H,N - Si - NH,
H,N NH,
NH,
(SiNPs) Zebrafish embryos

Catheter

Fig. 5 (a) Schematic illustration of SiNPs and their imag-
ing application in zebrafish embryos. Reprinted with per-
mission from Ref. [120]. Copyright © 2016 American
Chemical Society. (b) Fluorescence and bright field micro-
scopic images of zebrafish microinjected with the SiNP
suspension at the dorsal trunk regions, followed by illumi-
nation under 450 nm blue light-emitting diode light or
keeping in the dark for 6 h. The white triangles in the
bright field panels indicate the microinjection sites.
Reprinted with permission from Ref. [117]. Copyright
© 2019 American Chemical Society. (¢) Representative
confocal microscopic images of the as-prepared SiNPs in
C. elegans by microinjection. The gonad and gut lumen
are stained by red- and blue-emitting SiNPs, respectively
(top). The two bottom panels are the enlarged images

autofluorescence of cells and the low tissue pene-
tration depths of their fluorescence. (3) The SiNP-
based probes with superior optical properties for
targeting specific subcellular structures (such as
plasma membranes/cell walls, centrosomes,
endoplasmic reticulum, mitochondria,
peroxisomes, and cell nuclei) are still lacking
and need to be developed for the better
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Zoom In
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+ Light
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+ Dark
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corresponding to the boxed areas in the top panel. The
scale bar in the top panel is 20 pm and the ones in the
bottom panels are 15 pm. Reprinted with permission from
Ref. [19]. Copyright © 2015 American Chemical Society.

(d) Schematic illustrating the structure of the
functionalized SiNPs used for in vivo targeted cancer
imaging, sentinel lymph node mapping, and multiplex
NIR imaging. Reprinted with permission from Ref.
[121]. Copyright © 2011 American Chemical Society.
(e) Schematic illustrating the synthesis of **Cu-DO3A-
conjugated dextran Siy, NPs and their application in
PET imaging in vivo. Reprinted with permission from
Ref. [115]. Copyright © 2011 American Chemical
Society

monitoring of the states and changes of these
subcellular components and even the whole
cells. In addition, the subcellular structure-
targeting mechanisms of these SiNPs are largely
unknown and require to be elucidated, which will
enable the rational design of desired SiNPs with
satisfactory targeting capabilities. (4) The SiNP-
based nanomaterials that can realize the accurate
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discrimination of cell types also need to be devel-
oped. (5) Fluorescent SiNPs capable of imaging
fungal cells are still lacking. (6) The research on
the use of fluorescent SiNPs in plant cell imaging
is still in its infancy. For example, more SiNP-
based fluorescent probes that can light up the cell
wall, cell membrane, and specific organelles of

the

plant cells, or the plant issues, need to be

prepared. In addition, efforts should be made in

using SiNPs

to visualize and detect the

biomolecules and ions in plant cells. We believe
that the development of these functional SiNPs
will significantly expand the applications of
SiNPs in the related fields.
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1 Introduction

Fluorescent metal nanoclusters (MNCs), usually
consisting of several to approximately a hundred
metal atoms [1], have attracted extensive atten-
tion over the past few decades. MNCs have size
down to less than 2 nm, which is comparable to
the Fermi wavelength of electrons [2], resulting in
the break up of the continuous density of states of

the particles into discrete energy levels
[1, 3]. MNCs exhibit distinct optical, electronic,
and chemical properties, including strong

photoluminescence, excellent photostability, and
good biocompatibility. These unique properties
make MNCs ideal probes for many applications
in biological imaging and diagnosis.

Especially, near-infrared (NIR) fluorescent
MNCs are promising probes for bioimaging,
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because biological tissues show very weak
absorption and autofluorescence in the NIR spec-
trum window (650-900 nm wavelengths)
[4, 5]. Also, NIR light can pass across several
centimeters of heterogeneous living tissues
[6]. Particularly, NIR-emitting MNC probes can
alleviate several limitations of conventional NIR
organic dyes and other nanoprobes like semicon-
ductor quantum dots (QDs). Organic dyes show
many drawbacks such as poor hydrophilicity and
photostability, insufficient stability in biological
systems, and weak multiplexing capability
[7]. Most reported QDs display high inherent
cytotoxicity and self-aggregation inside live
cells, which limit their practical
bio-applications [8].

Fluorescence lifetime imaging (FLIM) and
two-photon imaging have been widely adopted
in tissue and cell studies, and now have become
powerful tools in early diseases diagnosis as well
as guiding the disease treatment [9, 10]. Fluores-
cent MNCs possess much longer lifetime than
that of cellular autofluorescence and most organic
dyes, making them attractive markers for cellular
FLIM applications, which is independent of
fluorophore concentration and laser excitation
intensity [11]. Although one-photon fluorescence
imaging techniques are featured with good spatial
resolution and high sensitivity, they hardly obtain
anatomical or three-dimensional details of tumor
tissues in vivo [12]. Compared to one-photon
imaging, two-photon imaging is a powerful tech-
nique for enhanced tissue penetration depth
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(>500 pm), low tissue autofluorescence, and self-
absorption, as well as reduced photodamage
[10, 13, 14]. With relatively good biocompatibil-
ity and large two-photon absorption (TPA) cross
section, MNC:s are also considered as ideal probes
for two-photon imaging in biological system.

Besides fluorescence (FL) imaging, several
other imaging techniques have also been used in
the early-stage diagnosis of cancer, such as mag-
netic resonance imaging (MRI), X-ray computed
tomography (CT), photoacoustic imaging (PAI),
positron emission tomography (PET) imaging,
and single-photon emission computed tomogra-
phy (SPECT) [15, 16]. Each imaging modality
has its own unique advantages along with intrin-
sic limitations [17]. For example, CT imaging can
easily differentiate various tissue densities, and
allow three-dimensional visual reconstructions
of tissue, which suffers from poor sensitivity in
soft tissues with limited density differences
[18, 19]. MR imaging is able to provide high-
quality 3D information of soft tissues and
possesses high spatial resolution, but has the dis-
advantage of relatively low sensitivity [20-23]. In
contrary, FL. imaging has high sensitivity and
resolution for imaging at the cellular level, but it
cannot provide spatial resolution and 3D tissue
detail [24]. Therefore, the rational combination of
different modalities, known as “multimodal imag-
ing,” is a powerful method that can provide more
reliable and accurate detection of disease sites
[15, 25].

In this chapter, we mainly focus on the latest
progress in fluorescent MNCs probes for
biological imaging. Specifically, we summarize
recent advances in the synthesis and applications
of fluorescent MNCs (including Au, Ag, Cu, and
alloy NCs) as novel bioimaging probes, including
single-modal imaging (fluorescence intensity-
based imaging, FLIM, two-photon imaging,
PET imaging) probes and the combination of FL
imaging with several other imaging techniques to
form multimodal imaging (such as FL/CT/MRI,
FL/PAI/MRI, FL/SPECT, etc.) probes. In the
final section, we will give a brief outlook on the
challenges and opportunities for fluorescent
MNCs in bioimaging applications.

J. Xu and L. Shang

2 Synthesis of Fluorescent MNCs

Up to now, many different methods have been
developed to synthesize MNCs with the
photoluminescence (PL) property. Generally,
these approaches can be classified into two
groups, “bottom-up” and “top—down” [26]. In
both strategies, surface ligands or templates play
an important role in defining their final properties.
Therefore, in the following, we will overview
each synthetic strategy based on the type of
templates or capping ligands (representative
examples summarized in Table 1).

2.1 Thiols

Owing to the strong interaction between thiols
and Au/Ag, small thiolate molecules are the
most commonly adopted stabilizers in MNC syn-
thesis [27]. Among them, glutathione (GSH) is
the most commonly adopted one, and
GSH-stabilized AuNCs with a maximum emis-
sion at 780 nm could be obtained via NaBH,
reduction. These AuNCs display strong one- and
two-photon emissions, good photostability and
biocompatibility [28]. By employing GSH as
reducing and protecting reagent simultaneously,
Zheng and coworkers [29] successfully
synthesized NIR-emitting GSH-AuNCs with a
core size 2.5 nm at 90 °C. Besides, water-soluble
GSH-capped AuNCs were also obtained by using
tetrabutylammonium borohydride (TBAB) as a
mild reductant, and the yielded GSH-AuNCs
showed excellent PL properties and low cytotox-
icity [30]. Wu et al. [31] developed a one-pot
one-cluster synthesis method to prepare mono-
sized Ag;4NCs capped with GSH. They found
that the fluorescence quantum yield (QY) of
Ag14(8G);; NCs is strongly solvent-dependent,
and the fluorescence intensity increases upon
decreasing the solvent polarity or dielectric con-
stant [32, 33]. Recently, a rapid sonochemical
route to synthesize fluorescent AgNCs using
hydrazine hydrate as reducing agent and GSH as
capping agent was developed [34]. The
as-prepared AgNCs show high photo-, time-,
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Table 1 Summary of representative literatures on the synthesis of fluorescent MNCs

Metal Capping agent Aem (NM) QY Size (HD) Ref.
Au GSH 780 - 1.1 nmx [28]
Au GSH 810 ~0.5% 3.3 nm (2.5 nmx) [29]
Au GSH 650 1.6% 3.1 nm (1.9 nmx) [30]
Au GSH 685 1.3% - [49]
Ag GSH 670 - ~1.1 nmx [37]
Ag GSH 720 2.8% <2 nmx [50]
Ag GSH 645 8.2% ~2 nmx [34]
Ag GSH 640 - ~1 nmx [31]
Cu GSH 430 ~6% ~2.2 nmx [88]
Cu GSH 610 5.0% 2.3 nmx [35]
Cu GSH 610 4.5% 2.4 nmx [38]
Cu GSH 585 2.1% 2.2 nmx [89]
Ag,S GSH 679/727 0.3%, 0.1% 3.0 nmx, 3.7 nmx [40]
Ag,S 3-MPA 795 14% 7.5 nm (2.5 nmsx) [41]
AuCe GSH 570 - 1.2-2.2 nmx [90]
AuAg GSH 716 3.4% 1.8 nms [42]
AuAg LA 630 6.4% 3.6 nm (1.9 nmx) [91]
AuAg PEI-LA 680 14.56% - [92]
ZnAg L-cysteine, chicken egg white protein 657 13.3% 1.8 nmx [93]
Au DHLA 684 ~0.6% 3.2 nm [11]
Au DHLA 715 2.9% 3.3 nm (1.6 nmx) [44]
Au DHLA 720 10% 1.4 nmx [45]
Au DHLA 650 1-3% <5 nm [51]
Au DHLA 650 ~7% 2 nmx [52]
Ag DHLA 630 2.4% 2.1 nm (1.3 nmsx) [94]
Cu DHLA 650 7.2% 1.9 nmx [46]
Cu TA 430 14% 2.2 nmx [95]
Au 11-MUA 530 3.1% 1.33 nmsx [96]
Au 11-MUA, histidine 600 13.06% - [97]
Au DPA 610 1.3% 2.14 nm (1.8 nmx) [98]
Au MSA/tiopronin 785 3.4%, 3.8% ~1.5 nmx [47]
Ag TSA 612 25% 2-5 nmx [48]
Ag MT 632 - 1.9 nmx [99]
Ag Sodium cholate 406, 430 20.1% <1 nmx [100]
Pt MAA 470 18% - [84]
Au BSA 710 - ~2.7 nm [101]
Au BSA 665 - 3.74 nm [102]
Au BSA 670 ~6% <3 nmx [103]
Au BSA ~674 ~6% ~1 nmx [104]
Au BSA 660 ~4% 1 nmx [65]
Cd BSA 475 2.86% 7.5 nm (~1 nmx) [105]
Mg BSA 465 17% 12 nm (~8.5 nmx) [106]
Ag HSA, BSA 620, 510 13%, 10% 2.6 nm, 2 nm [107]
Ag dLys 640 — - [64]
Au Human transferrin 710 ~71.7% 2.6 nmx* [57]
Au Apoferritin 665 8.2% 1.2 nmx [58]
Au Human transferrin 695 ~4.3% <2 nmsx [59]
Cu Peptide 418 - 2.97 nmx [108]
Cu Lysozyme 450 18% 2.3 nmx [109]

(continued)
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Table 1 (continued)

Metal Capping agent Aem (NM) QY Size (HD) Ref.
Cu Transferrin 670 6.2% 2.99 nmx* [63]
Au Trypsin 690 6.5% 2.7 nmx [60]
Au Human insulin 680 ~10% 5.36 nm [61]
AuAg Chicken egg white protein 600 5.4% 4.4 nmsx [110]
Au Bovine pancreatic ribonuclease A 682 ~12% 6.2 nm [62]
Au Peptide CCYTAT 677 11% 1.5 nmx [68]
Au Tripeptide 680 12.4% 1.6 nmx [111]
Ag ssDNA 705 34% ~2.5 nmx [71]
Ag ssDNA 700 52% 3 nm [72]
Ag DNA 550 17.4% ~3 nmx [79]
Ag DNA 550 - ~3 nmx [80]
Ag DNA (AS1411) 635 40.1% 1.5 nmx [112]
Ag C, ssDNA ~700 17% - [76]
Ag Cy4 ssSDNA 715 14% - [77]
Ag G-quadruplex (AS1411) 680 6.79% <2 nmx [78]
Cu DNA 584 - - [113]
Au PTMP-PMAA ~660 4.8% <31nm [81]
Au PEG 810 - 5.5 nm (2.3 nmx) [82]
Au PAMAM 458 25% <2 nmx [86]
Au PEI-LA 696 3.13% - [114]
Pt PEI 560 6.8% 2 nm (1.4 nmx) [85]
Ag SH-PEI 690 3% 12 nm (2.3 nmx) [83]
Cu PVP 518 44.67% 2.28 nmx [115]

* core size, HD hydrodynamic diameter, GSH glutathione, 3-MPA 3-mercaptopropionic acid, LA lipoic acid, PEI
polyethyleneimine, DHLA dihydrolipoic acid, TA tannic acid, //-MUA 11-mercaptoundecanoic acid, DPA
D-penicillamine, MSA 2-mercaptosuccinic acid, tiopronin N-(2-mercapto-propionyl) glycine, TSA thiosalicylic acid,
MT metallothionein, MAA mercaptoacetic acid, BSA bovine serum albumin, #SA human serum albumin, dLys denatured
lysozyme, CCYTAT H,N-CCYRGRKKRRQRRR-COOH, PTMP pentaerythritol tetrakis 3-mercaptopropionate, PMAA

poly(methacrylic acid), PEG poly(ethylene glycol), PAMAM poly(amidoamine), SH-PEI thiol-polyethyleneimine, PVP

poly(vinylpyrrolidone)

pH-, and ions-stability in aqueous solution,
and have been exploited as probes for monitoring
Pb>* in living cells. In another work, Song and
coworkers [35] reported a one-step synthetic
method to prepare GSH templated CuNCs. The
resultant CuNCs contain 1-3 atoms and exhibit
red fluorescence (Ao, = 610 nm) with high QY,
up to 5.0%. Interestingly, the fluorescence signal
of the CuNCs is reversibly responsive to the
environmental temperature in the range of
15-80 °C.

Wang and coworkers [36] proposed a different
strategy to in situ biosynthesize fluorescent
AuNCs inside cancer cells and tumor tissues.
They found that HAuCl, can undergo a more
rapid and efficient spontaneous reduction into
AuNCs inside cancerous cells than in normal

ones, enabling self-bio-imaging of cancer cells
and tumors by long-lasting fluorescent markers.
Subsequently, they reported the intracellular bio-
synthesis of AgNCs by cancerous cells incubated
with silver ions [37]. AgNCs were spontaneously
biosynthesized in situ by HeLa cancer cells
treated with a specific silver salt derivative [Ag
(GSH)]" and exogenous GSH. Recently, the same
group [38] explored the preparation of an intra-
cellular temperature nanoprobe specifically by in
situ biosynthesized fluorescent CuNCs in target
cancer cells upon incubation with a special cop-
per precursor (i.e., the complex solution of GSH
and copper(Il)). These fluorescent CuNCs could
be Dbiosynthesized spontaneously in MDA
-MB-231 cancer cells through a particular molec-
ular process, but not in normal cells (i.e., LO2
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cells). In a recent study, they demonstrated that
fluorescent ZnO nanoclusters and magnetic
Fe;0O4 nanoclusters can also be synthesized in
cancer cells [39].

Using GSH as a scaffold and sulfur—hydrazine
hydrate complex (S-N,H4-H,O) as the S
source, Wang et al. [40] developed a one-step
approach to prepare water-soluble fluorescent
Ag,S NCs with tunable PL properties. By
adjusting the amount of GSH and the ratio of
Ag" to S-N,H4-H,0, Ag,S NCs with different
PL wavelengths and sizes were obtained. Subse-
quently, Xian group [41] successfully synthesized
NIR-emitting fluorescence Ag,S QDs in aqueous
solution using  3-mercaptopropionic  acid
(3-MPA) as sulfur source and stabilizer. Interest-
ingly, the fluorescence intensity of Ag,S QDs was
obviously enhanced upon the addition of various
rare earth ions, especially in the presence of Gd**.
They speculated that the electrostatic interaction
and coordination between rare earth ions and
-COOH from MPA on Ag,S QDs results in QDs
aggregation and displays the feature of
aggregation-induced emission (AIE).

Wang and coworkers [42] used a galvanic
replacement reaction to prepare AgAu alloy
NCs. In the first step, the template (i.e., AgNCs)
was prepared by using GSH as the stabilizing
agent and N,H4-2H,0 as the reducing agent.
Then, when the AuCl,” ion and GSH were
added to the aqueous solution of AgNCs, the
galvanic replacement reaction occurred due to
higher standard reduction potential of AuCly/
Au pair (0.99 V vs SHE) than that of Ag*/Ag
pair (0.80 V vs SHE) [43]. The as-prepared AgAu
alloy NCs displayed NIR fluorescence centered at
716 nm and showed tunable luminescence from
visible red (614 nm) to NIR (716 nm) by
controlling the Ag/Au ratios.

In addition to GSH, bidentate dihydrolipoic
acid (DHLA) is another attractive ligand for
MNCs synthesis due to its strong binding affinity
to metal atoms. Shang et al. [11] synthesized
NIR-emitting DHLA-AuNCs with a one-pot
strategy by simply reducing a mixture of lipoic
acid (LA) and gold salt with NaBH, in aqueous
solution. The obtained AuNCs possess NIR emis-
sion and long fluorescence lifetime (>100 ns),
making them attractive as markers for cellular
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FLIM applications. Afterwards, the same group
developed a microwave-assisted strategy for
synthesizing DHLA-AuNCs [44]. Particularly,
irradiation with microwaves during the synthesis
enhanced the fluorescence QY of AuNCs by
about fivefold from ~0.6% to 2.9%, and it also
shortened the reaction time from hours to several
minutes. Moreover, by using microwave irradia-
tion, the emission peak red shifts from 690 nm to
715 nm upon excitation at 580 nm. Later, via a
slightly modified strategy, Nair et al. [45]
reported the synthesis of NIR-emitting
(Au);g(LA);4 NCs with a higher QY, 10%.
Besides AuNCs, Ghosh and coworkers [46]
reported the synthesis of brightly red fluorescent
DHLA-CuNCs, in combination with biocompat-
ible polymer poly(vinylpyrrolidone) (PVP) as
stabilizers. The fluorescence of CuNCs was
found to be pH sensitive, and the emission could
be tuned reversibly according to the pH.

Besides GSH and DHLA, other thiols such as
tiopronin and mercaptosuccinic acid (MSA) have
also been used as stabilizers, which yielded
AuNCs centered at 785 nm with QYs in the
range of 3—4% [47]. Recently, Zhou et al. [48]
synthesized hydrophobicity-guided self-assem-
bled particles of AgNCs with AIE (Fig. 1). They
adopted a hydrophobic ligand, thiosalicylic acid,
as capping agent to prepare AgNCs which
showed significant AIE behavior. This AIE prop-
erty of AgNCs enables them to sensitively
respond to multiple external stimuli such as sol-
vent polarity, pH, and environmental tempera-
ture. The hydrophobic nature of thiosalicylic
acid as the capping ligand of AgNCs drives the
formation of self-assembled particles of AgNCs
with bright luminescence.

In addition to the above-mentioned strategy by
direct reduction of metal ions in the presence of
thiols, fluorescent MNCs can also be prepared by
etching large metal nanoparticles with thiols.
Auy3(SG)15 NCs (SG denotes GSH) were obtained
via the interfacial etching process using Au,5sSGg
NCs as the precursor. For interfacial etching, an
interface was created by making an immiscible
biphasic mixture of toluene containing octanethiol
(OT) and an aqueous solution of Au,sSGg. A
highly fluorescent, water-soluble Au,3(SG); g clus-
ter was obtained by etching at 25 °C
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Fig. 1 Schematic of the fabrication of self-assembled particles of AgNCs with AIE and their use in quantifying mercuric
ion and imaging cells. Reprinted with permission from Ref. [48]

[49]. Red-emitting AgNCs were produced by an
interfacial etching route using GSH as a ligand
etchant from MSA-protected AgNPs. These
AgNCs show high photostability over time and a
high stability for a wide pH range [50]. Lin and
coworkers [51] developed a strategy to synthesize
DHLA-AuNCs based on precursor-induced
AuNPs etching in organic phase and ligand
exchange with DHLA to transfer the particles
into aqueous solution. Subsequently, the same
group adopted a further 24 h thermal treatment at
70 °C to markedly increase the QY of AuNCs to
nearly 7% [52].

2.2 Proteins, Peptides, and DNA

Oligonucleotides

Biomacromolecules such as proteins and peptides
have also been extensively utilized as templates
for synthesizing fluorescent MNCs. Particularly,
proteins possess abundant binding sites that can
potentially bind and further reduce metal ions,
thus offering promising scaffolds for template-

driven formation of small MNCs [53, 54]. Nota-
bly, bovine serum albumin (BSA) was first
reported by Xie et al. as an excellent scaffold for
AuNC:s due to the strong force of Au—S bonding
and the steric protection (Fig. 2), where
NIR-emitting AuNCs with maximum emission
wavelength at about 640 nm can be obtained
[55]. Recently, Yu et al. [56] reported a kind of
novel hybrid membrane made with AuNC-
embedded BSA (AuNCs@BSA) fibrils and
activated graphene oxide (GO), which was used
to remove heavy metal ions, Hg2+, from water.
Later, researchers also tried many other proteins,
such as transferrin-family proteins [57-59], tryp-
sin [60], insulin [61], and ribonuclease A [62], as
potential bioscaffolds for synthesizing MNCs.
For example, transferrin (Tf)-templated CuNCs
have been synthesized at room temperature via a
biomineralization process, where ascorbic acid
was used as the reductant. The as-prepared
Tf-CuNCs exhibited intense NIR fluorescence
with a QY about 6.2% [63]. Using denatured
lysozyme (dLys) as the capping agent, a
ratiometric fluorescent AgNCs probe was
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Fig. 2 Schematic of the formation of AuNCs in BSA solution under alkaline conditions. Reprinted with permission
from Ref. [55]

developed [64]. This probe could be utilized for
ratiometric detection of H,0, and further
exploited to H,O,—generated oxidase-based
biosensing, such as glucose and acetylcholine
chloride. Also, dual channel fluorescence confo-
cal images of *OH in living cells was realized
using the dLys-AgNCs probe. Besides their
well-known roles as capping agents, proteins
such as BSA can also function as etching agents
for synthesizing fluorescent AuNCs in a few
cases. For example, Pradeep et al. [65] employed
a core etching method to synthesize BSA-AuNCs
from MSA-capped AuNPs.

In addition to proteins, the integration of
MNCs with peptides can also combine the dis-
tinct optical properties of MNCs with the
biological functions of peptides [66, 67]. For
example, Gao group [68] developed a one-step
biomineralization method to produce AuNCs by
using a bifunctional CCYTAT peptide, which
contains one domain for biomineralizing and cap-
turing AuNCs and another domain for targeting
cell nuclei. The as-prepared AuNCs showed a
maximum emission at 677 nm and possessed a
high fluorescence QY of about 11%. Recently, by
combining biomineralization and supramolecular
self-assembly ~ of  motif-designed  peptide
constructs, researchers reported that the emission

of peptide~AuNCs can be enhanced by nearly
70-fold, which largely increases their utility for
biological applications [69].

DNA have been employed in the design and
fabrication of various DNA-templated metal
nanostructures owing to their distinct interactions
with metal cations [70]. In 2008, Dickson group
[71] first reported the use of ssSDNA to synthesize
AgNCs with fluorescence tunable throughout the
visible and NIR range. Notably, these AgNCs
possessed a high QY up to 34%. Sharma et al.
[72] also reported four different DNA sequences
as AgNC templates with emission at different
wavelengths. The resulting NIR-emitting
AgNCs had QY greater than 50% and were very
promising as biolabels. It has been shown in
earlier reports that Ag™ has a higher binding affin-
ity to cytosine bases than other bases [73—
75]. Therefore, Dickson and coworkers [76, 77]
reported NIR-emitting AgNCs creating in single-
stranded oligo-DNA consisting of 12 or 24 cyto-
sine bases. By using more advanced DNA
structures, such as G-quadruplex, as the template,
Wang group [78] reported the synthesis of fluo-
rescent AgNCs made of 2—4 Ag atoms centered at
680 nm. Furthermore, intrinsically fluorescent
AgNCs—aptamer assemblies for cell recognition
were developed by Wang and coworkers
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[79]. They employed a cancer-targeted DNA
aptamer sequence (A-strand) and cytosine-rich
sequence for templated synthesis of fluorescent
AgNCs (C-strand). A fluorescent sgc8c—AgNCs
assembly with relatively high luminescence has
been achieved and exhibited specific binding to
target CCRF-CEM cells by using a six-base ade-
nine linker. Subsequently, adopting a similar
method, the same group [80] reported a label-
free and turn-on aptamer strategy for cancer cell
detection based on the recognition-induced con-
formation  alteration of  aptamer and
hybridization-induced fluorescence enhancement
effect of DNA—-AgNCs in proximity of guanine-
rich DNA sequences (Fig. 3). In this strategy, two
tailored DNA probes were designed, namely, a
recognition probe (R-Probe) and a signal probe
(S-Probe). In the presence of target cancer cells,
recognizing and binding of the aptamer to the
protein receptors on the cancer cells surface
enforces the R-Probe to undergo a conformational
alteration, causing the arm segment dissociation.
The hybridization between the arm segment in the
R-Probe and the link sequence in the S-Probe
could then be initiated. Finally, the S-Probe-
templated dark AgNCs are brought close to the
guanine-rich DNA sequences and changed to
bright AgNCs, leading to enhanced fluorescence
readout.

23 Polymers

There are also efforts on using polymer as
stabilizers for preparing fluorescent MNCs based
on their capability of sequestering metal ions
from solutions. Moreover, the terminal groups
on the polymer periphery are very useful for the
further bioconjugation of MNCs. For instance,
Huang and coworkers [81]  prepared
NIR-emitting AuNCs by using multidentate poly-
mer, thioether-terminated poly(methacrylic acid)
(PTMP-PMAA), as ligands. In another report,
fluorescent poly(ethylene glycol) (PEG)-AuNPs
with an emission peak at 810 nm were created by
thermally reducing HAuCl, in the presence of
thiolated PEG ligands with a molecular weight
(MW) of 1 kDa in aqueous solution
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[82]. Similarly, Wang et al. [83] reported a
one-pot fabrication of thiol-terminated polyethy-
leneimine (SH-PEI) stabilized NIR-emitting
AgNCs. SH-PEI not only acts as an excellent
stabilizer for AgNCs but also facilitates post-
surface modification with functional
biomolecules. Inouye and coworkers [84]
synthesized Pts(MAA)gs NCs with an 18% QY
in water. Upon bioconjugating an antibody, they
successfully labeled chemokine receptors in liv-
ing HeLa cells. Afterwards, the same group
investigated the formation of yellow fluorescent
PEI-protected PtNCs (PtNCs@PEI) [85]. They
found that PtINCs were produced in the cavities
formed by coiled PEI ligands and were mostly
stabilized with the amino groups (-NH,). The size
and fluorescence properties of PINCs@PEI are
strongly related to the cavities formed by the
coiled PEI ligands. As shown in Fig. 4, under
alkaline pH conditions, PEI have the ability to
coil around the surface of PtNCs to form the
cavities. As for the neutral condition (all primary
amines protonated), the hydrodynamic size of
PtNCs is a little larger than ones produced under
basic condition, resulting in the slight shift to
longer emission wavelength. At acidic pH (most
amines protonated), both PEI and PEI-capped
NCs possess considerable positive charges, lead-
ing to an expansion of PEI chains because of the
repulsion between the charged amines. The
dimension of cavity in the acidic situation is
much bigger than that in the basic situation,

caused the larger PtNPs and no emitted
fluorescence.
Recently, poly(amidoamine) (PAMAM)

dendrimer-hosted AusNCs were successfully
synthesized through a two-stage growth process
with a high fluorescence QY up to 25% [86]. As
shown in Fig. 5, stage I presented a simultaneous
self-nucleation of AusNCs and subsequent
PAMAM-hosted self-assembly with a rapid rate
of fluorescence increase. At stage II, the fluores-
cence enhancement should be mainly dominated
by the self-assembly of AusNCs in PAMAM
matrix. First, the emission from self-assembled
aggregates was attributed to ligand-to-metal—
metal charge transfer (LMMCT) from electron-
rich-NH, groups in PAMAM to Au atoms, which
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Fig. 5 Schematic illustration of growth process and the structure of AusNCs self-assemblies in PAMAM matrix.

Reprinted with permission from Ref. [86]

generated radiative relaxation through a metal-
centered triplet state. In addition, because
PAMAM endowed AuNCs with stronger inner
interactions compared to those isolated species,
enhanced aurophilic interactions greatly promote
excited-state relaxation dynamics and enhanced
rigid structures reduced the level of nonradiative
relaxation of excited states, which was also
responsible for enhanced emission [87].

3 MNCs for Fluorescence
Bioimaging

With many attractive features including ultra-
small size, good biocompatibility, brightness,
and photostability, MNCs are promising fluores-
cence probes for biological imaging. Indeed,
great progress has been achieved in recent years
on employing fluorescent MNCs for biological
imaging applications, as summarized in Table 2.

In 2012, Shang et al. [44] demonstrated the utili-
zation of DHLA—-AuNC:s for imaging intracellu-
lar Hg®* in living HeLa cells, where they
observed the intracellular fluorescence quenching
effect upon addition of Hg** ions. Subsequently,
the same group [94] systematically investigated
the interactions of AgNCs with human serum
albumin (HSA). They found that protein adsorp-
tion markedly changes the uptake behavior as
well the cytotoxicity of AgNCs. The amount of
AgNCs internalized by the cells is substantially
reduced in the presence of HSA. Moreover, the
fluorescence from intracellular AgNCs is stronger
than that from membrane-associated particles in
both cases, the fluorescence decrease in the mem-
brane region (ca. 13-fold) is much larger than for
inside the cells (ca. sevenfold). Afterwards, they
systematically varied the surface charge of HSA
to examine the effect of Coulomb forces in
modulating the biological interactions of AuNCs
[116]. By utilizing confocal fluorescence
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Table 2 Fluorescent MNCs as single-modal fluorescence imaging probes
Aem | Imaging
Metal Capping agent Functionalization | (nm) | modal Biosystems Ref.
Au DHLA - 715 Intensity | HeLa cells [44]
Au DHLA - 684 | Intensity | HeLa cells [116]
Au CCYTAT - 677 | Intensity | HeLa cells [68]
Ag G-quadruplex - 680 | Intensity | HeLa cells [78]
(AS1411)
Ag GSH - 645 | Intensity | HeLa cells [34]
Ag DHLA - 630 | Intensity | HeLa cells [94]
AuAg LA — 630 | Intensity | HeLa cells [91]
Cu Lysozyme - 450 | Intensity |HeLa cells [109]
Cu Transferrin - 670 | Intensity | HeLa cells [63]
Cu DHLA - 650 | Intensity | HeLa cells [46]
Cu GSH - 585 Intensity | HeLa cells [89]
Cu GSH - 430 |Intensity | HeLa, MDAMB-231, [88]
A549 cells
Cu GSH - 610 | Intensity | MC3T3-El cells [35]
Cu GSH - 610 | Intensity | MDA-MB-231 cancer cells [38]
Cu TA - 430 | Intensity | A549 cells [95]
Mg BSA — 465 | Intensity | A549 cells [106]
Au Human transferrin | - 695 | Intensity | A549 lung tumor cells [59]
Au PTMP-PMAA - ~660 | Intensity | Hematopoietic cancer cells K562 [81]
Ag GSH - 720 | Intensity | Epithelial lung cancer cells (A549) | [50]
Ag GSH - 640 | Intensity | Lung cancer cells (A549) [31]
Ag TSA - 612 | Intensity | Human A549 cells [48]
Ag dLys — 640 | Intensity | PC-3 cells [64]
Ag Sodium cholate - 406, | Intensity |Zebrafish embryos [100]
430
Ag DNA — 550 | Intensity | CCRF-CEM cancer cells [80]
Ag DNA (AS1411) - 635 | Intensity | MCF-7 human breast cancer cells [112]
AgrS GSH — 679 | Intensity | MC3T3-EI cells [40]
Ag,S 3-MPA - 795 | Intensity | MDA-MB-468 cells [41]
AuAg GSH - 716 | Intensity | CAL-27 cells [42]
AuAg PEI-LA - 680 |Intensity | B16F10, HeLa, and CHO cells, [92]
BALB/C nude mice
AuCe GSH - 570 Intensity | HeLa cells, cervical carcinoma [90]
tumor xenograft mice
AuCe BSA — 650 | Intensity | HeLa cells [127]
Au BSA - 710 | Intensity | MDA-MB-45 tumor and Hela tumor | [101]
xenograft mice
Au Apoferritin - 665 Intensity | Human Caco-2 cells, nude mice [58]
Au GSH — 810 | Intensity | MCF-7 tumor-bearing mice [29]
Au PEG - 810 | Intensity | MCF-7 tumor-bearing mice [82]
Ag GSH - 670 | Intensity | HeLa cells, tumor-bearing mice [37]
Au Human insulin - 680 | Intensity | Chondrocytes, mice [61]
Au BSA FA ~674 | Intensity | Oral carcinoma KB cells [104]
Au BSA FA 660 | Intensity | Oral carcinoma KB cells [65]
Au BSA FA 665 Intensity | FR-positive tumor cells, tumor- [102]
bearing mice
Au BSA FA 655 | Intensity | MCF-7 cells, MCF-7 xenograft [140]

tumors

(continued)
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Table 2 (continued)

Aem | Imaging
Metal Capping agent Functionalization | (nm) | modal Biosystems Ref.
Au Ovalbumin FA 626 Intensity | HeLa cells [141]
Au GSH FA 642 | Intensity | HeLa and KB cells [142]
Au LA FA 720 | Intensity | C6 rat glial cancer cells, [45]
subcutaneous C6 glial tumor mouse
Au Trypsin FA 690 | Intensity | HeLa tumor-bearing mice [60]
Ag MT FA 632 | Intensity | HeLa cells [99]
Ag SH-PEI FA 690 | Intensity | MCF-7 cells; tumor-bearing mice [83]
Cd BSA HA 475 Intensity | MCF-7 breast cancer cells [105]
Au GSH Streptavidin 685 | Intensity | Human hepatoma cells (HepG2) [49]
Au DHLA Streptavidin 650 | Intensity | Human hepatoma cells (HepG2) [51]
Au Bovine pancreatic Vitamin By, 682 | Intensity | Human Caco-2 cells [62]
ribonuclease A
Au BSA SiO, 670 | Intensity | Lung tumor cells [103]
Au GSH SiO, 565 Intensity | HeLa cells [126]
Au Chitosan TPP 440 | Intensity |HeLa cells [124]
Au N-acetyl- Chitosan 680 | Intensity | HeLa cells [122]
L-cysteine
Pt MAA Anti-CXCR4-Ab | 470 |Intensity | HeLa cells [84]
antibody
Pt PEI Anti-CXCR4-Ab | 560 Intensity | HeLa cells [85]
antibody
Ag ssDNA SWCNTs 620 | Intensity | HeLa cells [143]
Ag DNA Aptamer 595 |Intensity | HeLa cells [144]
Au BSA Met 655 | Intensity | Met receptor positive tumor cells, [120]
tumor-bearing mice
Au BSA GSH 660 | Intensity | 4TI breast cancer cells, 4T1 tumor- | [121]
bearing mice
Au Human transferrin | GO 710 | Intensity | HeLa cells, HeLa tumor-bearing [57]
mice
Au DHLA Liposome 650 Intensity | Human endothelial cells, hindlimb [52]
ischemic mice
Cu BSA LHRH peptide ~410 | PET Orthotopic A549 lung tumor- [131]
bearing mice
“CuAu |GSH - 800 |PET BALB/c mice [145]
*CuAu | TA-PEG Plerixafor - PET 4T1 tumor-bearing mice [133]
Au DHLA - 684 | FLIM HeLa cells [11]
Au MSA/tiopronin PEG 785 FLIM HeLa cells [47]
Au LA - 715 | FLIM HeLa cells [136]
Au BSA Herceptin 640 | FLIM SK-BR3 cells [137]
Ag HSA, BSA GO 620, |FLIM K562 cells [107]
510
Au 11-MUA Dextran 530 | Two- Human mesenchymal stem cells [96]
photon (hMSCs)
Au GSH - 780 | Two- SH-SYS5Y human neuroblastoma [28]
photon cells
Au DPA - 610 | Two- HelLa cells [98]
photon
Au BSA DOX 655 | Two- HeLa cells [138]
photon

(continued)
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Table 2 (continued)

}‘fem
Metal Capping agent Functionalization | (nm)
Au ‘ BSA ‘ RGD ‘ 650
Cu Peptide

- ‘ 460

109
Imaging
modal Biosystems Ref.

‘ Two- ‘ U87-MG cancer cells ‘ [139]
photon

‘ Two- ‘ HeLa cells, A549 cells ‘ [108]
photon

DHLA dihydrolipoic acid, LA lipoic acid, CCYTAT H,N-CCYRGRKKRRQRRR-COOH, TA tannic acid, PTMP
pentaerythritol tetrakis 3-mercaptopropionate, PMAA poly(methacrylic acid), GSH glutathione, PEG poly(ethylene
glycol), TSA thiosalicylic acid, dLys denatured lysozyme, BSA bovine serum albumin, FA folic acid, PEI polyethy-
leneimine, LA lipoic acid, MT metallothionein, SH-PEI thiol-polyethyleneimine, HA hyaluronic acid, TPP triphenylpho-
sphonium, MAA mercaptoacetic acid, PEI polyethylenimine, SWCNT's single-walled carbon nanotubes; Met methionine,
GO graphene oxide, PET positron emission tomography, LHRH luteinizing hormone releasing hormone, TA-PEG
thioctic acid—polyethylene glycol, MSA 2-mercaptosuccinic acid, tiopronin N-(2-mercapto-propionyl) glycine, FLIM
fluorescence lifetime imaging, //-MUA 11-mercaptoundecanoic acid, DPA D-penicillamine, DOX doxorubicin

microscopy to observe the uptake and localization
of AuNCs in HeLa cells, they found distinct dif-
ference in the cellular uptake of AuNCs adsorbed
with differently modified HSA (Fig. 6): nHSA
(native HSA) suppressed cellular uptake, aHSA
(HSA with more negative surface charges)
showed negligible effect, and cHSA (HSA with
more positive surface charges) enhanced cellular
uptake. The results provide helpful information in
designing NIR AuNCs aiming to highly efficient
cell labeling applications.

Gao and coworkers [68] found that peptide—
AuNCs with a bifunctional CCYTAT peptide
could specifically target the nucleus of three dif-
ferent cell lines, including normal cells human
gastric mucosa cells (GES-1), human embryonic
lung fibroblast cells (MRC-5), and human cervi-
cal cancer cells (HeLa). Ai et al. [78] successfully
employed G-quadruplex AS1411-templated
AgNCs for specific bioimaging HeLa -cells.
Besides, Guével et al. [50] employed
GSH-AgNCs as optical probes for NIR fluores-
cence imaging of epithelial lung cancer A549
cells. Confocal images showed that AgNCs were
taken up in the cytoplasm and more specifically in
the vesicles of A549 cells, but were absent in the
nucleus. In contrast, Wang and coworkers
[40, 42] observed that GSH-capped Ag,S NCs
and AgAu alloy NCs were distributed in both
cytoplasm and the cellular nucleus of MC3T3-
EI cells and CAL-27 cells. These differences in
the intracellular localization of MNCs upon the
internalization suggest that not only the surface

ligands but also the cell types can influence their
intracellular fate.

A large number of reports have also focused
on tumor imaging in vivo currently. For example,
Wu et al. [101] reported the first example of
tumor imaging with BSA-AuNCs. Their in vivo
tumor targeting and ex vivo imaging studies
showed that these ultrasmall AuNCs were highly
accumulated in the tumor areas (Fig. 7) due to the
enhanced permeability and retention (EPR)
effects. Sun and coworkers [58] achieved ferritin
receptor-mediated targeting and bioimaging with
far-red emitting paired AuNCs. These far-red
luminescent AuNCs could act as an excellent
probe  for  targeting  ferritin  receptor-
overexpressed human Caco-2 cells and whole
female nude mice body imaging with specific
targeting to the kidney. In addition, renal-
clearable = NIR-emitting GSH-AuNCs and
PEG-AuNCs have been reported for in vivo NIR
tumor targeting of MCF-7 tumor-bearing mice
[29, 82]. They not only exhibited efficient renal
clearance and low reticuloendothelial system
(RES) accumulation but also showed a much
longer tumor retention time and faster normal
tissue clearance.

Furthermore, Wang et al. [37] reported the use
of biosynthesized NIR-emitting AgNCs for in situ
imaging cancer cells and tumors, which did not
occur in normal cells and tissues. The same group
also explored the possibility of imaging cancer
cells through in situ self-biosynthesized ZnNCs
[117]. Particularly, in vivo imaging of
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Fig. 6 Three-dimensional
fluorescence confocal
images of HeLa cells upon
incubation with AuNCs
(2.5 pM, green) for 2 h: (a)
without proteins and with
2.5 uM (b) nHSA, (¢)
aHSA, and (d) cHSA. Cell
membranes were stained
with CellMask DeepRed
(red). The data are shown as
sections in the x-y plane
(upper left), x-z plane
(lower left), and y-z plane
(right). Scale bar, 10 pm.
Reprinted with permission
from Ref. [116]

Fig. 7 (a) Fluorescence
images of mice bearing an
MDA-MB-45 tumor.
Strong signal from AuNCs
was observed in the tumor
(marked by the red circle).
The arrowheads indicated
the tumor. (b) Ex vivo
fluorescence image of the
tumor tissue and the muscle
tissue around the tumor
from the mice used in

A. Reprinted with
permission from Ref. [101]

muscle

subcutaneous xenografted tumors in nude mice
has also established the validity of this strategy
for the rapid and precise target self-bioimaging of
tumors by subcutaneous injections of zinc gluco-
nate solutions, without significant dissemination
to the surrounding normal tissues. Recently, they
explored a facile and green strategy to in situ

J. Xu and L. Shang

tumor

biosynthesize fluorescent CuNCs in cancer cells
[38]. As shown in Fig. 8, it is evident that fluores-
cent CuNCs could be spontaneously
biosynthesized in cancer cells for intracellular
fluorescence imaging, which could not be
biosynthesized in normal cells. More importantly,
the relevant fluorescence intensity of the in situ
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biosynthesized CuNCs was reversibly and sensi-
tively responsive to physiological temperature
changes in MDA-MB-231 cancer cells. Besides,
Liu et al. [61] successfully synthesized fluores-
cent human insulin—~Au nanodots (NDs) for
in vivo imaging of insulin metabolism.
Investigations on mice ear and ex vivo assays on
human fat tissues showed that cells with rich
insulin receptors had higher uptake of
administrated insulin.

For targeted imaging of cancer cells and
tumors, MNCs are modified with specific recog-
nition units such as folic acid (FA) and
streptavidin. For example, targeted imaging of
folate receptor (FR) positive oral carcinoma KB
cells using FA-conjugated BSA-AuNCs has been
reported [65, 104]. Tumor targeting and specific
affinity of FA-conjugated AuNCs for FR over-
expressed tumors facilitated the accumulation of
AuNCs in the tumor site, which enhanced the
fluorescence signal in the tumor site, enabling
in vivo targeted imaging of tumors with high
specificity and also the subsequent tumor therapy
[45, 60, 102]. Recently, Wang et al. [83] reported
the conjugation of PEI-AgNCs with FA for both
in vitro and in vivo targeted imaging. Their
results indicated that the clearance rate of
FA-conjugated AgNCs in the tumor-bearing
mice was much slower than that in the normal
mice because the high affinity of FA to target
tumors inhibited FA-AgNCs from being
metabolized. Moreover, Chen et al. [118]
synthesized core—shell structured multifunctional
nanocarriers for targeted anticancer drug delivery,
where FA-conjugated amphiphilic hyperbranched
block copolymer was used as shell on the surface
of AuNCs. The nanocarriers specifically targeted
cancer cells because of the enhanced cell uptake
mediated by FA moiety. Similarly, the multifunc-
tional anticancer drug paclitaxel (PTX)-loaded
AuNCs/FA-modified poly(DBAM-co-NAS-co-
HEMA) (PDNH) core-satellites nanocomposites
were fabricated, which possessed simultaneous
cancer imaging, targeted drug delivery, and con-
trolled anticancer drug release [119]. In vivo stud-
ies showed the selective accumulation of
FA-conjugated nanocomposites in tumor tissues,
and the drug delivery process could be
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continuously monitored by the imaging probes,
AuNCs.  Similarly, streptavidin-conjugated
AuNCs have been reported to specifically label
endogeneous biotin within human hepatoma cells
(HepG?2) using the specific interactions between
streptavidin and biotin [49, 51].

Apart from FA and streptavidin, other
functionalized molecules have also been used to
conjugate with MNCs. For instance, Kong et al.
[62] developed a multifunctional nanoprobe for
simultaneous targeting and imaging of human
colon carcinoma Caco-2 cells by conjugating
vitamin B, to the ribonuclease A-stabilized
AuNCs. Chen et al. [120] fabricated a fluorescent
nanoprobe capable of specifically targeting carci-
noma cells and tumors by coupling methionine
(Met) and an NIR organic fluorescent dye MPA
to BSA-AuNCs (Au-Met-MPA). Cui et al. [121]
synthesized well-defined AuNCs nanoassembly
by the self-assembly of reduced AuNCs using
GSH as linkers. The as-prepared nanoassembly
displayed highly effective cellular uptake and
precise tumor targeting for NIRFL imaging
in vivo compared to that of individual AuNCs.
Wang et al. [57] reported the fabrication of
Tf-AuNCs/GO nanocomposite (Tf-AuNCs/GO)
for turn-on NIR fluorescence bioimaging of trans-
ferrin receptor (TfR) over-expressed HeLa cells
and HeLa tumor-bearing mice.

Duan et al. [122] applied chitosan grafted with
N-acetyl-L-cysteine (NAC-CS) as the template to
prepare NIR fluorescent AuNCs (AuNCs @NAC-
CS), which possessed many advantages in cell
imaging, such as low cytotoxicity, low sensitivity
to tumor cells contents (H,O, and protease), and
long-time cell imaging. During in vivo
experiments, the obvious fluorescence signal of
AuNCs@NAC-CS appeared in the liver and kid-
ney of the normal mice after 6 h injection. The
ultrasmall NPs were efficiently cleared which
overcomes the toxicity by nonspecific accumula-
tion in healthy tissues/organs from renal in vivo
[123]. Triphenylphosphonium (TPP), a kind of
delocalized lipophilic cations capable of selec-
tively accumulating into highly negatively
charged mitochondria of living cells, has been
employed in functionalizing chitosan—AuNC
composites (AuNCs@CS-TPP) for targeted
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mitochondrial imaging in living cells [124]. By
functionalizing of TAT peptide on the surface of
AuNCs, multifunctional TAT peptide—AuNCs
are designed for simultaneous fluorescence imag-
ing as well as NIR light activated nucleus-
targeting photodynamic therapy [125]. Recently,
by combining biomineralization and supramolec-
ular self-assembly of motif-designed peptide
constructs containing an RGD sequence, Su
et al. [69] have demonstrated the utility of
AuNC-incorporated peptide nanofibers for
targeted imaging of cancer cells.

Taking advantage of their good cellular imag-
ing properties, metal NC-based composites have
been developed for real-time imaging of impor-
tant physiological events in the intracellular
environment. For instance, a novel
nanocomposite has been developed through a
crown-like assembly of dye-encapsulated silica
particles decorated with satellite AuNCs for
imaging of highly reactive oxygen species
(hROS) in live cells [126]. This composite
exhibits single-excitation and dual-emission
fluorescent properties, one emission at 565 nm
originating from the AuNCs, which fluorescence
can be quenched substantially by hROS, and the
other at 435 nm arising from the silica particles
acting as an internal reference (Fig. 9a). When
the composite-loaded cells were incubated with
H,0,, a kind of weak ROS, strong fluorescence
signals at both the blue and the red channels
remained constant (Fig. 9b). However, a remark-
able change was observed in the fluorescence
images when the composite-loaded cells were
incubated with hROS, such as HCIO and
ONOO™, 3-morpholinosydnon-imine (SIN-1)
can slowly releases ONOO™. Chen et al. [127]
reported a dual-emission BSA-templated
(cerium) CeAuNCs probe for ratiometric deter-
mination of local pH values inside -cells.
Recently, Pan et al. [128] used viscosity-
sensitive GSH-AuNCs with diffusion-dependent
emission for viscosity imaging in live cells. Nys-
tatin can induce mitochondrial malfunction by
causing structural changes or swelling of
mitochondria, resulting in a sharp increase of
viscosity in the cells [129, 130]. A remarkable
fluorescence enhancement effect can be
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observed for the cells successively treated with
nystatin and AuNCs.

Gao et al. [131] first developed ultrasmall
chelator-free radioactive [64Cu]CuNCs using
BSA as a scaffold for PET imaging in an
orthotopic lung cancer model. By preconjugating
tumor target peptide luteinizing hormone releas-
ing hormone (LHRH) to the BSA shell, the
prepared  [**Cu]CuNC@BSA-LHRH showed
high uptake in A549 human lung tumor, high
radiolabeling stability, and rapid renal clearance
characteristics. After injecting via tail vein into
mice bearing orthotopic A549 lung tumors, the
orthotopic A549 tumors of the left lung were
clearly delineated with very little local back-
ground in the whole-body PET imaging of mice
injected  with  [**Cu]CuNC@BSA-LHRH
(Fig. 10b). It is noticeable, however, that a signif-
icant difference in [64Cu]CuNCs uptake between
[**CulCuNC@BSA and [**Cu]CuNC@BSA-
LHRH is observable after 0.5-4 h post-injection.
The [**Cu]CuNC@BSA-LHRH was retained
preferentially in the orthotopic lung tumor by
combined active targeting and passive targeting
after injection [132].  Although [64Cu]
CuNC@BSA also showed partial tumor localiza-
tion due to passive targeting by the effective EPR
effect [132], most of the [**Cu]CuNC@BSA
distributed in the kidney and bladder (Fig. 10a).
In another study, Liu and coworkers [133]
prepared ®Cu doped AuNCs (**CuAuNCs)
functionalized with AMD3100 (or Plerixafor)
for targeted PET imaging of CXCR4, an
up-regulated receptor on primary tumor and
lung metastasis in a mouse 4 T1 orthotopic breast
cancer model. In contrast to the ligand tracer
alone (**Cu-AMD3100) and NCs (**CuAuNCs)
without the conjugation of AMD3100, the
targeted  **CuAuNCs—AMD3100  exhibited
higher sensitivity, better accuracy, and much ear-
lier detection of CXCR4 expression in lung
metastasis. Radionuclide 64Cu-doped alloy
%4CuAuNCs have also be used as targeted probes
for PET imaging in U87MG glioblastoma
xenografted mice [134] and prostate cancer bear-
ing mice [135].

FLIM is a powerful technique for cell imaging,
which can take advantage of MNCs that typically
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Fig. 9 (a) Schematic
illustration of hROS
detection using
dye-encapsulated silica
particles decorated with
satellite AuNC:s. (b)
Confocal fluorescence
microscopy images of
HeLa cells after incubation
with silica-AuNC
composites for 1 h. Cells
were (a) untreated or treated
with (b) 1 mM H,0, for
10 min, (c) 200 pM HCIO
for 5 min, and (d) 3 mM
SIN-1 for 40 min.
Reprinted with permission
from Ref. [126]
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possess longer fluorescence lifetime than the life
time of the autofluorescence from cellular
organelles, and thus they can easily be imaged
by using lifetime gating. Upon FLIM imaging,
the researchers observed that AuNCs located near
the cell membrane displayed longer lifetimes than
those internalized inside the cells [11], indicating
that FLIM imaging not only reveals the cellular
uptake of AuNCs but also provides information

A em=425-475nm A em=520-620nm
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Em:435nm Em:435nm

Merge

on their different local environment. Later, based
on the fact that the fluorescence intensity as well
as the lifetime of DHLA—AuNC:S is highly depen-
dent on the temperature, Shang et al. [136]
demonstrated the utilization of AuNC-based
FLIM imaging for temperature sensing in live
cells. As shown in Fig. 11, with increasing the
temperature, the fluorescence lifetime decreased
markedly from 970 ns at 14 °C to 670 ns at 43 °C,
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Fig. 10 In vivo PET imaging and biodistribution. Repre-
sentative PET images of coronal single slices on
orthotopic A549 lung tumor-bearing mice after intrave-
nous injection of 6.7 MBq of [**Cu]CuNC @BSA (a) and
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in

[**Cu]CuNC@BSA-LHRH (b). Images were acquired at
0.5, 1, 2, and 4 h. White arrows indicate the lung tumor.
Reprinted with permission from Ref. [131]

600 ns

Fig. 11 Typical FLIM images of HeLa cells with internalized AuNCs at four different temperatures. Reprinted with

permission from Ref. [136]

suggesting the potential of AuNC-based system
for thermal sensing at the subcellular level via
FLIM. In another report, Zhang and coworkers
[47] demonstrated FLIM-based cellular imaging

by using MSA- and tiopronin-capped AuNCs and
further covalently bound PEG moieties to
improve their capability of staining HeLa cells.
Particularly, they observed that these PEGlyated
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Fig. 12 Fluorescence images show the apoptosis induced
by AuNCs alone (a), AuNCs-Her (b), and Herceptin (c) by
staining the nucleus with Hoechst 33258 (excited by UV
light and the emission is 460 nm). FLIM shows DNA
damage of SK-BR3 cells induced by AuNCs-Her (d) and

AuNCs widely distribute throughout the cells and
especially accumulate in the areas close to the cell
nucleus. Irudayaraj et al. [137] reported the use of
Herceptin-conjugated BSA-AuNCs (AuNCs-
Her) for simultaneous imaging and enhanced can-
cer therapy because of its ability to induce nuclear
DNA damage and apoptosis. Importantly, they
found that the endocytosed AuNCs-Her could
escape the endolysosomal pathway and enter the
nucleus of cancer cells to enhance the therapeutic
efficacy of Herceptin. FLIM indicated that almost
all of the cells cultured with AuNCs-Her had
specific fluorescence staining, representing DNA
damage (Fig. 12d). In contrast, only a small
amount of cells treated with Herceptin alone
shows DNA damage under the same condition
(Fig. 12e). Quantification of apoptosis positive
cells as a percentage of the total number of cells
revealed that only 35% of the cells treated with
Herceptin underwent apoptosis due to DNA
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Herceptin alone (e) indicated by the bright yellow dots.
Quantitative evaluation of DNA damage of cells as a
percentage of the total number of cells for different
treatments (f). Reprinted with permission from Ref. [137]

damage compared to 95% of the AuNCs-Her
(Fig. 12f) treated cells.

The outstanding TPA cross sections of MNCs
make them good candidates for application in
two-photon cellular imaging, which is another
attractive imaging technique because of its ability
of imaging depth inside tissues and low phototox-
icity of NIR light. Polavarapu and coworkers [28]
investigated the two-photon excitation fluores-
cence imaging of SH-SY5Y human neuroblas-
toma cells incubated with GSH-AuNCs under
excitation of femtoseond laser pulses at 800 nm.
The two-photon imaging and z-stack sectioning
results clearly confirmed that AuNCs were
internalized inside the cells. Khandelia et al.
[138] reported the use of anticancer drug doxoru-
bicin (DOX) loaded BSA-AuNCs for imaging
HeLa cells by two-photon excitation at 730 nm.
Their results demonstrated that DOX-loaded
AuNCs not only helped in tracking the delivery
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Fig. 13 A schematic 2
illustration of the formation o
of DOX-loaded AuNC- A i e
embedded BSA A
nanoparticles, followed by Tk
uptake and release of DOX St
inside HeLa cells, leading it
to apoptotic cell death, as i :
visualized by two-photon
imaging. Reprinted with
permission from Ref. [138]
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but also released drugs to the cancer cells, leading
to apoptotic cell death (Fig. 13). In a recent work,
Gu et al. [139] prepared RGD conjugated
BSA-AuNC nano-capsules for two-photon fluo-
rescence imaging of U87-MG cancer cells. The
Z-stack sectioning of two-photon images revealed
that hybrid nano-capsules were mainly resided in
the cytoplasm nearby the nucleus.

4 Fluorescent MNCs
as Multimodal Bioimaging
Probes

At present, multimodal imaging probes based on
fluorescent AuNCs for tumor imaging have also
attracted plenty of attention (see the summary in
Table 3). In an early work, Zhou et al. [146]
reported multimodal imaging of NIR-emitting
radioactive GSH-AuNPs, which were
incorporated with a gold radioisotope '“®Au.
The 'Au in GSH-['"®Au] AuNPs not only
helps to quantify the pharmacokinetics of these
NIR-emitting AuNPs rapidly but also allows their
utility for in vivo SPECT imaging by emitting
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gamma rays. Thus these NIR-emitting radioactive
AuNPs can serve as dual-modality imaging
probes with both SPECT and FL imaging
capabilities (Fig. 14). Chen and coworkers [147]
recently fabricated a dual-modality FL/CT
iodinated BSA-AuNC:s for early accurate diagno-
sis of thyroid cancer. They accomplished in vivo
FL and CT imaging via an orthotopic human
thyroid cancer patient tissue derived xenograft
(PDX) mouse model. Adopting the similar FL
and CT dual-modal imaging techniques, insulin—
AuNCs were used to distinguish the differentiated
C2C12 myoblasts from undifferentiated ones
[148]. Also, FA-conjugated GSH-AuNCs and
lysozyme-AuNCs have been used for in vivo
targeted dual-modal FL/CT imaging of
MGC-803 tumor-bearing mice and HeLa tumor-
bearing nude mice, respectively [30, 149]. Sarkar
et al. [107] synthesized protein-capped AgNCs
impregnated onto GO sheets for FLIM. Further-
more, AgNCs/GO assembly have a great poten-
tial as CT imaging contrasting agents, and CT
images show significant contrast enhancement
of bone tissues in mice models.
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Table 3 Fluorescent MNCs as multimodal bioimaging probes

}\em
Metal | Capping agent Functionalization | (nm)
Au |GSH %8 Au 810
Au BSA Iodine 680
Au Insulin - 670
Au GSH FA 650
Au Lysozyme FA 690
Ag HSA, BSA GO 620,

510
Au BSA Gd(1I) 700
Au Cyclodecapeptide Gd(1I) ~660
Au GSH Fe;04 NPs 650
Au BSA Fe;04 NPs ~650
Au BSA Fe;04 NPs, 650

AuNRs

Au  |HSA %Cu ~667
Au Thioctic-zwitterion | — ~750
Au GSH Gd(1I) ~652
Au Albumin DTPA-Gd(III) 660
Au BSA Gd,05, ICG 635
Au BSA GddII), FA 660
Au GSH Gd*, Sio, 595
Au Triphenylphosphine | SiO, 827

Imaging

modals Biosystems Ref.

NIRFL/ Live mouse [146]

SPECT

NIRFL/CT Human thyroid cancer PDX [147]
nude mouse

NIRFL/CT Differentiated C2C12 mouse [148]
myoblasts

NIRFL/CT MGC-803 tumor-bearing mice [30]

NIRFL/CT HeLa tumor-bearing nude mice | [149]

FL/CT Swiss albino mice [107]

NIRFL/MRI | U87-MG tumor-bearing mice [150]

NIRFL/MRI | Kunming mouse [151]

NIRFL/MRI |293 T cells [152]

NIRFL/MRI | H1650 cells [153]

NIRFL/MRI | HeLa cells [156]

NIRFL/PET | U87MG glioblastoma [134]
Xenograft mice

NIRFL/PAI | U87MG cells; mice [164]

NIRFL/CT/ | A549 tumor-bearing mice [157]

MRI

NIRFL/CT/ | MCF-7 tumor-bearing mice [158]

MRI

NIRFL/CT/ Kunming mice [159]

MRI

NIRFL/CT/ KB tumor-bearing mice [161]

MRI

FL/CT/MRI | MCF-7 cells, tumor-bearing [162]
BALB/c mice

NIRFL/PAI/ | LS174T tumor-bearing mice [163]

MRI

GSH glutathione, BSA bovine serum albumin, FA folic acid, Cyclodecapeptide c (Asp-Arg-Glu-Pro-Cys-Glu-Tyr-Asp-
Pro-Cys), HSA human serum albumin, GO graphene oxide, AuNRs gold nanorods, DTPA diethylene triamine pentaacetic
acid, NIRFL near-infrared fluorescence, SPECT single-photon emission computed tomography, CT imaging X-ray
computed tomography imaging, MRI magnetic resonance imaging, /CG indocyanine green, PET positron emission

tomography, PAI photoacoustic imaging

NIRFL and MR dual-modal imaging have
been reported through coupling AuNCs with
magnetic agents such as Gd,O3 and Fe;0, NPs.
For example, Sun et al. [150] employed Gd,O3
functionalized BSA-AuNCs as probes for dual-
modal NIRFL and MR blood pool imaging
in vivo. By further bioconjugation of
BSA-Gd,03;/AuNCs  with  arginine—glycine—
aspartic acid peptide (RGD), they can be used
for in vivo targeted tumor imaging of U87-MG
tumor-bearing mice. Liang and coworkers [151]

constructed Gd**-functionalized AuNCs for dual-
model NIRFL/MR imaging by using a
cyclodecapeptide as the template. Recently,
Wang et al. [152] demonstrated a facile strategy
of fabricating GSH-AuNC probes decorated with
magnetic Fe304 NPs for bimodal NIRFL/MR cell
imaging. Alternatively, dual-modal bioimaging
probes can be fabricated by conjugating
biotinylated NIR fluorescent BSA-AuNCs to
streptavidin functionalized Fe;O4 NPs [153].
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Fig. 14 Representative
SPECT images (top row) of
BALB/c mice injected with
GSH-['"®Au] AuNPs. (a)
10 min, (b) 1 h, (¢) 4 h, and
(d) 24 h p.i.. In vivo FL
imaging (bottom row) of a
live mouse (e)
pre-injection, and (f) 5 min,
(g) 20 min, (h) 1 h, (i) 24 h
after IV injection of
GSH-['**Au] AuNPs.
Reprinted with permission

from Ref. [146] I

At present, multifunctional theranostic
systems with strong clinical imaging-guided
capability, phototherapy function, and target
specificity have been developed for cancer
therapy. Yang et al. [154] fabricated a new
imaging-guided and multifunctional cancer ther-
apy platform with multimodal imaging and dual
phototherapy function by assembling the
captopril-protected Au,sNCs  (Au,s(Capt);g™)
into mesoporous silica-coated Nd>*-sensitized
upconversion nanoparticles (UCNPs@SiO,).
Under 808 nm NIR irradiation, the
UCNPs@Si0,-Au,s(Capt);g~  nanocomposite
can simultaneously exhibit tri-modal
upconversion luminescence, photothermal, and
photoacoustic imaging features in vivo. Besides,
the composite can also present the MR and CT
imaging effects due to the Gd** and Yb>" ions in
the UCNPs. Subsequently, the same group
designed Fe;0,@ZIF-8-Au,s5(Capt) g~
nanocomposites for multimodal imaging and syn-
ergistic cancer therapy [155]. Under 808 nm NIR
irradiation, the attached photosensitizer agent
Au,s(Capt)g~ clusters can produce highly reac-
tive singlet oxygen ('O,) for photodynamic ther-
apy (PDT). In addition, the magnetic properties of
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encapsulated Fe;O, nanocrystals can simulta-
neously produce hyperthermal effects for
photothermal therapy (PTT) and present targeting
and MR imaging capability. Protein-based multi-
functional nanocarriers (MFNCs) were success-
fully constructed by assembling gold nanorods,
superparamagnetic iron oxide NPs, and AuNCs
within BSA (Fig. 15) [156], without affecting
their individual properties. The MFNCs showed
simultaneous integration of corresponding
plasmonic, magnetic, and luminescence
properties, which can be used for plasmonic
photothermal therapy (PPTT), two-photon and
MR imaging in vitro. Moreover, the MFNCs
demonstrated efficient loading and delivery of
DOX to HeLa cells, resulting in efficient killing
of cancer cells and tracking the delivery and
release of the drug through confocal fluorescence
microscopy.

In addition to the NIRFL and MRI contrasts
offered by the probe, the green fluorescence of the
endoperoxide triggered by 'O, can provide addi-
tional modality for live cell imaging [153]. With
the co-existence of GSH-AuNCs and Gd>* ions,
the nanoprobes can act as a multifunctional
nanoplatform for triple-modal NIRFL/CT/MR
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Fig. 15 Schematic depiction of preparing MFNCs, using
for plasmonic photothermal therapy and two-photon/MR
imaging in vitro, following successful loading and

imaging of A549 cancer cells and xenografted
A549 tumor models [157]. Similarly, Hu and
coworkers [158] prepared Au—Gd NC hybrids
by using albumin as the stabilizer, which were
suitable for in vivo triple-modal NIRFL/CT/MRI
imaging of MCF-7 tumor-bearing mice (Fig. 16).
Upon intravenously injected, the hybrid NCs
were effectively accumulated in tumor tissues
and quickly cleared by renal excretion, indicating
their capacity of tumor targeting and low body
residues. Recently, Wang and coworkers [159]
developed a facile approach to construct
BSA-stabilized Gd,03-AuNCs nanoplatform for
multimodal imaging and cancer therapy. The
nanocomposites ~ exhibit  photoluminescent

Excitation 488 nm or
730 nm two photon

Bio- imaging

Emission 650 nm Cell Blebbing

AuNRs @@ AuNCs
© FeONPs o Dox

delivery of anticancer drug Dox induced cancer cells
death. Reprinted with permission from Ref. [156]

capability in NIR region, and are able to generate
singlet oxygen ('0,) species under NIR laser
irradiation at 808 nm for photodynamic therapy.
After loading indocyanine green (ICG), the
Gd,03-AuNCs-ICG nanocomposites exhibited
excellent in vivo triple-modal NIRFL/MR/CT
imaging capability, as well as combined photody-
namic and photothermal therapy. Wang et al.
[160] reported a new method for targeted multi-
modal tumor bioimaging by using in situ self-
biosynthesized AuNCs and iron complexes
composites via simple introduction of AuCl,~
(i.e., HAuCl,) and Fe?* (i.e., FeCl,) ions to the
cancer cells or xenograft tumor mice model. In a
recent study, the same group [39] explored a
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Fig. 16 (a) (a and b) In vivo FL imaging of MCF-7
tumor-bearing mice after the tail-vein injection of hybrid
NCs. Inset image is the FL reflectance images of urine. (b)
In vivo CT images of MCF-7 tumor-bearing mice injected
with the hybrid Au—-Gd NCs. The arrow and red dotted

novel in vivo multimodal NIRFL/MR/CT
bioimaging method for the early detection of
tumors based on in situ biosynthesized Zn&Fe
oxide NCs. By introducing Zn** and Fe** ions
via a single injection, fluorescent ZnO NCs and
superparamagnetic Fe;O, nanoparticles can be
spontaneously  self-biosynthesized in tumor
cells/tissues. Xu et al. [161] synthesized AuNC-
Gd,0; integrated nanoprobe (denoted as AuGds)
using BSA as the template via a biomineralization
approach. After being chemically modified with
FA, the FA-AuGds could specifically target FRs
on KB tumor cells, and permitted in vivo NIRFL,
MR, and CT imaging of xenografted KB tumor-
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circle indicate the tumor site. (¢) (a and b) In vivo MRI
images of MCF-7 tumor-bearing mice injected with the
hybrid Au-Gd NCs. The arrow and red dotted circle
indicate the tumor (a) and bladder (b) sites, respectively.
Reprinted with permission from Ref. [158]

bearing mice. Gd’*-aggregated  AuNCs
encapsulated by SiO, shell (Gd**-AuNCs@SiO,
NPs) were strategically designed and prepared. In
the presence of Gd** ions, the GSH-capped
AuNCs show aggregation-induced fluorescence
(AEF) effect. The as-prepared composites can be
used for in vitro and in vivo multimodal FL/MR/
CT cancer imaging [162]. Hembury and
coworkers [163] synthesized highly
monodispersed SiO,/AuNCs by nucleating gold
within hollow mesoporous silica particles in a
one-phase synthetic route. These SiO,/AuNCs
possessed stable NIR fluorescence and paramag-
netism, thus it could be used as a promising probe
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for in vivo NIRFL/PAI/MR imaging of colorectal
carcinoma tumor (LS174T)-bearing mice.

5 Conclusions and Outlooks

In this chapter, we have systematically
summarized recent advances in the synthesis
strategies and bioimaging applications of fluores-
cent MNCs. In the past few years, fluorescent
MNCs have been largely explored for bioimaging
due to their ultrasmall size, good biocompatibil-
ity, and easy functionalization. Although a large
number of researches have been reported about
MNCs currently, there are still a lot of rooms to
further improve and many unclear questions to
reveal.

First of all, most MNCs possess a relatively
low QY (usually less than 10%) in comparison to
other fluorophores such as semiconductor QDs
and many organic dyes. In addition, MNCs
often show size heterogeneity in the crude prod-
uct, and it still remains challenging to obtain
atomically precise water-soluble MNCs suitable
for bioimaging applications, which markedly
precludes quantitative tracking in organisms.
Therefore, researchers still need to make greater
effort to explore more efficient synthesis routes
for size-controllable fluorescent MNCs with rela-
tively high QY and high  purity
[165, 166]. Second, the present bioimaging stud-
ies mainly concentrate on fluorescent AuNCs due
to their good stability and easy synthesis. Consid-
ering gold is relatively expensive compared to
other metals, it would be attractive to further
exploit potential bioimaging applications of
other MNCs or alloy NCs. Third, up to now,
relatively little is known about the behavior of
these ultrasmall MNCs within the complex
biological environment [167], which is actually
highly important regarding the safe as well as
efficient use of MNCs in bioimaging applications.
Thus, further study to understand the mechanism
of cellular and intravital uptake of MNCs and
long-term effect after entering into biosystems
would be necessary and important. Furthermore,
in order to advance potential utility of MNCs as
multifunctional probes for applications besides

J. Xu and L. Shang

imaging, more types of MNCs-based
nanocomposites should be developed by
integrating other functional nanomaterials.

In the past years, significant progress has been
achieved in developing fluorescent MNCs for
bioimaging, but many challenges still remain to
face and resolve in the future. With continuing
development and more efforts within the commu-
nity, we believe that more robust fluorescent
MNCs will be available, which will then further
advance imaging-based applications of these
novel nanoprobes in medical diagnose and ther-
apy researches.

Acknowledgements This chapter was modified from the
paper published by our group in Chinese Chemical Letters
(Xu and Shang 2018; 29:1436-1444). The related contents
are re-used with the permission.
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1 Introduction

Luminescent materials are often referred to the
matters that can convert a particular type of
energy into light emission [1]. Especially, lantha-
nide (Ln**) activated UC materials, which utilize
the photon UC process to convert the NIR light
into short wavelength emission (e.g., UV, visible
and NIR emission with the wavelength usually
shorter than 800 nm), have played an important
role as promising candidates in solid-state lasers
(lighting) [2-5], temperature sensors [6], and bio-
medical field [7-14]. Owing to the rich f-orbital
configurations of the Ln3* ions, efficient fluores-
cence emissions ranging from UV to NIR region
raised from the f-f transition are routinely
obtained. Thus, these ions are the most widely
used in phosphors among all the existing
phosphors. However, direct excitation of Ln>*
ions was proved to be an inefficient process due
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to the existence of forbidden properties of 4f
transitions. Therefore, a doping strategy, which
incorporates different elements into the host
matrix, is widely adopted to construct desirable
Ln**-doped hybrid materials with desirable fluo-
rescence properties. Among all the developed
lanthanide-doped hosts, the NaLL.nF, host is con-
sidered as the most efficient host for Ln* emitter.
The Ln-based materials usually possess narrow
band emission (~10-20 nm), which results in the
rich and resolvable bands in the same spectral
region [15, 16]. And, the lanthanide materials
usually exhibit low photo-bleaching. Thus,
when compared to the conventional semiconduc-
tor quantum dots (QDs) and organic dyes, the rare
earth-based materials with advantages of large
stokes shifts, low photo-bleaching, and low pho-
totoxicity [17-19] are regarded as a new type of
luminescence nanoprobes for widely used in the
fields of sensors and biomedical imaging
applications [7, 8, 10-14, 20-24]. Up to now,
great efforts have been devoted to the
lanthanide-based biomedical applications, includ-
ing cell tracking, tumor targeted imaging, vascu-
lar imaging, and multimodal imaging [20-33].
In view of the rapid development of UCNPs in
the biomedical field, it is essential to discuss the
recent development in the design of UCNPs for
various bioimaging applications. Here, we will
focus on the discussion of the recent progress of
the design and synthesis of rare-earth
nanoparticles. Different Ln**-sensitized systems
will be classified and then discussed accordingly.
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Finally, we summarize the recent research prog-
ress of the UCNPs for cellular and deep tissue
imaging, particularly the latest development of
NIR-II (1000-1700 nm) bioimaging.

2 Lanthanide-Based
Upconversion Luminescence
Processes

As is known, Auzel and co-workers had reported
an original work on the Yb-sensitized Er’*-based
upconversion luminescence (UCL) in a glass
matrix [34]. UC materials were found to emit
high energy visible light under NIR excitation
and primarily applied in optical devices [35]. By
utilizing the long lifetime and real ladder-like
energy levels of Ln* ions in the inorganic host
lattice, the UC materials are capable of generating
high energy anti-stokes emission. As the UC
emission of the rare earth is mainly based on the
transition between 4f electrons of the Ln’*, thus,
the mechanism of the lanthanide-doped UCL is
mainly focused on the transition of the 4f shell.
The crystal field action has little effect on the
transition of the electronic states owing to the
shielding effect of the 5S* and 5P° shells on the
4f electron layer. Also, the fluorescence of the
crystal field on the energy level position is in the
range of 100 wavenumbers, so the spectra from
this class of Ln** are very similar to those of free
ions. The luminescence process of UCNPs can be
mainly divided into three steps: the excitation
energy is first introduced into the matrix lattice
and then moved to the activated ions, and eventu-
ally the excited ions emit fluorescence and the
energy of electrons is transferred from the excited
state to the ground state. The mechanism of UC
processes is mainly based on the following
excited state absorption (ESA), energy transfer
upconversion (ETU), and photon avalanche
(PA) [36]. As shown in Fig. la, the same ions
are sequentially absorbed by a continuous multi-
photon and the electrons of the ions jump to an
excited state energy level from the ground state
energy level and then return to the ground state to
generate a UC emission, which is also the most
basic process of the UCL. In ETU (Fig. 1b),
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Fig. 1 Simplified energy level diagrams of UC processes
including: (a) ESA, (b) ETU, and (c) PA

activator and neighboring sensitizer both absorb
one photon at first, then the energy is transferred
between sensitizer and activator, resulting in a
population of emitting ions in a highly excited
state. PA (Fig. 1c) is a combination of excited
state absorption and energy transfer process.
Moreover, the PA-induced UC emission [13]
has mainly relied on pumping power. The UC
emission intensity is significantly increased
when the power threshold is enhanced. The fluo-
rescence emission intensity of Pr’*-doped lantha-
nide nanocrystals was significantly increased
(~1000 times) when the laser-pump radiation
was improved to a threshold of power.

In addition, the UCL properties of the rare-
earth nanoparticles are mainly dependent on the
host matrix, sensitizer, and activator. Thus, how
to select a matrix material is vitally important for
the UC emission efficiency. The UC emission is
known to be significantly affected by the phonon
energy of the host matrix. In the matrix with
lower phonon energy, the probability of the
non-radiative relaxation can be effectively
reduced, resulting in the high UC efficiency of
the UCNPs. When compared with the commonly
used oxide matrix materials [37—44], the NaLL.nF,
system with lower phonon energy, higher reflec-
tion coefficient, and relatively lower crystalliza-
tion temperature is expected to be an ideal UC
matrix material [45]. In fact, due to the efficient
UC emission properties of the lanthanide-doped
NaLnF,4 nanocrystals, including the high quantum
yield (QY), narrow band emission, long lifetime,
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and high emission intensity [46], the NalLnF,
nanocrystals are widely applied in the optical
amplifier, laser [47-50], and biomedical field
[51-55]. It should be pointed out that the optical,
magnetic, and chemical properties of the
nanocrystals are strongly dependent on the mor-
phology, size, and varied chemical components of
the nanocrystals. Notably, the monodispersed
nanocrystals always exhibit specific size and sur-
face effects differing from the conventional bulk
materials due to the uniform size, thus they
exhibit interesting physical and chemical
properties. Recently, growing endeavors are
devoted to fabricating uniformly monodispersed
nanocrystals with controlled phase and size,
including the co-precipitation [56-58], thermal
decomposition [59-61], hydro (solve)-thermal
synthesis [13, 62, 63], and sol-gel process [64—
66]. And, various Ln>*-sensitized (Ln = Yb,
Nd, Er, Tm) and organic dye-sensitized UC
systems were developed for bioimaging.

3 Yb>*-Sensitized UCNPs
for Imaging

As is known, the UC processes are mainly relied
on the energy transfer between activators and
sensitizers. The UC efficiency of the different
host materials has been explored in depth. Up to
now, NaYF,, NaYbF,, NaGdF,, NalLaF,, LaF;,
GdF3, GdOF, La,0s, Lu,03, Y,03, Y,0,S have
been extensively studied as host materials
[67]. As aforementioned, the host lattice dramati-
cally affects the energy exchange interactions
between dopant ions, thus host materials with
low phonon energies are required to reduce the
non-radiative losses and hence maximize the radi-
ative emission. Among these host materials,
fluorides with low phonon energies (~350 cm_l)
have been widely applied [67]. Typically, the Er®
*, Tm>*, and Ho’* ions are frequently used as
activators to entrap the energy from the
sensitizers and then generate UCL owing to
their ladder-like configuration of energy levels
[68]. Conventional 980 nm excited UCL process
generally utilizes the Yb>" ion as a sensitizer to

harvest the 980 nm photon energy due to its large
absorption cross-section at 980 nm than other
lanthanide ions. In the Yb/Er co-doped UCNPs
system, the green emission bands at 510/550 nm
are attributed to the energy transitions from the
’H 11,2 and 4S3/2 state to the “I 15,2 state of Er’*; the
red emission band at 660 nm is ascribed to the
“Fy,, excited state to the ground state 1,55 of EX°*
[68-72]. Similarly, in the Yb/Tm co-doped
UCNPs, the UCL emission peaks at 451, 481,
646, and 800 nm are attributed to the energy
transitions of lD2—3F4, 1G4—3H6, lG4—3F4, and
*Hy"Hg from Tm’", respectively [73-
76]. Yb/Ho co-doped UCNPs mainly showed
UCL emission peaks at 541, 647, and 751 nm,
which are ascribed to the transitions from 582,
5Fs, and °F, excited states to the ’Ig ground
state of Ho", respectively [76-79].

In 1999, Zijimans and co-workers [80]
introduced the submicron-sized YQOZS:Yb3 *Tm?
* particles for UC bioimaging. High-performance
and non-bleaching imaging was achieved with
980 nm laser as a light resource. After that,
lanthanide-based UC bioimaging is also success-
fully demonstrated by using oxide nanomaterials
[81, 82]. To make UCNPs suitable for biomedical
applications, several material’s characterizers
should be met. First, the bioprobes should possess
suitable nanosize and uniform structure. The
formed crystal structure has a positive impact on
the host materials parameters. As the size of the
conventional oxides particles is too large at the
submicron level, which is unsuitable for biomedi-
cal applications. Secondly, adequate dispersibility
and high fluorescence emission efficiency are
required. Recently, significant efforts have been
devoted to developing high-efficiency UCNPs for
biomedical applications.

As aforementioned, compared with the oxide-
based host materials, fluorides are more suitable
host materials for the doping of lanthanide ions to
generate UC emissions, owing to their low pho-
non energy. In 2008, a breakthrough was
demonstrated by Chatterjee et al. [83], and they
performed the multiphoton-excited fluorescence
imaging by using the UCNPs as bioprobes
(Fig. 2). The as-prepared PEl-coated and folic
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Fig.2 Bright field, confocal, and superimposed images of
live human ovarian carcinoma cells (OVCAR3, top row)
and human colonic adenocarcinoma cells (HT29, bottom

acid conjugated NaYF,:Yb>*/Er’* nanocrystals
showed highly targeted efficiency to the human
HT29 adenocarcinoma cells and human
OVCAR3 ovarian carcinoma, which possess
high levels of folate receptors on the surface.
Similarly, our group [30] also reported a
PEG-modified BaGdFs:Yb/Er UCNPs with suit-
able particle size and NIR-to-visible emission for
imaging of HeLa cells (Fig. 3).

However, though the NIR excitation system
holds excellent advantages for deep tissue
bioimaging, the green optical-guided cellular
and tissue imaging are still limited for further
application in deep biological tissues. For deep
tissue imaging, the NIR-to-NIR system should be
more attractive. The NIR-to-NIR UC process
enables deep tissue penetration and high signal-
to-noise ratio owing to the largely decreased
autofluorescence background and minimized
light scattering. Nyk et al. [84] reported the
980 nm light-activated Tm-based UCNPs system
with 790 nm emission for cellular and tissue
imaging. The doped Tm’* ions are frequently
used as an activator to generate NIR emission

row), by using NaYF, nanoparticles. Reprinted with per-
mission from Ref. [83]. Copyright© 2007 Elsevier Ltd

around 800 nm due to the transition from >H, to
He under continuous 980 nm laser excitation.
High-performance imaging was successfully
achieved since both the excitation and emission
bands were located within the NIR region.

It should be noted that the hexagonal phase
structure shows an enhanced UCL emission com-
pared with the cubic phase. For nanoparticles,
doping has played an important effect on the crys-
tallographic phase, size, and emission efficiency.
In 2010, Liu’s group [12] realized the simulta-
neous phase and size control of UCNPs with
doping lanthanide Gd**, paving the convenient
way of designing the highly uniform structure of
NaLnF, nanocrystals with hexagonal phase. In
2011, Liu and co-workers [85] reported the
sub-10 nm Gd**-doped hexagonal phase NaLuF,
nanoparticles with NIR emission for cellular and
deep tissue imaging (Fig. 4). Subsequently, many
groups synthesized a series of Yb/Tm co-doped
UCNPs, such as NaYF,, [86] NaGdF,, [87]
NaLuF,, [23], and NaYbF, [88] for bioimaging
application.
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Fig. 3 TEM and XRD results of the PEG-modified
BaGdFs:Yb/Er UCNPs: (a) Typical TEM image,
(b) Corresponding SAED pattern, (c) HRTEM image. In
vitro bioimaging of the PEG-modified BaGdFs:Yb/Er col-
loidal UCNPs in HeLa cells: (d) bright field image of HeLa

In general, the spectral region located in
600-800 nm is often defined as “biological
transparent window” [50] for cellular and bio-
medical application, owing to the deep tissue
penetration and low background noise. Conse-
quently, it is a great challenge to explore
nanoprobes with NIR-to-NIR properties for
high-performance bioimaging. Except for the
Tm-based UCNPs system, the Yb/Er and
Yb/Ho co-doped UCNPs systems with red UC
emission centered at 650 nm are also beneficial
for the red UC optical-guided bioimaging.
Thus, there has been an increasing focus on
the engineering of UCNPs with pure single
band red UC emission for bioimaging
applications. However, owing to the multiple
metastable excited state of the lanthanide ions,

cells, (e) corresponding green UC fluorescent image
(500-600 nm), (f) the red emission UC fluorescent image
(600-700 nm). Reprinted with permission from Ref.
[30]. Copyright © 2013 Elsevier Ltd

it is still a challenge to achieve the pure single
band red emissive UCNPs.

Wang et al. [50] reported a Yb**-doped mech-
anism to achieve high red-to-green (R/G) ratio
emissive UCNPs. However, high Yb>* concen-
tration usually induces the decreased interatomic
distance, thus resulting in the unavoidable back
energy losses. Thus, the population of the excited
levels of “Hy, “Hy 1), and *S5/, was suppressed,
leading to the weak blue (*Hop-*115),) and green
(*Hy12,*S5-T15/2) emission intensity and high
R/G ratio [89, 90]. Xie et al. [91] presented the
MnF,:Yb/Er UCNPs with strong red emission
and a dimmed green emission. The Mn>*
possesses a metastable level *T, the energy trans-
fer between the Er and Mn occurred rapidly
under high energy excitation. And, the energy
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Fig. 4 TEM images of (a) Lul, (c) Lu2, (d) Lu5, and (e, f)
Lu6. (b) HRTEM image and (inset) SAED pattern of Lul.
(g) Confocal UCL image and (h) its overlay with a bright
field image of cells (Aex = 980 nm, Aem = 450-490 nm).

1450

1825

- 2200

(, j) In vivo UCL imaging of athymic nude mice after (i)
subcutaneous injection of 50 KB cells and (j) vein injection
of 1000 cells. Reprinted with permission from Ref.
[85]. Copyright © 2011 American Chemical Society
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Fig. 5 Luminescence
images of pork muscle
tissues injected with
different UC nanocrystals.
(a) KMnF;:Yb/Er

(18:2 mol%), (b) NaYF,:
Yb/Er (18:2 mol%), (c)
NaYF4:Yb/Er (29:1 mol%).
(d—f) Corresponding
emission luminescence
spectra of (a—c). Reprinted
with permission from Ref.
[93]. Copyright © 2011
Wiley-VCH Verlag GmbH
& Co. KGaA, Weinheim
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of *S5,, (Br’™) state is a little higher than ‘T, Mn?
*) state. The energy was then transferred from the
4S5, state to Mn>* ion through energy relaxation,
later, the energy of Mn** can easily transfer back
to the *Fyy, state of Er’*, resulting in the genera-
tion of highly dominated red band emission. Sim-
ilarly, the Yb/Er co-doped KMnF3; UCNPs [92]
with high R/G ratio UC emission were also
achieved.

Though high R/G ratio UCNPs were achieved,
single band red-emissive UCNPs have not yet
been reported. Liu’s group [93] provided a
novel oil-based method for the synthesis of the
lanthanide (Er’*, Ho*, and Tm>*)-doped KMnF,
UCNPs with single band emission for deep tissue
imaging. As demonstrated in Fig. 5, the blue and
green emissions of Er’* completely disappeared,
suggesting the efficient exchange-energy transfer
from Er’* to Mn®*. The pure red emission is
mainly attributed to the close proximity and effec-
tive mixing of wave functions of the Er’* and
Mn?* ions in the crystal host lattices. Due to
their special single band UC emission, these

NaYF :Yb/Er (18/2 %)
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UCNPs can be used as good candidates for imag-
ing at different tissue depths.

Inspired by these results, Zhao’s group [94]
demonstrated a Mn?*-doping strategy for precise
control of the R/G ratio and the pure red-emissive
NaYF4:Yb/Er UCNPs (Fig. 6). In this work,
Mn?** ion doping has played a positive effect on
controlling the phase and size of the synthesized
NaYF,. The cubic phase small NaYF,
nanocrystals were obtained when doping 5%
mol Mn**, and no phase change was observed
when the Mn**-doping content reached up to
30%, revealing the successful formation of
Y-Mn solid solution structure. More importantly,
the R/G ratio was dramatically improved from
0.83 to 163.78 with increasing the Mn**-doping
concentration. The fine control of the R/G ratio
was performed through Mn”** doping, further
proving the high-efficiency energy transfer of
Mn?* and Er’*. Thus, these UCNPs with greatly
enhanced red emissions were ideal bioprobes for
cellular and red UC optical imaging. Later, our
group [33] proposed a strategy to simultaneously
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Fig. 6 Photoluminescence studies of NaYF,:Yb/Er
(18/2 mol%) nanoparticles with varying Mn>* dopant
concentrations. (a) UC emission spectra of NaYF,:
Yb/Er (18/2 mol%) nanocrystals with 0, 5, and 30 mol%
Mn>* dopant ions dispersed in cyclohexane (I mg/mL),
respectively; inset: luminescent photographs of the
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corresponding samples. (b) Schematic energy level dia-
gram showing the possible UC mechanism. (¢) The lumi-
nescence time traces acquired with 200 ms time under
continuous 980 nm laser illumination for more than 3 h.
(d) Luminescent photograph of 30 mol% Mn>*-doping
UCNPs dispersed in cyclohexane (2 mg/mL). In vivo UC
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realize phase and size control and enhanced UCL
emission in the NaLnF, (Ln = Lu, Gd, Yb) sys-
tem through Mn?* doping (Fig. 7). Moreover, the
overall UCL emission intensity was greatly
improved by doping Mn?* ions (~59.1 times for
NaLuF; host, ~39.3 times for NaYbF, host com-
pared to the UCNPs without Mn>* doping) owing
to the remarkably enhanced red UCL emission.
Apart from the Mn?*-doping induced enhance-
ment of red UCL emission, Rai et al. presented
NaSc 75Er0.02Ybo.18Gdo.05

F,@AuNPs nanoparticles with greatly enhanced
red UCL emission for red optical-guided cellular
imaging [95]. The R/G ratio was greatly
improved (~20 times), due to the resonance
energy and plasmonic effect of Au. The
synthesized nanoparticles with red UC emission
were promising candidates for imaging
applications. Chen et al. also reported the
LiYF4:Er nanoparticles with highly improved
QY under 1490 nm laser excitation [96]. When
compared with the conventional Er-based UNCPs
with QY of 0.3%, the QY of the reported
nanocrystals under 1490 nm laser excitation was
measured to be about 1.2%, which is almost four
times than that under 980 nm laser excitation.
Recently, Zhang and co-workers have presented
a new type of Er’*-sensitized UCNPs with exci-
tation wavelength and emission wavelength
beyond 1000 nm for in vivo biosensing
[53]. With both excitation wavelength and emis-
sion wavelength beyond 1000 nm, deep penetra-
tion and greatly decreased autofluorescence
optical imaging were achieved.

As mentioned above, the UC photolumi-
nescence mechanism of the Yb-Er/Tm-based
UCNPs is based on the absorption of 980 nm
photons by the sensitizers of Yb>* ions due to
the high absorption efficiency of Yb* at 980 nm.
After absorption of 980 nm photons, the
subsequent energy transfer is occurred to realize

<
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the two-photon excitation of the lantha-
nide emitters such as Er or Tm, which is attributed
to the long life-time of the abundant intermediate
excited state of the lanthanide emitters. Thus, the
two-photon microscopy imaging of UCNPs can
be easily realized by a cheap 980 nm laser. More-
over, the UCNPs feature high photostability, and
low autofluorescence under NIR laser excitation,
making them ideal probes for two-photon micros-
copy imaging of cell.

4 Nd>*-Sensitized UCNPs
for Imaging

Typically, lanthanide-doped UCNPs with various
compositions have been widely studied. These
nanoparticles are usually doped with Yb>* ions
as a sensitizer to absorb the 980 nm laser irradia-
tion. However, the 980 nm wavelength overlaps
with the absorption wavelength of water, leading
to the overheating effect in bio-tissues. To
address this problem, the Nd** ions were
introduced to act as NIR absorbers and sensitizers
in the lanthanide-doped UCNPs system. Notably,
Nd** possesses a shorter absorption wavelength
at 808 nm than Yb>* at 980 nm [97-102]. More-
over, the water absorption coefficient at 808 nm
(0.02 cmfl) is relatively lower than it at 980 nm
(0.48 cmfl). Besides, the Nd>* ion also has a
large absorption cross-section at 808 nm, which
is ten times higher than that of Yb** at 980 nm
[103]. It is expected that the Nd-sensitized
UCNPs system can simultaneously improve the
UC emission efficiency and solve the 980 nm
laser-induced overheating issues.

In 2013, Shen et al. [104] reported an 808 nm
light-triggered Nd**/Yb>*/Er’*(Tm>*) tri-doped
core/shell NaYF, UCNPs with a visible emission.
In the tri-doped cascade sensitized UC system,
the Nd>* ions in the core act as the sensitizer to

Y

Fig. 6 (continued) luminescence animal imaging study.
PEG-UCNPs were injected into (e, h) translucent foot,
(f, i) below the skin of back or (g, j) thigh muscles of

mice show effective luminescence. Reprinted with permis-
sion from Ref. [94]. Copyright © 2012 WILEY-VCH
Verlag GmbH & Co. KGaA, Weinheim
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UCNPs. (a) Proposed energy transfer mechanisms, (b)
UCL spectra of the as-synthesized UCNPs doped with
different content of Mn?*, (¢) power dependent UCL spec-
tra, (d) the corresponding plots of Log (UC intensity) vs
Log (excitation power), (e) the calculated R/G ratio (red
curve) and the whole UCL intensity (purple curve). The
insets of b show the corresponding digital photographs of
cyclohexane solutions containing 1 wt% UCNPs doped
with 0, 5, 10, 30, and 40% Mn**, respectively. In vitro

absorb the photon at 808 nm, as well as Yb>* ions
take the role of bridging ions to transfer the
energy of Nd>* ions to the emitters. A ~ 28.7
times enhancement of the green emission was
achieved by doping 0.5% Nd** in the core. The

bioimaging of HeLa cells treated with NaLuF,:Mn/Yb/Er
UCNBPs. (f) Bright field image of HeLa cells, (g) fluores-
cent image (Aex = 980 nm, emission filter range:
600-700 nm), (h) overlay image, and the inset of which
shows the localized UCL spectra taken from HeLa cells
and background. Scale bars are 50 pm for all images.
Reprinted with permission from Ref. [33]. Copyright
© 2014 WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim

emission intensity was gradually decreased at a
high Nd**-doping concentration owing to the
concentration quenching effect. Notably, the
design allows for only low Nd**-doping content,
resulting in low UC emission efficiency.
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Fortunately, Liu’s group [103] has introduced a
novelty core—shell strategy with 1% Nd in core
and 20% Nd in the shell to enhance the UC
emission (Fig. 8). The absorption intensity of
the 20% Nd** doped UCNPs in the shell layer
was greatly improved (17 times) when compared
with the Nd** free UCNPs. This study simulta-
neously addresses the high Nd**-doping induced
concentration quenching issues, and greatly
improves the UC emission efficiency of the
Nd-based UCNPs system.

In addition, Yan’s group [105] also designed a
core—shell structure (NaGdF,:Yb,Er@NaGdF,:
Nd,Yb) with Nd** ions in the shell layer to
address the concentration quenching issues as
well as deleterious energy transfer between
activators and Nd>*. As shown in Fig. 9, high
quality in vivo NIR imaging with 808 nm light-
triggered UCNPs system was successfully
demonstrated without the concern of overheating
issues. Notably, great progress has been made to
enhance the UCL efficiency in the 808 nm excited
system by separating the activator ions (Er, Tm,
Ho, etc.) and sensitizer Nd**. However, recent
studies have shown that the energy back transfer
mainly aroused the undesirable UCL decrease.
The electron energy of the activator can be
efficiently transferred back to Nd3+, leading to
the unavoidable energy quenching. There is
still much room to eliminate the quenching
interactions between the Nd** and activators
to obtain the maximum harvest of 808 nm
photons.

In 2014, Zhong et al. [106] demonstrated a
quenching-shield sandwich structure for 800 nm
excited UCL of Nd**-sensitized nanoparticles.
The fabricated NaYF,:Yb,X@NaYF,:
Yb@NaNdF,:Yb nanoparticles successfully sep-
arate the activators (X = Er’*/Tm>*/Ho>* ions in
the core) and sensitizers (Nd3+ in the out layer).
The Nd** as a sensitizer in the out layer can
harvest the 808 nm photons, leading to the popu-
lation of “Fs, state of Nd**. The energy was then
transferred to Yb>* through the cross-relaxation
[(*F32) Nd, (F712) Yb] — [(*lo2) Nd, (*Fsp2) YbI,
then the energy was embedded in the core by the
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activator Er’* ions. The transition layer between
the core and out layer has played the role as a
shield to block the back energy transfer from Er**
to N d3+, thus leading to the minimum detrimental
relaxation pathway at high Nd** ions doping con-
centration (90%) in the out layer.

Wang and co-workers [107] have designed
a NaGdF;: A (A = Eu, Tb)@NaGdF,:
Yb/Tm@NaGdF,: Yb/Nd core-shell—shell struc-
ture. The nanoparticle exhibits multicolor emis-
sion. In the designed structure, intense UC
emission was achieved for activators without
long-lived intermediate states through Gd**-
mediated energy migration under 808 nm laser
excitation. The sensitizers of Nd>* ions,
accumulators of Tm>*, and activators of Eu’*
and Tb>* were doped into different layers to
avoid non-radiative decay, thus high Nd**-doping
concentration was allowed to harvest the 808 nm
photons. As a result, the Nd**-trinity system with
three layers was introduced to increase the
absorption of 808 nm photons through high Nd*
*-doping contents as well as block the back
energy transfer. The designed system with excel-
lent UC emission, prolonged lifetime, and
minimized overheating effect under 808 nm irra-
diation is an ideal probe for biomedical applica-
tion. Wen et al. [108] reported a sandwich-like
core—shell nanostructure with enhanced UCL
intensity, which showed that the UCL emission
intensity was related to the size of the inner core.
When the diameter of the core increased while the
shell layer compressed, the distance for the
sensitizers Nd>* ions to the activators reduced,
resulting in the enhanced UCL emission intensity.

5 Organic Dyes-Sensitized UCNPs

Although great progress has been made on size,
shape, and emission-controlled UCNPs, the low
UCL efficiency still limits the application of the
UCNPs. Commonly, in the 980 nm laser-excited
system, Yb** jons were employed as a sensitizer
to harvest the excitation photons and then
transfers its excitation energy to the activators
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Fig. 9 (a) TEM image of Er@Nd NPs (Inset: EDS line-
scan profile of a single particle). (b) UC emission spectra
of Er@Nd NPs under 980 and 808 nm excitation. (c¢)
Excitation spectrum of Er@Nd NPs (Aem = 540 nm).
(d) Energy transfer pathway under 808 nm excitation.
(e, f) Time-resolved emission spectra of Er@Nd NPs
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under 808 nm excitation. In vivo UC imaging of a nude
mouse subcutaneously injected with Er@Nd NPs. The
images were obtained with 980 nm laser (g) and 808 nm
laser (h) irradiation. Reprinted with permission from Ref.
[105]. Copyright © 2013 American Chemical Society
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jons (Er**, Tm>*, Ho>"). However, the Yb>* was
proved to possess a narrow absorption band of
~10,260-10,660 cm ' and a relatively small
absorption cross-section of ~107%° cmz, which
is ten times narrower and ~1000-10,000 times
smaller than the organic dyes [102, 109], respec-
tively. Such a fundamental characteristic largely
restricts the conventional Yb**-sensitized UCNPs
in producing highly efficient UCL emission.
Recently, some lanthanide coordination
complexes utilize organic dyes as the sensitizer
to obtain the UC emission. Inspired by these
results, dye-sensitized UCNPs were explored to
enhance the UC emission intensity. Up to present,
numerous organic dyes have been utilized to sen-
sitize the Yb>* (~980 nm) and Nd**
(740/810 nm), such as IR-783 [110], IR
806 [102], IR 808 [109], IR 820 [109], IR
845 [110], ICG [111, 112], etc. In addition,
organic dyes with absorption and emission wave-
length in the range of visible regions are typically
sensitized to the Eu®* and Tb>* ions.

In 2012, Zou and co-workers [102] reported a
new type of materials where an organic dye
(IR 806) acted as an antenna to absorb NIR
(980 nm) light and then transferred it to the hex-
agonal phase NaYF,:Yb/Er UCNPs to produce
the UC emission. The emission wavelengths
overlap with the absorption of Yb>*, resulting in
the Forster-type energy transfer from the IR
806 to Yb>" ions, then the Er’* is activated to
generate UC emission (510/540 and 650 nm).
Owing to the increased absorptivity and overall
broadening of the absorption spectrum of the
upconverter, the UC emission intensity of the
dye-sensitized UCNPs is dramatically improved
(by a factor of ~3000 folders). However, the UC
efficiency of UCNPs was still not high enough
because of the  mismatched  spectral
region between the NIR dye and Yb>* and the
core-only nanoparticle-induced surface-related
luminescence quenching effect. To address this
issue, a NIR dye-sensitized core—shell
nanostructure was introduced. Prasad’s group
[109] has proposed a multistep cascade energy
transfer strategy. The infrared organic dyes were
decorated on the shell, and then a sequential

Y. Li et al.

non-radiative energy transfer to upconverting
ion pairs in the core happened (Fig. 10). The IR
808  dye-sensitized  core-shell =~ NaYbF,:
Tm@NaYF,:Nd nanoparticles were designed.
The Nd** in the shell layer acted as a mediate
sensitizer 1, and the Yb>* and Tm>" ions in the
core served as sensitizer 2 and activator, respec-
tively. Broadly absorbing NIR dyes (IR 808) are
expected to harvest the 808 nm photons efficiently
and non-radiatively transfer to the Nd>* in shell.
And finally, the energy is transferred to Yb** in the
core to activate Tm>* ion to produce multiphoton
UC emission. The UC QY was greatly enhanced
(19%), which was nearly 100 times larger than the
typically reported 808 nm excited UCNPs system.

After that, Han’s group [110, 113] has presented
a dye-sensitizing and core—shell enhancement strat-
egy with significantly enhanced UC emission. By
using the dye-sensitized core/active shell UCNPs
system [113], they have successfully activated the
neurons (Fig. 11) under 808 nm laser excitation
with eliminated overheating effect. These results
further demonstrated the feasibility of the
dye-sensitized UCNPs for biomedical cell imaging.

6 Lanthanide-Based
Nanocrystals for NIR-II
Bioimaging

As aforementioned, lanthanide-based UCNPs
usually generate high-efficiency UC emission
under 980/808 nm laser irradiation. And the
UCNPs show some unique optical properties,
such as narrow band emission (full width at half
maximum, FWHM ~12 nm), long lifetime, low
photobleaching, no blinking, and high biocom-
patibility for bioimaging [114]. During recent
years, lanthanide UCNPs, which exhibit efficient
NIR-to-Visible/NIR emission, have been widely
explored as labels for living cell imaging.
Although high contrast cellular imaging was suc-
cessfully achieved by wusing the lanthanide
UCNPs, however, it was still limited by the unde-
sirable imaging resolution. This was mainly
attributed to the relatively large photon scattering
losses. Thus, designing UCNPs with new
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Fig. 10 Co-sensitization and applications of an inorganic
fluoride core/shell nanostructure. (a) Excitation spectra of
UCL peaked at 350 nm from the core/shell (N aYle:Tm3 *
0.5%)@NaYF4:Nd3+30% nanoparticles (Nd 30) as well as
from the IR 808-sensitized (IR 808), the IR 806-sensitized
(IR 806), and the IR 820-sensitized (IR 820) core/shell
(NaYbF,:Tm>* 0.5%)@NaYF4Nd** 30% nanoparticles.
(b) Excitation spectra of UCL peaked at 350 nm from IR
808-sensitized, IR 820-sensitized, as well as the IR
808 and IR 820-co-sensitized core/shell (NaYbF,:Tm>*
0.5%)@ NaYE4;Nd>*  30%  nanoparticles.  (c)

imaging wavelengths possessing low scattering
losses is highly desirable for in vivo deep tissue

bioimaging.
Recently, optical simulations have provided a
novelty of optical imaging  window

(1000-1700 nm, SWIR, also named NIR-II).
NIR-II bioimaging technique enjoying the
features of greater penetration, high resolution,
high sensitivity, and near-zero background
is emerged as the next generation optical imaging
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images of both cards taken at different time points. (d)
Blue UC from regular letters printed using an
upconverting ink made by the IR-808-sensitized core/
shell nanoparticles and polystyrene. (e) UC of incoherent
light (halogen lamp) by the IR-808 and IR-820
co-sensitized NaYbF,:Tm>*@NaYF,:Nd*>* core/shell
nanoparticles. Reprinted with permission from Ref.
[109]. Copyright © 2015 American Chemical Society

method [115, 116]. Notably, except for the excel-
lent UC optical properties of UCNPs in the NIR
region [25], the lanthanide-based nanoparticles
are also capable of simultaneously generating
high-efficiency down-shifting NIR-II emission,
leading to the significant reduction in photon
scattering than the UC NIR-I/visible region
[26, 117]. Recently, some attempts have been
made to explore the down-shifting optical prop-
erty of the traditional UCNPs. Moghe’s group
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applications. (b) Schematic showing the proposed ET
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(bottom)  Yb>* doping. (¢) Emission spectra of

[116] has demonstrated an innovative work on the
evaluation of short-wave infrared (SWIR, 1000—
1700 nm) properties of lanthanide nanoparticles.
As shown in Fig. 12, disease detection by using
the SWIR-imaging platform was demonstrated.
And a library of lanthanide nanoparticles (Er, Ho,
Pr, Tm) with tunable SWIR emission under 980 nm
laser excitation was developed for real-time and
multispectral SWIR bioimaging. These findings
demonstrate that the SWIR imaging with the merits
of high sensitivity, high spatial resolution, and large
penetration depth is more beneficial for biomedical
imaging application.

Among the whole NIR-II emitting region, the
emission located around 1400 ~ 1600 nm
emerges as the NIR-IIb imaging region [117-
119] owing to the lower photon scattering than
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core—Yb** shell. (d) Excitation spectra of core—Yb>*
active shell NP with and without IR-806 dye sensitization.
Reprinted with permission from Ref. [113]. Copyright
© 2016 American Chemical Society

1000-1400 nm. Thus, NIR-II fluorescence probes
emitting in the 1400 ~ 1600 nm are urgently
needed for high spatial resolution imaging.
Recently, Dai’s group [120] has reported the
down-shifting Ce/Er doped rare-earth
nanoparticles with NIR-IIb emission beyond
1500 nm. As shown in Fig. 13, NIR-IIb emission
centered at 1525 nm was boosted by 9-fold with
suppressing the UC pathway by the Ce-doping
strategy. By using the rare earth-based probes,
fast in vivo imaging of brain vascular was suc-
cessfully achieved, presenting intriguing findings
of short exposure time, high spatial resolution,
and high sensitivity. Inspired by these results,
our group [I21] has explored the high-
performance NalL.nF, (Ln =Y, Yb, Lu) nanorods
with enhanced NIR-IIb emission, high quantum
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Fig. 12 (a) Schematic of the portable SWIR-imaging
prototype. (b) Nude mice bearing melanoma xenografts
were intravenously injected with rare-earth nanomaterials

yield, and high biocompatibility via the Ce
doping for NIR-IIb bioimaging. Small tumor/
metastatic tumor detection with high sensitivity
and tumor vascular imaging (Fig. 14) with the
high spatial resolution were achieved by using
the bright NIR-IIb emissive nanorods.

The aforementioned NIR-II bioimaging
presents highly sensitive tumor vascular imaging
with high spatial resolution and low background
autofluorescence. Therefore, NIR-II imaging-
guided surgical resection of the ultra-small
tumor and metastasis tumor without background
interference is urgently needed. Zhang’s group
[122] has presented an in vivo assembly of
Er-based NIR-II emitting nanoprobe with DNA
and targeting peptides for NIR-IIb (>1500 nm)
imaging-guided metastatic ovarian cancer resec-
tion (Fig. 15). In this approach, RES retention
induced long-term toxicity problem was largely
solved by a two-staged in sequence injection
approach. The nanoparticles were specially
assembled in the tumor site, thus resulting in
weak background signals in the liver and spleen.
A high T/N ratio was achieved to highlight the

Collimated laser
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and imaged near surrounding tumor regions before dissec-
tion from the ventral aspect. Reprinted with permission
from Ref. [116]. Copyright © 2013 Springer Nature

outline of the ovarian metastases tumor (<1 mm)
for precise tumor resection.

Although significant progress is achieved in
NIR-II imaging by using 980 nm laser irradiation,
the tissue overheating problem induced by
980 nm laser still cannot be ignored. Due to the
low absorption coefficients of water and
bio-tissue at 800 nm light, it is necessary to
develop a new lanthanide-based NIR-II emitter
with an optimized excitation wavelength.
Zhang’s group [26] has proposed the
Nd-sensitized Er-based core—shell nanoparticles
with an efficient 1525 nm emission for
bioimaging under 808 nm laser excitation. With
efficient 1525 nm emission, NIR-II bioimaging
with large penetration depth (~18 mm) and low
detection threshold concentration was achieved.

7 Conclusions and Perspective

In this chapter, we have reported the recent
advancement in the design, synthesis, and appli-
cation of the lanthanide UCNPs. In recent years,
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Fig. 13 Ce** doped rare-earth nanoparticles with
enhanced NIR-II luminescence. (a) Schematic design of
a NaYbF,Er,Ce@NaYF, core—shell nanoparticle (left)
with corresponding TEM image (scale bar = 200 nm)
and HRTEM image (scale bar = 2 nm). (b) Simplified
energy level diagrams. (¢) Schematic illustration of the
proposed energy transfer mechanisms. Fast in vivo brain
imaging with Er-RENPs@PMH-PEG in the NIR-II
region. (d) Color photograph of a C57Bl/6 mouse (with

lanthanide-based UCNPs have been considered
as promising luminescent probe for bioimaging
applications owing to their intriguing optical
properties. In particular, when compared with
the organic dye and QDs, under continuous-
wave excitation at 980 nm, lanthanide-doped
nanoparticles showed unique UCL properties,
such as narrow band emission, long lifetimes,
large anti-stokes shift, and non-blinking. How-
ever, traditional Yb**-sensitized UCNPs present
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hair shaved off) preceding NIR-II fluorescence imaging.
(e—g) Time course NIR-II brain fluorescence images
(exposure time: 20 ms). (h, i) Cerebral vascular image
(exposure time: 20 ms) in NIR-II region with
corresponding PCA overlaid image i showing arterial
(red) and venous (blue) vessels. (j) SBR analysis of
NIR-II cerebrovascular image g by plotting the cross-
sectional intensity profiles. Reprinted with permission
from Ref. [120]. Copyright © 2017 Springer Nature

low photon harvesting capability owing to the
weak NIR absorption, subsequently leading to
low UCL efficiency. To improve the UCL effi-
ciency, Nd-sensitized and dye-sensitized UCNPs
have been demonstrated in this chapter, which
greatly alleviates the insufficient light-harvesting
problem. Finally, by combining the advantages of
both organic dye-sensitized and Yb/Nd-sensitized
strategies, the superb next generation lanthanide-
based materials with remarkabley enhanced UCL
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Fig. 15 NIR-II image-guided surgery. (a) Optical photo
of human ovarian adenocarcinoma peritoneal metastases
model and the corresponding NIR-II fluorescence
bioimaging (1000 nm long-pass filter) results (Scale bar,
1 cm). (b) T/N ratios plotted as a function of different
labeled peritoneal metastatic tumors, red dotted line is
according to the Rose criterion. (¢) H&E staining results
of tumor margin in Nos. 1-8 (scale bars, 0.2 mm) and
metastatic lesions in Nos. 9-13 (Scale bars, 0.5 mm). (d)

brightness can be envisaged for cellular and
in vivo bioimaging. However, for real
applications in cellular and in vivo bioimaging,
there are still many problems and challenges
needed to be addressed. We summarize the
problems and potential development directions
of UCNPs for application in cellular and biomed-
ical imaging in vivo as follows:

1. Although great progress has been achieved,
the development of UCNPs for biomedical
and cellular imaging is still limited by the
relatively low QY, leading to an undesirable
penetration depth (<1 cm). Recently, many

NIR-II fluorescence bioimaging results of the popliteal
lymph node metastasis at 22 h PI. Scale bar, 1 cm. (e)
T/N ratios plotted as a function of different PI of the first
injection, red dotted line is according to the Rose criterion.
(f) H&E staining results of popliteal lymph node metasta-
sis (Scale bar, 0.5 mm). Tumors were resected under
NIR-II fluorescence bioimaging guidance. Reprinted with
permission from Ref. [122]. Copyright © 2018 Springer
Nature

strategies have been adopted to increase the
QY, such as core—shell—shell strategy and effi-
cient organic dye-sensitization strategy, subse-
quently leading to the enhancement in particle
size, which may be unsuitable for fast excre-
tion in vivo bioimaging. Therefore, searching
for some new approaches is essential to
improve the QY of the ultra-small UCNPs
(sub-10 nm).

2. The surface defects and surface groups of
UCNPs may significantly affect their quantum
efficiency and biocompatibility. For nanosized
UCNPs, the nonspecific biomolecules
decorated on the UCNPs have played an
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important role in decreasing the surface effect
(high UC efficiency) and improving the solu-
bility (long-term stability) for bioimaging.
There is still much room to study the interface
between the surface ligands and UCNPs.

. The toxicity of UCNPs is one of the main issue
in cellular and bioimaging application. Due to
the unknown long-term toxicity of UCNPs
in vivo, a key factor for UCNPs in the biomed-
ical application is rapid excretion. However,
most of the developed image probes were
uptaken by the nonspecific organ (liver and
spleen), leading to a long time excreting rate
and unknown long-term toxicity. Therefore,
the development of high-efficiency sub-5 nm
UCNPs with the rapid renal filtration (<renal
filtration threshold: 40 kD) effect is highly
desirable for in vivo bioimaging.

. Currently, great efforts have been devoted to
developing lanthanide-based nanoprobes with
excitation (Nd/organic dyes: 808 nm; Yb:
980 nm) and emission wavelength (Er/Tm/
Ho: visible and NIR) at the visible and NIR
region for biological imaging application.
Owing to the rich spectrum of rare earth, the
penetration depth can be further improved by
using NIR-II excitation (Tm: 1208 nm; Er:
1525 nm) or emission (Nd: 1050 nm; Er:
1525 nm; Tm: 1475 nm) in lanthanide
nanocrystals. Therefore, developing
lanthanide-based nanocrystals with tunable
excitation and emission wavelength beyond
1000 nm is highly desirable for cellular and
in vivo biomedical optical imaging.

Acknowledgment The related contents are re-used with
permission.
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1 Introduction

Conjugated polymers (CPs) as a class of excellent
conducting materials have been widely employed
in optoelectronic devices, such as photovoltaic
cells, light-emitting diodes, and field effect
transistors, due to their large =-conjugated
backbones and delocalized electronic structures
[1]. In addition, the inherent light-harvesting and
light-amplifying qualities of CPs also render them
as promising fluorescent probes in biological
field. To make them applicable in biological envi-
ronment, CPs should be dissolved or dispersed in
aqueous media, thus water-soluble conjugated
polymers (WSCPs) or conjugated polymer
nanoparticles (CPNs) are developed. WSCPs are
designed via modifying the side chains and
applied in diagnostics, in vitro or ex/in vivo imag-
ing, drug/gene delivery, and photodynamic ther-
apy [2—4]. However, several limitations still exist
in their practical application, including compli-
cated conjugation and purification steps, undesir-
able self-aggregation behaviors, low quantum
yield (QY) of most near-infrared (NIR) WSCPs,
and potential toxicity in vivo [4]. To solve these
problems, CPNs have been proposed to be
promising  nanomaterial  for  biomedical
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application [5—16]. CPNs have many advantages,
such as easy preparation, high brightness, excel-
lent biocompatibility, and photostability [17].

Small fluorescent nanoparticles are especially
attractive for most biological applications, such as
semiconductor quantum dots (Qdots) [18-20],
silicon dots [21, 22], carbon dots [23-26], and
dye-doped silica dots [27], in which “dot” refers
to their small particle size [28]. In consistence
with these small dots, polymer dots (Pdots) are
viewed as a subset of CPNs with both small
particle size (less than 20-30 nm in diameter,
preferably in the 5-20 nm range) and high bright-
ness [28, 29]. There should be more than 50% and
preferably greater than 80% CPs in Pdots,
because the fluorescence brightness is largely
determined by the weight or volume fraction of
CPs [28, 29]. Moreover, Pdots should possess a
hydrophobic polymer interior to ensure colloidal
stability and the fluorescence brightness [30]. As
fluorescent probes, Pdots exhibit many excellent
characteristics, such as fast emission rate, high
fluorescence brightness, excellent photostability,
as well as nonblinking and nontoxic features [30—
49].

Although some reviews have summarized the
synthesis, properties, and biological applications
of CPNs and Pdots, respectively [4, 7-9, 12-15,
17, 28, 29, 50], a comprehensive summary about
CPNs and Pdots as new fluorescent materials for
cell imaging does not exist yet. To further pro-
mote the development and application of CPNs
and Pdots in biomedical fields, in this chapter, we
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will summarize the developments of CPNs and
Pdots from design and synthesis to their
applications in cell imaging.

2 Conjugated Polymer
Nanoparticles (CPNs)

In 2013, Wang’s group systematically reviewed
the biological applications of CPNs on fluores-
cence imaging, anti-microorganism  and
antitumor, as well as gene delivery and drug
delivery/release [7]. CPNs have been developed
very fast, and some other reviews have also
summarized the synthesis, properties, and
biological applications of CPNs [51-54]. Lately,
Wang et al. have summarized more progresses of
CPNs including multimode molecular and cell
imaging, anti-microorganism/anticancer therapy,
and cell activity regulation, besides previously
reported sensing, fluorescence imaging, and pho-
todynamic therapy [17]. Compared to small
organic molecule dyes, CPs have a larger optical
cross section, because their backbones behave as
numerous light-harvesting units [8]. CPNs have
been widely used in cell imaging due to their
facile chemical synthesis, large extinction
coefficients, tunable spectral properties, high
brightness, superior photostability, versatile sur-
face modification, and low cytotoxicity [33, 37].

2.1 Synthesis of CPs and Preparation

of CPNs

Typical CPs primarily include four basic types,
namely poly(fluorene) (PF) and its derivatives,
poly(thiophene) (PT) and its derivatives, poly
(p-phenylenevinylene) (PPV) and its derivatives,
as well as poly(p-phenyleneethynylene) (PPE)
and its derivatives, which are mainly synthesized
by Suzuki coupling, oxidative polymerization,
Heck and Sonogashira coupling, respectively
[7]. Recently, NIR absorption is required for
CPNs to be applied in biomedical research due
to the deep tissue penetration and low phototox-
icity in biology system of NIR light [55-
58]. Therefore, it has become a trend to
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synthesize more and more donor-acceptor
(D-A)-structured CPs via Suzuki or Stille poly-
merization to obtain the red-shifted absorption by
utilizing intramolecular charge transfer to lower
the bandgap of polymers [59]. Wang and
coworkers have summarized the structures of rel-
evant CPs used for biomedical applications [17].

To prepare CPNs, the commonly used
methods are nanoprecipitation, miniemulsion,
and self-assembly [7, 17]. For nanoprecipitation
method, which is the mostly used one, CPs alone
or with amphiphilic polymers are dissolved in a
water-miscible “good” solvent (generally tetrahy-
drofuran), and then rapidly added to excess
“poor” solvent (generally ultrapure water) under
ultrasonication. CPNs are obtained after the evap-
oration of organic solvent. Many studies indicate
that the particle diameter is dependent on the
starting concentration of the CPs in good organic
solvents, and the sizes of particles will increase
with the starting concentrations of CPs in organic
solvents [31, 60]. For miniemulsion method,
unlike  nanoprecipitation = method,  water-
immiscible  organic  solvent  (such  as
dichloromethane) is used, and additional surfac-
tant is added to avoid coalescence of emulsion
droplets [61, 62]. CPs are dissolved in organic
solvent and then added to aqueous solution with
surfactants under sonication, forming a homoge-
neous emulsion. CPNs are formed by removing
the organic solvent from the emulsion. For self-
assembly method, oppositely charged or amphi-
philic CPs and co-assembling reagents are
dissolved in water independently, and blended
together under stirring to prepare CPNs [63-65].

2.2 CPNs for Fluorescence Imaging

Bioimaging is an effective approach to observe
the morphological details of cells and tissues,
which is a powerful tool in biological research
and life sciences. Recently, increasing attention
has been paid on various imaging techniques,
including fluorescence imaging [66—75], positron
emission tomography [76-78], computed tomog-
raphy [79-82], magnetic resonance imaging [83—
85], single photon emission computed
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tomography [86—88], and photoacoustic/ultra-
sound imaging [89-93]. Among these
technologies, fluorescence imaging possesses
many advantages, including easy operation, high
contrast and sensitivity, good temporal resolution,
and minimal invasiveness. Fluorescence imaging
agents, such as Qdots [94-96], carbon dots
[25, 26, 97], fluorescent proteins [98—100], and
organic fluorescent dyes [101-105] have been
extensively studied in the past decade. However,
there are many limitations for their application in
bioimaging, such as short Stokes shift, poor sta-
bility or biocompatibility, and photodegradation
under repeated excitation. Fluorescent CPNs have
acquired great promise for bioimaging due to
their easy modification, large extinction
coefficients, high fluorescence brightness, supe-
rior photostability, and low cytotoxicity.
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It is an essential way to study the dynamic and
complex cellular processes via fluorescent label-
ing in live cells [106]. In 2007, Moon et al.
introduced fluorescent CPNs that were easily
synthesized and capable of fluorescence imaging
of live cells without obvious toxicity [107]. An
amine containing poly(p-phenylene ethynylene)
(PPE) was synthesized via the palladium/copper-
catalyzed cross-coupling reaction (Fig. 1a). The
amine groups were introduced at the end of ethyl-
ene oxide to minimize the n-stacking of aromatic
backbones in aqueous solution. Stable
nanometer-sized particles with an average size
of 97 nm were fabricated by sequential ultrafiltra-
tion with acetic acid, ethylenediaminetetraacetic
acid, and water. It could be seen from the micro-
scopic images of live BALB/C 3T3 cells (mouse
embryonic fibroblast) stained by the CPNs

/ /
a 5 N a. 0_/_0
/_/ /_/NH? /_/ HNHE
0_/_0 _/—O O_/—o /—O
P Pd?, Cul o}
= = 4+ | DMSO, Morphaline .I"_ /’_\< _ —
RN 4 \ /7Tn
0—/_O o—/—0
0 PPE

Fig. 1 (a) Synthetic route of PPE from diiodoarene
(1) and diyne (2). (b) Fluorescence images of live
BALB/C 3 T3 cells incubated sequentially with CPNs
(green) and Hoechst dye (blue). (c) Fluorescence images
of fixed BALB/C 3T3 cells. Live cells were incubated with
CPNs and fixed for confocal microscopic study. (d)

incubated with

Viability of BHK cells various
concentrations of CPNs for different days. @ no CPN; O
33 pM; A 66 pM; O 132 pM; O 264 uM of CPNs.
(Reprinted with permission from Ref. [107]. Copyright
© 2007 Wiley-VCH Verlag GmbH & Co. KGaA,
Weinheim)
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Fig. 2 Fluorescence
images of cultured cells
(day 1,2,and 3) in a
microfluidic device. The
cell nuclei of cells in day-3
image (merged) were
stained with DAPI (blue) to
further demonstrate the
growth of cells. The last
column shows
corresponding phase-
contrast images. The gray
squares in fluorescence
images represent posts in
the device. (Reprinted with
permission from Ref.
[108]. Copyright © 2009
Wiley-VCH Verlag GmbH
& Co. KGaA, Weinheim)

overnight that CPNs were distributed in the cyto-
plasm, and especially around the perinuclear
region (Fig. 1b). A confocal microscopic image
of fixed 3T3 cells (Fig. 1c) suggested that CPNs
were mainly accumulated in vesicular structures,
such as early or late endosomes. The viabilities of
cells treated with CPNs were compared to the
control groups without CPNs (Fig. 1d),
demonstrating good biocompatibility of CPNs.
CPNs have a high quantum yield and better
photostability than representative fluorescent
dyes. Study of the cellular uptake and location
of CPNs will lay the foundation of more
fluorescence-imaging-based applications, such
as delivery of bioactive molecules.

After that, they reported the two-photon fluo-
rescent imaging characteristics of CPNs based on
PPE [108]. Two-photon fluorescent imaging is
promising for in vivo microscopic physiological
studies in many areas, such as immunology, neu-
robiology, and tissue engineering [109-
111]. Advances in the design of two-photon
endomicroscope have further made it possible to
develop noninvasive diagnostic procedures to
detect the malignancy in organs, such as the
intestine and the oral cavity [110, 112,
113]. Although high two-photon action cross-
sections have been realized in some organic
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CellTracker Contrast
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fluorophores [33, 34, 114—-116] and Qdots [20],
the application of these probes in biomedical
fields also has many limitations, such as the
hydrophobicity and cytotoxicity of organic
fluorophores, as well as the existence of “dark”
dots [117] and heavy-metal core-related cytotox-
icity of Qdots. CPs can well resolve the above
problems and meet the requirements for
two-photon fluorescent imaging. Moon et al.
used CPNs for two-photon imaging of endothelial
cells in a model-tissue culture system. They
improved the preparation methods of CPNs,
thus significantly reducing the size of them to
8 nm. CPNs exhibit large two-photon cross-
sections and high photostability comparable to
Qdots. More importantly, the nontoxicity and
hydrophilicity of CPNs enabled them for long-
term monitoring of angiogenesis by endothelial
cells in a tissue model (Fig. 2), revealing the
potential of CPNs in biomedical applications.
The prevalent polyvalent interactions in the
nature play an important role in maintaining
some biological functions, such as signal trans-
duction, gene regulation, cell-cell recognition,
cell adhesion and proliferation [118]. Therefore,
synthetic ligands with multivalent recognition
elements might bind to cell-surface receptors or
other components of the extracellular matrix
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Fig. 3 (a) Structures of PPE 1 and PPE 2. (b) Immuno-
fluorescence staining of PPE 2 with an antibody against
fibronectin (NIH 3 T3 cells). Images from left to right:
Fluorescence images of cells stained with PPE 2 (green),
anti-fibronectin (red), and overlay of the both. (¢) Binding

selectively, and thus serve as selective effectors or
inhibitors to these processes [119]. Bunz and
Fahrni wanted to explore whether a ligand with
multiple nonspecific interactions could selec-
tively recognize the components in extracellular
matrix of live cells. In their work, PPE was also
selected as the backbone, and functionalized
either with positively charged tetraalky-
lammonium groups (PPE 1) [120] or with nega-
tively charged carboxylates (PPE 2) [120, 121]
(Fig. 3a) as nonspecific low-affinity binding
elements [122]. The two polymers showed dis-
tinctly different behaviors when added to live
NIH 3T3 fibroblast cells in growth medium for
4 h. PPE 1 with positive charge exhibited punc-
tate staining of endocytic vesicles, while anionic
PPE 2 showed a characteristic filamentous extra-
cellular staining pattern. Fibronectin is an

PPE concentration [aM]

Overlay

assay of PPE 2 with
concentrations (as shown on the right of the graph) of

surface-adsorbed different

fibronectin. (Reprinted with permission from Ref.
[122]. Copyright © 2008 American Chemical Society)

extracellular matrix protein, which interacts with
actin filaments at specific locations within the
extracellular ~ matrix. Immunofluorescence
staining demonstrated that the fluorescence of
PPE 2 almost perfectly co-localized with that of
commercial antibody against fibronectin, as
shown in Fig. 3b. In vitro binding assay was
performed to probe the interaction between PPE
2 and fibronectin, as illustrated in Fig. 3c, the
fluorescence intensity increased not only with
increasing polymer concentration but also with
the increase of fibronectin surface density, and
the avidity of the polymer-fibronectin complex
lies in a similar range compared to the multivalent
carbohydrate—lectin interactions [123]. In addi-
tion, both polymers possessed bright fluorescence
emission and good photostability, rendering them
suitable for two-photon excitation microscopy. In
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Fig. 4 (a) The synthetic route of cisplatin-functionalized
polythiophene (PT-Pt). Fluorescence images of human
pulmonary carcinoma (A549) cells incubated with
16 pg mL~' of PT-Pt; (b) phase-contrast image; (c)

view of the biological importance of fibronectin,
this work underscores the efficacy of weak non-
specific polyvalent interactions on the design of
new synthetic ligands.

CPs can also be used for imaging the cellular
distribution of anticancer drugs. Cisplatin has
been one of the widely used anticancer agents
nowadays, while its application is also limited
by drug resistance and side effects [124]. There-
fore, it is necessary to get more information on
how cells process the internalized platinum drugs
to improve the properties of platinum-based
drugs. Methods for studying the distribution of
platinum drugs in cells mainly include
fluorescent-dye labeling approaches and atom-
based analytical techniques [125, 126]. Wang
and coworkers synthesized an amphiphilic
polythiophene derivative (PT-Boc), and the poly-
mer could form nanoaggregates in water, which
exhibited good photostability and biocompatibil-
ity [127]. The nanoaggregates could easily enter

iif) (NH,)*[PtCl5(NHg)]

fluorescence image; (d) overlap of phase-contrast image
and fluorescence image. (Reprinted with permission from
Ref. [127]. Copyright © 2011 Wiley-VCH Verlag GmbH
& Co. KGaA, Weinheim)

cytoplasm and be used for cell imaging. Then the
polythiophene-cisplatin conjugate (PT-Pt) was
synthesized by coordinated interaction between
cisplatin and the amine group of the side chain
of polythiophene (Fig. 4a). The PT-Pt could be
used for monitoring the distribution of cisplatin in
cells (Fig. 4b—d). It is expected that the good
reactivity of the amine group in the polythiophene
side chain shows great promise for fluorescence
imaging of similar drugs in living cells.

One of the main limitations in the application
of CPs for cell imaging is their inadequate water
solubility. Introducing ionic or hydrophilic func-
tional groups to CPs is one strategy to address this
issue, while the synthetic procedures usually
require many procedures, which are time-
consuming. In addition to the complex modifica-
tion of polymer structures, to prepare CPs based
nanoparticles through nanoprecipitation method
is an easier way. By controlling the experimental
conditions precisely, the prepared CPNs with
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Fig. 5 (a) Structures of PF, PFV, PFBT, and MEH-PPV.
(b) A photograph of CPL NPs (PF, PFV, PFBT, and
MEH-PPV) under a hand-held UV lamp captured by digi-
tal camera. (¢) CLSM images of MCF-7 cells after 2.5 h
incubation with the FA PFV-loaded PLGA NPs (87.5 nM
PFV). The images are obtained under continuous excita-
tion of 405 nm laser (5% laser power) for (A) 0 and

different sizes showed limited blinking and high
fluorescence [31, 34]. However, to provide these
nanoparticles with functional surfaces, further
encapsulation is necessary. Liu’s group used
poly(DL-lactide-co-glycolide) (PLGA) as the
matrix polymer, and reported a simple strategy
for the preparation of biocompatible and surface-
functionalizable CPs based nanoparticles in one
step [62]. CP-loaded PLGA NPs (CPL NPs) were
prepared via a modified solvent extraction/evapo-
ration single-emulsion method with poly(vinyl
alcohol) as emulsifier [128]. The obtained NPs
are stable with biocompatible and functionalized
surfaces. Moreover, the fluorescence properties of
the CPL NPs could be adjusted by loading differ-
ent types of CPs (Fig. 5a, b). The ability of CPL
NPs for bioimaging was verified through incuba-
tion with human breast cancer (MCF-7) cells.
Confocal laser scanning microscopy (CLSM)
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d
.

(B) 20 min. (d) CLSM images of NIH/3T3 cells after
2.5 h incubation with (A) the PFV-loaded PLGA NPs
and (B) FA PFV-loaded PLGA NPs (87.5 nM PFV). The
images are obtained under continuous excitation of
405 nm laser (5% laser power). (Reprinted with permis-
sion from Ref. [62]. Copyright © 2009 Wiley-VCH
Verlag GmbH & Co. KGaA, Weinheim)

studies reveal that the CPL NPs could be
internalized by cells with intense fluorescence.
After conjugation with folic acid (FA), the
surface-functionalized CPL NPs exhibited greatly
enhanced cellular uptake by MCEF-7 cells
(Fig. 5c) via receptor-mediated endocytosis, as
compared to that by NIH/3 T3 cells (Fig. 5d),
indicating a selectively targeted cell imaging
effect of the FA functionalized CPL NPs. The
surface-functionalized CPL NPs inspire new
strategies for specific biological imaging and can-
cer detection.

Recently, multiplex biological analysis and
imaging have become more and more important
in drug discovery, gene profiling, and clinical
diagnostics [129-131]. CPNs have been devel-
oped for cell imaging due to their high fluores-
cence brightness, low toxicity, and excellent
photostability. Nevertheless, CPNs themselves
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Fig. 6 (a) Chemical structures of four cationic CPs (P1,
P2, P3, and P4). (b) Fluorescence images of E. coli-CPN
microparticles. (¢) SEM images of E. coli and E. coli-CPN
microparticles. Scale bars: 1.0 pm. (d) The images of
various color-barcoded microparticles obtained from

have limited numbers of colors. Therefore, in
order to meet the requirements of multiplexed
biological analysis and imaging, it is necessary
to find an effective method to achieve multicolor
regulation. Wang and Zhu et al. developed a
novel technique for preparing encoded multicolor
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mixing the E. coli and CPNs under 365 nm UV light.
(Reprinted with permission from Ref. [132]. Copyright
© 2012 Wiley-VCH Verlag GmbH & Co. KGaA,
Weinheim)

CPNss via the self-assembly of E. coli and CPNs
by simply mixing them together [132]. In their
work, four cationic CPNs with different colors
(blue, green, yellow, and red) have been prepared
(Fig. 6a). With E. coli TOP10 as the assembly
vector, E. coli-CPN microparticles in three basic
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colors were prepared by merely mixing the E. coli
with P1 (blue), P2 (green), or P4 (red) followed
by centrifugation. The outlines of E. coli were
observed in blue, green, and red fluorescence
with 1-3 pm length and 0.5 pm diameters in
size (Fig. 6b). As shown in scanning electron
microscopy (SEM) images (Fig. 6¢), upon coat-
ing with CPNs, the smooth outer surface of E. coli
changed to be coarse, showing a continuous layer
of CPNs. Multicolor could be adjusted through
fine-tuning fluorescence resonance energy trans-
fer (FRET) among the three CPNs, and
12 color-encoded microparticles could be easily
prepared under one excitation (Fig. 6d). These
multicolor particles did not show toxicity towards
A549 cells, and were successfully applied for
imaging and optical barcoding. This effective
method opens up the possibility of CPNs for
multiplex biological analysis and imaging.
Targeted imaging of tumor cells is of great
importance for the diagnosis and treatment of
cancer. In consideration that every commercial
optical instrument has its own excitation source,
it is imperative to develop a targeted fluorescent
material which could match different excitation
sources and show multicolor emission
[17]. Wang and coworkers introduced a method
of targeted imaging of tumor cells based on mul-
ticolor CPNs due to their simple synthesis and
all-round surface modification [133]. Four CPs
with blue (P1), green (P2), yellow (P3), and red
(P4) emissions were designed and synthesized
(Fig. 7a), and carboxyl functionalized CPNs
were prepared via a modified co-precipitation
method on the basis of hydrophobic interactions
between the CPs and poly(styrene-co-maleic
anhydride) (PSMA) as the source of carboxyl
functionalities. The carboxyl groups on the sur-
face could be further modified with antibodies
through amide coupling (Fig. 7b). Multicolor
P1-4/PSMA CPNs obtained from
co-precipitation of P1, P2, P3, P4, and PSMA
(Fig. 7c) showed entire visible region emission
based on FRET mechanism. After modification
with the primary antibody to epithelial cell-
surface receptor (anti-EpCAM), multicolor
(blue, green, and red) fluorescence images of
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MCEF-7 cells incubated with P1-4/PSMA CPNs
were observed upon excitation at 405, 488, and
559 nm (Fig. 7d). To address the limited specific-
ity of single antibody-labeled for tumor cells,
much better specificity was achieved by using
two CPNs labeled with different antibodies to
detect one tumor cell. The multicolor CPNs in
this work match well to those available in com-
mercial fluorescence instruments, showing the
potential of CPNs in targeted cell imaging and
detection of tumor cells.

CPNs hold great potential for in vivo applica-
tion owing to their good water dispersibility,
organic nature of chemical constitution, low cyto-
toxicity, and high light absorbing ability,
although it is more difficult for in vivo imaging
than in vitro cell imaging due to the complicated
biological environments and multiple biological
barriers [7]. In 2010, Kim et al. realized in vivo
application of cyanovinylene-backboned CPNs
for real-time sentinel lymph node (SLN) imaging
by intradermal injection [134]. The chemically
and colloidally stable CPNs were easily prepared
via single-step in situ polymerization in solvent-
free micelles under mild conditions, and provided
high nanoscopic chromophore density and out-
standing signal brightness. The utility of CPNs
in effective SLN mapping can provide guidance
on noninvasively identifying superficial SLNs or
revealing deep SLNs by tracing the lymphatics
during surgery.

It is highly important to understand the life-
threatening pathological processes like cancer
metastasis and optimize cell-based therapeutics via
noninvasively monitoring the transplanted cells
in vivo [135-137]. Rao et al. reported
phosphorylcholine-coated NIR semiconducting
polymer nanoparticles (SPNs) for rapid and efficient
in vivo cell tracking [138]. The zwitterionic SPN
(SPNgp) was yielded via co-precipitation of poly
[2,7-(9,9-dioctylfluorene)-alt-4,7-bis(thiophen-2-y1)
benzothiadiazole] (PFODBT) and 1,2-dipalmitoyl-
sn-glycero-3-phosphocholine  (DPPC).  SPNgrp
could enter different cells in complete culture
medium within 30 min of incubation, which
demonstrated its potential as a general cell
tracker. The far-red absorbing and NIR emitting
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Fig. 7 (a) Chemical structures of four CPs (P1, P2, P3,
and P4) in different colors. Schematic illustration of (b) the
general preparation of CPNs (P3/PSMA) and their modifi-
cation with an antibody, as well as (c) the preparation of
multicolor CPNs (P1-4/PSMA) and relative modification
with an antibody. (d) Multi-channel fluorescence images

of SPNyp rendered it clearly visible at least
within 0.5 cm of tissue penetration depth in spite
of its relatively low quantum yield, which was

Phase contrast

20um

of MCF-7 cells incubated with P1-4/PSMA/anti-EpCAM
CPNs and excitated by laser at 405, 488, and 559 nm.
(Reprinted with permission from Ref. [133]. Copyright
© 2014 Wiley-VCH Verlag GmbH & Co. KGaA,
Weinheim)

hardly achievable for the highly fluorescent green
SPN (SPNg). The SPNRp permitted in vivo track-
ing of human renal cell carcinoma cells in living
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mice at a lower detection limit of 10,000 of cells,
and no obvious alteration of cell phenotype could
be observed after 12 days. Thus, SPNs as a cell
tracking label could provide unique opportunities
for optimizing cellular therapy and deciphering
pathological processes.

To address the limitation of autofluorescence
and penetration depth of biological tissues,
in vivo biological imaging in the second near-
infrared window (NIR-II, 1.0-1.7 pm) has
attracted increasing interest [139—-144] due to its
distinct advantages over that in the visible
(400-750 nm) or the conventional NIR
(750-900 nm) regions. The first example of
NIR-II biological imaging was reported by Dai’s
group for ultrafast fluorescence in vivo imaging
[145]. A brightly fluorescent D-A structured
copolymer poly(benzo[1,2-b:3,4-b’]difuran-alt-
fluorothieno-[3,4-b]thiophene) (pDA) was
synthesized via alternating copolymerization
(Fig. 8a). The stable CPNs with fluorescence
emission at around 1050 nm were prepared with
PEGylated phospholipid (DSPE-mPEG) as the
biocompatible surfactant (Fig. 8b). After modifi-
cation with targeted Cetuximab (Erbitux) anti-
body (pDA-PEG-Erbitux, Fig. 8c), the
nanoparticles realized specific imaging of
EGFR-positive breast tumor MDA-MB-468
cells in NIR-II window (Fig. 8d). They achieved
ultrafast blood flow imaging of mouse femoral
arterial with NIR-II pDA-PEG (Fig. 8e), and
also the first in vivo blood flow velocity measure-
ment on the millisecond scale. After that, more
and more NIR-II fluorescence agents have been
developed to acquire high spatial and temporal
resolutions and could eventually be suitable for
clinic use.

3 Conjugated Polymer Dots
(Pdots)

In recent years, Pdots, which are primarily consist
of n-CPs and possess small particle size, high
brightness as well as excellent photostability,
have demonstrated wide applications in many
areas including fluorescence imaging. Chiu and
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Wu carried out a systematic characterization of
the optical properties and performance of Pdots
for fluorescence imaging and flow cytometry, in
which they found that either the single-particle
brightness or the cell-labeling brightness of Pdots
is much higher than that of Qdots with compara-
ble particle size, even more than an order of
magnitude [39, 41]. To control the surface chem-
istry of Pdots and introduce functional groups to
them, some simple but powerful approaches have
been developed [30, 38-42, 44, 46-48], which is
a prerequisite in employing more novel Pdots for
biomedical applications. Since the first-
generation of Pdots which exhibit broad emission
spectra, more types of Pdots such as narrow emis-
sive Pdots [49, 146-150], NIR-emissive Pdots
[146, 150-155], long luminescence lifetime emis-
sive Pdots [147, 149], single-chain and monova-
lent Pdots [156], photoswitchable Pdots [157—
160], and electro—/chemiluminescent Pdots
[161-163] have been developed, and the perfor-
mance of Pdots has been gradually improved
[29]. Pdots have been well developed for
bioimaging [147, 148, 155], biosensing [164—
169], and phototherapy of cancer [82, 170-173],
and we will summarize their application in fluo-
rescence imaging in this section.

3.1 Preparation and Properties

of Pdots

Two main preparation methods of CPNs are
miniemulsion approach and reprecipitation
method, among which the latter could generate
Pdots with sizes of about 5-30 nm, whereas the
former usually produces particles with larger
diameters from 40 to 500 nm [30, 46—48]. The
particle size can be tuned by adjusting the con-
centration of polymer in the solution because of
the competition between interchain aggregation
and intrachain collapse during reprecipitation
process. The internal structures of Pdots are typi-
cally densely packed with hydrophobic CPs due
to the strong hydrophobic interactions, which can
be seen by the highly efficient energy transfer
inside the NPs [30, 36, 42, 48]. The Pdots are
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typically in glassy phase, and the crystalline
phase can be partially formed in the glassy matrix
in certain polymers, such as PFO [35]. The per-
formance of nanoparticle probe in biological
applications is highly related to its physical size,
and most imaging and bioassays require small
nanoparticle labels [28]. According to the fluores-
cence brightness of per-particle, the number of
fluorophores in each particle increases with the
volume at a given fluorophore packing density.
The absorption cross section of the nanoparticles
is highly related to the particle size and the
fluorophore packing density, so Pdots have a
significant advantage due to their densely packed
chromophoric structures [28].

For the utility as fluorescent labels, the optical
properties of Pdots have been systematically
evaluated [30, 31, 33, 34, 39-41, 48,
174]. Pdots prepared via reprecipitation methods
generally exhibit blue-shifted and broadened
absorption spectra in comparison with that of
the polymer in tetrahydrofuran [174]. McNeill
and coworkers have reported for the first time
that Pdots exhibit two-photon absorption cross-
sections up to 2.0 x 10° GM, which is benefit for
their two-photon fluorescence applications
[33]. In addition, the fluorescence lifetime of
Pdots from different CPs determined by the
time-correlated single-photon counting technique
generally differs from 100 ps to 1 ns
[28, 34]. Pdots exhibit a fluorescence radiative
rate constant (kg) in the range of 10%-10° s,
which is similar to or higher than that of typical
fluorescent dyes (ca. 10® s71), and about two
orders of magnitude higher than that of single
quantum dot [175]. The photostability of Pdots
is higher than that of typical fluorescent dyes
[34, 39].

Colloidal and chemical stability are also of
great significance for the biological applications
of Pdots. Bare Pdots can hold great colloidal
stability in deionized water for a long time with-
out aggregation or precipitation, while the exis-
tence of either moderate ionic strength or divalent
metal ions will cause the aggregation of them
[46]. For the chemical stability of Pdots, the fluo-
rescence of them was not affected by any tested
biologically relevant ions and common reactive
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oxygen species, demonstrating the significant
advantage of Pdots for in vivo imaging [28].

3.2 Pdots for Fluorescence Imaging
The extraordinary fluorescence brightness, stable
and fast emission rate, as well as excellent photo,
colloidal and chemical stability of Pdots lay a
solid foundation for their biological applications.
In vitro cell imaging applications of Pdots were
initially conducted by a nonspecific labeling
method [34]. Due to their high fluorescence
brightness, Pdots could be used for imaging at a
low concentration [176]. Different from
endocytosis-based labeling, cell imaging based
on antigen-antibody interactions can realize spe-
cific cellular targeting. By introducing a small
amount of amphiphilic polymer with functional
groups into the majority of CPs during nanoparti-
cle formation, the nanoparticle surface can be
modified for covalent conjugation to bioactive
molecules, such as immunoglobulin G (IgG) and
streptavidin. The bioconjugates of Pdots could
specifically label cell surface marker in MCF-7
cells without any detectable nonspecific binding,
and the fluorescence brightness of Pdots was
much higher than that of quantum dot probes
and Alexa dyes [39]. Chiu et al. also realized
specific subcellular imaging of Pdots after suc-
cessful functionalization and bioconjugation,
revealing the great promise of Pdots for
bioanalytical  applications and  biological
imaging [47].

The photon-limiting interferences such as scat-
tering, absorption, and autofluorescence are main
limitations for fluorescence imaging to be trans-
lated into the clinic. In this context, Pdots show
great potential for in vivo application due to their
organic chemical constitution, water
dispersibility, and superior light absorbing ability
generated from their high chromophore density.
Kim and coworkers have successfully
demonstrated the in vivo mapping of
cyanovinylene-backboned polymer dots (cvPDs)
to SLN [134]. Surfactant-stabilized cvPDs were
synthesized via in situ Knoevenagel polymeriza-
tion in the organic solvent-free aqueous phase
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Fig. 9 (a) Schematic illustration of colloidal synthesis of
cvPDs via Knoevenagel condensation catalyzed by
tetrabutylammonium hydroxide (TBAH) in the hydropho-
bic core of micelles in aqueous solution. (b) True-color
photographs of cvPDs in water (left) and a live mouse

(Fig. 9a). Similar to Qdots [177], multicolor fluo-
rescence was observed under single-wavelength
excitation due to the broad absorption profiles of
cvPDs, which was beneficial for simultaneous
imaging of diversiform molecular targets
(Fig. 9b). To demonstrate their potential for appli-
cation in multicolor in vivo imaging, a live mouse
was subcutaneously injected with cvPDs, and the
fluorescence spots were clearly distinguished
from the background according to the color and
brightness even under UV excitation, by which
the autofluorescence of a live mouse should be

T. Sun and Z. Xie

(3) orange-cvPD  CeO  (4) NIR-cvPD

injected with cvPDs (right) under room light (top) and UV
excitation (365 nm) for fluorescence (bottom). (Reprinted
with permission from Ref. [134]. Copyright © 2010
Royal Society of Chemistry)

significant (Fig. 9b). After the intradermal injec-
tion of NIR-cvPDs into the forepaw pad of a
mouse, clear-cut imaging of SLN was observed,
which provides a possibility for precisely
identifying SLNs by real-time optical guidance
during surgery.

Although various efforts had been paid by
researchers, there were still a few challenges for
Pdots to be used as in vivo probes at that time,
such as the limited fluorescence brightness of
Pdots in the red and NIR, as well as the uncer-
tainty of whether Pdots could be specifically
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delivered to tumor tissues in vivo. To address
these concerns, Chiu et al. prepared highly fluo-
rescent Pdots consisting of optimally tailored CP
blends for in vivo brain tumor targeting [41]. On
account of the efficient intra-particle energy trans-
fer in Pdots [135], the polymer-blend dots
(PBdots) were designed with a visible-light-
harvesting polymer (PFBT) as the donor and an
efficient deep-red emitting polymer (PF-DBTS)
as the acceptor (Fig. 10a). Due to the close
stacking of the donor/acceptor polymers into sin-
gle dots, the intra-particle energy transfer led to
complete quenching of the donor fluorescence
and intense fluorescence from the acceptor
(PF-DBTS5) alone. The PBdots were the brightest

0.9 005'n
N N

CgHiz  "CeHiz
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30% PF-DBT5
S
N
n O &
CgHi; ~CaHiy L
50% PFBT S
20% PSMA
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-

ND2:SmoA

no injection PBdot-CTX PBdot-PEG

Fig. 10 (a) The preparation of PBdots as well as their
functionalization and CTX conjugation. (b) Fluorescence
imaging of healthy brains in wild-type mice (left) and
medulloblastoma tumors in ND2:SmoAl mice (right).
The mice were injected with either nontargeting PBdot-
PEG (top) or targeting PBdot-CTX (middle), and the mice
without injection (bottom) served as control. (¢) Tumor-

169
at that time among different fluorescent
nanoparticles of similar size. Chlorotoxin

(CTX), a 36-amino acid peptide with strong affin-
ity to tumors of neuroectodermal origin, was
selected as the tumor-targeting ligand [136]. The
PBdots were covalently conjugated to CTX
(PBdot-CTX), then the results from biophotonic
imaging (Fig. 10b and c) and histological
analyses (Fig. 10d) certified their specific

targeting to malignant brain tumors. This study
as the first demonstration of targeted delivery of
Pdots to diseased tissues, suggests a great promise
clinical

of Pdot-based probes for
diagnostics and therapeutics.
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>
&
EDC
COOH =i & @7
3 chlorotoxin
NH,-PEG
o) Oozs, “
Q
e
C ® PBdot-CTX
sof ND2:
Aol @ PBdot-PEG NDZ
25
20F
o
212 ild type
wi
120 " | yp

tumor/WT cerebellum/
l 15 d frontal lobe
wild type ND2:SmoA1 ND2:SmoA1

PBdot-CTX PBdot-PEG PBdot-CTX

Y

targeting efficiency quantified by fluorescence signals in
ND2:SmoA1 versus wild-type mice and cerebellum versus
frontal lobe. (d) Histological analyses of the mouse brains
in (b). (Reprinted with permission from Ref. [41]. Copy-
right © 2011 Wiley-VCH Verlag GmbH & Co. KGaA,
Weinheim)
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Despite the progress, the conventional Pdots
generally show broad emission spectra, which are
severe limitations for their usefulness in many
biological applications especially in multiplex
detections, such as in vitro/in vivo imaging, flow
cytometry and cell sorting, Western blot analysis,
and nucleic acid analysis [29]. In order to address
this limitation and design Pdots with narrow
emission, Chiu group employed donor-acceptor
strategy and developed a series of boron
dipyrromethene (BODIPY)-based Pdots, in
which BODIPY monomers were covalently
introduced into the polymer and used as narrow
emissive species [49, 148, 150]. The reason to
select BODIPY dyes was that they possess high

absorption coefficients and quantum yields, sharp
emission peaks, and good photostability [178—
180]. The emission FWHM (full width at half
maximum) values of these Pdots are about
40-55 nm (Fig. 1la), which are 1.5-2 times
narrower than those of conventional Pdots
[49]. Due to the carboxylate groups in the
monomers, it is convenient to conjugate the
Pdots with biological molecules like streptavidin
(SA). The flow cytometry results (Fig. 11b—d)
proved that all Pdot-SA probes and Qdot
525-SA probes could effectively label EpCAM
receptors on the MCF-7 cell surface, while the
groups treated with identical conditions but with-
out incubation of primary biotinylated antibody
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Fig. 11 (a) Fluorescence spectra of BODIPY 520 Pdots,
BODIPY 600 Pdots, and BODIPY 690 Pdots in aqueous
solution. Flow cytometry results of MCF-7 cells labeled
with (b) Qdots 525 and BODIPY 520 Pdots, (¢) BODIPY
600 Pdots, and (d) BODIPY 690 Pdots via nonspecific
binding (N, negative control) or positive specific targeting
(P, positive). All Pdots and Qdots were labeled with
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SA. (e) Confocal fluorescence images of MCF-7 cells
incubated with BODIPY Pdot-SA probes (from top to
bottom: BODIPY 520 Pdot-SA, BODIPY 600 Pdot-SA,
and BODIPY 690 Pdot-SA). Scale bars: 20 pm. (Reprinted
with permission from Ref. [49]. Copyright © 2013 Amer-
ican Chemical Society)
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could not label the cells. The comparison between
BODIPY 520 Pdots and commercial Qdots
525 under the same conditions (Fig. 11b) proved
that BODIPY 520 Pdots were about an order of
magnitude brighter than Qdot 525. The result was
consistent with the single-particle brightness
measurements. The confocal fluorescence imag-
ing results further confirmed the specific cellular
labeling by these BODIPY Pdot-SA probes
(Fig. 11e), which indicated that the narrow emis-
sive Pdots showed great promise for many
multiplexed biological detections.

To efficiently select and isolate cells of interest
from a mixed population is of great significance
in biomedical and clinical research. Usually, the
selected cells are subjected to cell expansion
[181], transplantation [182], and genetic analysis
[183]. Among various methods to select cells,
fluorescence activated cell sorting (FACS), in
which individual cells of interest are sorted
based on fluorescence recognition of specific
biomarkers, perhaps is the most powerful
approach because it can offer high throughput
and much information with single-cell sensitivity
[184]. However, FACS is used to isolate cells
from a suspension of cells, so the adherent cells
in solid tumors or intact tissues must be separated
by enzymatic dissociation firstly and then sorted
[185, 186]. To exclude this limitation of FACS,
Chiu et al. employed photoswitchable Pdots as an
optical “painting” tool during imaging, which
enabled the optical marking of individual cells,
and the marked cells could be isolated via FACS
[158]. As shown in Fig. 12a, a new type of
photoswitchable Pdots was designed and
synthesized, which was reversibly switchable
between the bright (ON) and dark (OFF) states.

MCF-7 cells were firstly labeled with
photoswitchable Pdot-streptavidin via
biotinylated antibody against cell-surface

receptors, and then cells of interest were optically
painting with a focused 633-nm laser beam for
subsequent FACS analysis and isolation. To dem-
onstrate a complete cycle of photoswitching, cells
were first labeled with ON-state Pdots (Fig. 12b
and c), and became non-fluorescent after irradia-
tion with UV light (Fig. 12d). While the orange
fluorescence was recovered after the cells were
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irradiated with red light-emitting diode (Fig. 12e).
Moreover, illumination with a focused 633-nm
laser spot (10 pm) could achieve high-precision
single-cell painting (Fig. 12f). This method
extends the application of FACS to adherent
cells and shows the potential in achieving high
throughput marking and sorting of individual
adherent cells.

NIR-emissive fluorescence probes are espe-
cially needed for in vivo imaging, because the
NIR region possesses maximal penetration into
biological tissues, less influence from
autofluorescence and scattering in organisms
[29]. The self-quenching phenomenon of most
NIR emitters caused by their poor solubility in
aqueous solution and the increased tendency to
aggregate can be partly overcome by Pdots,
because the interior of Pdots is hydrophobic and
thus acts as a good environment to host NIR
chromophores. Therefore, through the
researchers’ effort, NIR BODIPY-based [150]
and squaraine-based [146] Pdots with NIR emis-
sion were developed by tuning the structure of the
emitters. Both types of Pdots exhibit a large
Stokes shift (>300 nm), while the molecular
mechanism for efficient energy transfer and such
a large Stokes shift may be different. For
BODIPY Pdots, it was generated from cascade
FRET [150]. But for squaraine Pdots, efficient
energy transfer could be observed in spite of the
minimal spectral overlap between donor and
acceptor, which is an essential requirement for
FRET. Thus, the authors hypothesized that
energy transfer occurred via efficient exciton dif-
fusion along the polymer chain, followed by
through bond energy transfer between fluorene
(the donor) and squaraine (the acceptor)
[146]. This mechanism will inspire researchers
to develop more narrow emissive NIR Pdots
with high quantum yield and large Stokes shift,
even without significant spectral overlap between
the donor and acceptor [29].

Moreover, some other interesting studies
about NIR-emissive Pdots have been reported
by other research groups [151-155, 187-
191]. To obtain NIR-emissive Pdots with both
good photostability and high brightness, Chan
group has compared two strategies to overcome
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the aggregation-caused quenching (ACQ) effect
in NIR-emissive Pdots: aggregation-induced
emission (AIE) and anti-ACQ [192]. They
designed two donor-type monomers with oppo-
site characteristics, a tetraphenylethene (TPE)-
based AIE fluorogen and a rigid three-
dimensional pentiptycene (Pttc)-based moiety.
The theoretical and experimental results show
that the bulky steric hindrance could efficiently
inhibit the ACQ effect, leading to an improved
quantum yield of over 7 times higher than that of
the planar structure, or about 1.4 times higher
than that of the AIE-based conformation. In
vitro and in vivo specific imaging was also
realized by wusing these Pdots after
bioconjugation. These results will provide valu-
able information for designing highly fluorescent
Pdots.

4 Final Remarks and Future
Perspective
In this chapter, we have comprehensively

overviewed the recent advancements of CPNs
and Pdots in the area of cell imaging. Great
advances have been made in CPNs and Pdots
due to their fascinating properties such as large
extinction coefficients, high brightness, good
photostability, and biocompatibility. The applica-
tion of CPNs and Pdots has extended from in vitro
to in vivo, from visible to NIR light, and their
properties and functionalities can be tuned via
structure design and surface modification.
Although a plenty of works have devoted to
improving the performance of CPNs and Pdots,
more efforts should be made for their real clinical
applications. Firstly, in order to ensure the long-
term biosafety of CPNs and Pdots in human body,
their biodistribution as well as the biodegradation
time and progress need further investigations.
Secondly, more novel CPNs or Pdots with out-
standing properties should be designed, for exam-
ple, the biological imaging of CPNs or Pdots in
NIR-II window could address the limitation of
autofluorescence and penetration depth of
biological tissues. Finally, targeted imaging is
always needed for real application, so the surface
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modification methods should be expanded and
further improved. We believe that the develop-
ment of CPNs and Pdots continues to be an active
area in fluorescence imaging, and has promising
application foreground.
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1 Introduction

Fluorescent materials are gaining increasing
attention from biological researchers. By
endowing the transparent biological subjects
with distinct fluorescence signal, fluorescent
materials highlight the targets with increased con-
trast, and thus enable visualizing subcellular
structures and tracking of their biological pro-
cesses. Organic fluorescent materials are widely
used in biological researches, due to their advan-
tageous properties of simple operation, good bio-
compatibility, and large structural diversity and
emission variety.

However, most organic fluorescent probes are
used molecularly and can be easily photobleached
by continuous irradiation of excitation light.
Increasing their working concentration can relieve
the problem, but also results in fluorescence
quenching due to the aggregation-caused
quenching (ACQ) effect. ACQ effect was firstly
disocovered by Forster and Kasper in 1954, which
describes the emission properties of most conven-
tional luminogens. Materials with ACQ effect emit
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intensely in their solutions, but show decreased
emission intensity when they agglomerate together
to form aggregates. Taking N,N-dicyclohexyl-1,7-
dibromo-3,4,9,10-perylenetetracarboxylic diimide
(DDPD) as an example (Fig. la), it fluoresces
brightly when molecularly dissolved in a THF
solution [1]. However, its fluorescence is
quenched gradually with the increase in the vol-
ume ratio of the poor solvent of DDPD
(water), demonstrating the phenomenon of ACQ.
The mechanism governing ACQ effect has been
well studied. Most conventional luminogens are
disc-shaped. The disc-shaped molecules experi-
ence strong m—x stacking interactions (Fig. 1b),
which promote the formation of aggregates. The
excited states of the aggregates often favor the
formation of excimeric species that decay through
non-radiative relaxation pathways [2-6]. The
ACQ effect is a great hurdle for the practical
applications of these fluorescent materials, as
luminophores are often used in the solid state, for
example, as thin films in organic light-emitting
diodes (OLEDs). Besides, most conventional
luminophores, including these for medical diagno-
sis, contain hydrophobic aromatic rings. Such
hydrophobic molecules tend to form aggregates
in aqueous solutions and thus suffer from the
ACQ effect. Great effort has been devoted to
migrate the ACQ effect. Chemists introduced
bulky wedges to aromatic ring to inhibit intermo-
lecular interactions, while chemical engineers
physically encapsulated the fluorophores with
amphiphilic ~ surfactants or dispersed the
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Fig. 1 (a) Fluorescence
photographs of a
luminophore with ACQ
effect (DDPD) in
THF/water mixtures with
different water contents. (b)
The disc-shaped DDPD
molecules are
non-fluorescent in the
aggregated state because of
the involved strong m—mn
stacking interaction.
Reprinted with permission
from Ref. [1]. Copyright
© 2011 The Royal Society
of Chemistry
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fluorophores [2]. In contrast with the tremendous
effort spent is the limited outcome. The chemists
suffered from synthetic difficulties, while
engineers only  obtained  unsatisfactory
performances due to insulator and phase disen-
gagement. Since aggregation is a natural inherent
effect, fighting against the effect will be a tough
journey. It would be helpful and cheerful if a
fluorescent material can emit light in its aggregated
state.

Aggregation-Induced Emission
(AIE) Effect: Phenomenon
and Mechanism

In 2001, Tang et al. observed a phenomenon that
was completely opposite to the ACQ effect [1, 7,
8]. A species of propeller-shaped molecules emit
weakly in their solutions, but are triggered to
fluoresce intensely upon forming aggregates.
They termed the phenomenon as aggregation-
induced emission (AIE) effect [7]. Such
luminogens with AIE attributes have been
referred to as AlEgens. Typical examples of
AlEgens are hexaphenylsilole (HPS) and
tetraphenylethylene (TPE). As shown in Fig. 2,
HPS is non-emissive when its molecules are

dissolved in a good solvent, such as tetrahydrofu-
ran (THF) or a THF/water mixture with a water
fraction (f;,) of lower than 80 vol% [9]. Its fluo-
rescence is turned on when f,, reaches 80 vol%.
Further increasing water content leads to dramat-
ically intensified emission, because of the more
compact packing of these molecules in the aque-
ous mixtures with poor solvating power.

Such AlEgens with strong solid-state or
aggregated-state emission perfectly solve the
ACQ problems and may lead to technological
innovation in the application field of fluores-
cence. Thus, there have been stirring of research
interest in this area and increasing research effort
has been spent to explore the underlying mecha-
nism and potential applications of AIEgens. The
former uncovered the working principles of
AlEgens and built up the structure—property rela-
tionship of AIEgens, while the latter enriched the
species of AIEgens and widened their application
fields.

With the great research endeavor, the mecha-
nism governing the AIE effect was uncovered.
Fundamental physics teaches us that any molecu-
lar movements (rotation, vibration, etc.) consume
energy [8]. The four phenyl peripheries in TPE
can dynamically rotate with respect to the double
bond (Fig. 3). In dilute solutions, the active intra-
molecular rotation can consume the excited-state
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Fig. 2 Fluorescence
photographs of HPS in
THF/water mixtures with
different water contents.
Reprinted with permission
from Ref. [9]. Copyright
© 2014 WILEY-VCH
Verlag GmbH &

Co. KGaA, Weinheim

Fig. 3 [llustration on the
RIR process of TPE and the
RIV process of THBA

"’f'-%‘-

Active rotation in solution,
non-emissive (TPE)

Active vibration & rotation in

solution, non-emissive (THBA)

energy through non-radiative relaxation pathway
and thus quenches the fluorescence of TPE. In the
aggregated state, however, such rotation is
restricted due to the physical constraint from adja-
cent molecules. Besides, there is no n—mn stacking
interaction due to the propeller-like conformation
of these molecules. Thus, the non-radiative relax-
ation pathway is blocked and excitons are
allowed to decay radiatively from the excited
state. In general, AIE effect arises from restriction
of intramolecular motions (RIM), which includes
restriction of intramolecular rotations (RIR) and
restriction of intramolecular vibrations (RIV)
[10, 11].

The RIM process is in essence structural rigid-
ification. Depending on molecular structure,
luminescence pathways can be classified into sev-
eral categories (Fig. 3). Propeller-shaped

ofo 9,
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molecules such as HPS and TPE are AIE active
due to the RIR process. 10,10°,11,11’-Tetrahydro-
5,5'-bidibenzo[a,d] annulenylidene (THBA), a
shell-like molecule with phenyl rings linked to a
bendable flexure, can dynamically vibrate in solu-
tion, which effectively quenches the light-
emitting process. Upon forming aggregates, the
RIV process is activated, which turns on its
fluorescence.

AlEgens are highly luminescent, photostable,
and biocompatible and are thus promising for
bioimaging applications. Generally, they enjoy
the following advantages when applied in
biological researches: (1) Low background emis-
sion: The non-emissive characteristic of AIEgens
in the solution state provides low background
emission in imaging applications, which greatly
increases the sensitivity in sensory applications
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and elevates the resolution. (2) Simple structural
design: Anything that activates the RIM process
can be utilized in the molecular design of
AlEgens. By attaching recognition groups to
AlEgens, biological sensors can be easily
achieved. (3) High brightness: When fabricated
into particles or bound to targets, AIEgens emit
strong light under photoexcitation, making them
ideal candidates for deep-tissue imaging.
(4) Excellent photostability: The particles
fabricated from AlEgens are more resistant to
photobleaching than molecular probes. The
good photostability of AlEgens is highly advan-
tageous in tracking biological processes and
conducting  photo-therapeutic ~ applications.
(5) Good biocompatibility: The good biocompat-
ibility ensures their in situ workability. Inspired
by the bright future of employing AlEgens in
solving the biological problems, lots of
applications have been made with the AIEgens.
We selected some representative examples to
illustrate how these AlEgens contribute to
biological researches.

3 AIE Materials for Imaging

of Subcellular Structures
3.1 Mitochondrion Imaging
Mitochondrion is the powerhouse of cells and
plays a vital role in their life and death. In
mitochondria, a large number of proteins and
enzymes exist and extract energy from the sugar
and fat in the form of ATP, without which cell
metabolic and normal functions are impossible.
The large numbers of proteins and enzymes
inside the cells are also responsible for
maintaining the morphology of mitochondria.
Abnormal morphology of mitochondria is indica-
tive of its unhealthiness and malfunctions, thus
tracking the morphology changes of mitochon-
drion may provide insight for mitochondrial
healthiness.

Tang et al. construct a mitochondrial stain
(TPE-TPP; Fig. 4a) by attaching triphenylpho-
sphonium groups to TPE, which endow the TPE
core with positive charges [12]. The large
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negative-inside transmembrane potential
(—180 mV) of mitochondria drives the positively
charged TPE-TPP to the organelle. Upon irradia-
tion of excitation light, these TPE-TPP become
fluorescent and light up the mitochondria
(Fig. 4b). The mitochondrion specificity of
TPE-TPP is evaluated by costaining with
MitoTracker Red® FM (MT) (Fig. 4c), a commer-
cially available mitochondrial stain, and high
colocalization coefficiency is obtained, which
proves the high specificity of TPE-TPP towards
mitochondria. With the AIE property, TPE-TPP
exhibits high photostability (Fig. 4e). The signal
loss of TPE-TPP after 50 scans is less than 10%,
while the fluorescence signal of MT drops by
80% after six scans. The excellent photostability
of TPE-TPP enables its potential applications in
monitoring the dynamic motions of mitochon-
drion in real time. Besides, TPE-TPP exhibits
good tolerance to the microenvironmental
changes of mitochondria. Treating the cells with
carbonyl cyanide m-chlorophenylhydrazone
(CCCP) can decrease the mitochondrial trans-
membrane potential, thus MT loses its targeting
in CCCP treated cells. However, TPE-TPP
remains its specificity to mitochondrion in
CCCP treated cells. The good photostability and
tolerance to microenvironment change properties
of TPE-TPP make it a potential candidate for
tracking mitochondrion.

Inspired by this work, a number of new
AlE-active mitochondrion-specific probes are
obtained by constructing AlEgens with positive
charges and selected examples are shown in
Fig. 5. By directly conjugating a pyridinium salt
to TPE, TPE-Py (Fig. 5a) is obtained [13]. The
pyridinium salt with positive charge is strongly
electron-withdrawing, while TPE is moderately
electron-donating. The donor—acceptor interac-
tion lowers the energy gap and leads to the
bathochromic shift in both absorption and emis-
sion spectra. Attracted by the negative-inside
transmembrane potential of mitochondria,
TPE-Py can enter the cell and selectively light
up the mitochondria with yellow fluorescence
and in high contrast (Fig. 5b). When TPE-Py is
costained with MT, the fluorescence signal of
TPE-Py overlaps perfectly with that of MT,
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TPE-TPP

Fig. 4 (a) Molecular structure of TPE-TPP. (b—c) Fluo-
rescence images of HeLa cells costained with (b)
TPE-TPP (5 pM) for 1 h and (¢) MT (50 nM) for
15 min. (d) Merged image of (b, c). (e) Change of

Fig. 5 (a, c, e, g) Molecular structures of (a) TPE-Py, (c)
TPP, (e) TPE-Ph-In, and (g) TPE-IQ-20. (b, d, f, h) Fluo-
rescence images of (b) HeLa cells stained with TPE-Py,
(d) HEK-293 cells stained with TPP, (f) HeLa cells stained
with TPE-Ph-In, and (h) HeLa cell stained with TPE-IQ-
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which proves the mitochondrial targeting of
TPE-Py. In addition, TPE-Py also demonstrates
very good photostability, with only 30% drop in
emission intensity after continuous irradiation for
180 s, while MT loses 80% of its fluorescence
owing to photobleaching. Gong and Ning et al.
construct a conjugated phosphonium salt (TPP,
Fig. 5¢), which also demonstrates mitochondrial
specificity (Fig. 5d) [14]. TPP selectively
accumulates in the mitochondria of HEK-293
cells. Tang et al. construct a red AIE probe with
mitochondrial specificity, TPE-Ph-In (Fig. Se)
and employ it for the evaluation of mouse sperm
vitality [15]. Energetic sperms exhibit bright red
fluorescence, while unvital mouse sperms emit
faintly or demonstrate even no red fluorescence.
That is because energetic cells maintain larger
mitochondrial transmembrane potential to gener-
ate more ATP and thus attract more TPE-Ph-In
molecules than unvital sperms. Another probe,
TPE-IQ-20 (Fig. 5g) also demonstrates

E. Zhao and X. Gu

sensitivity to mitochondrial transmembrane
potential.[16] As cancerous cells possess larger
mitochondrial transmembrane potential than nor-
mal cells, TPE-IQ-20 selectively stains cancer-
ous cells. Moreover, as TPE-IQ-20 can sensitize
the generation of reactive oxygen species, which
is toxic to cells. TPE-IQ-20 is employed to selec-
tively kill cancerous cells over normal cells by
photodynamic therapy.

Tang et al. report a photoactivable probe, o-
TPE-ON+, with mitochondrial specificity [17]
and apply it in super-resolved imaging. o-TPE-
ON+ undergoes photocyclodehydrogenation
reaction to form a more conjugated structure, c-
TPE-ON+ with bright fluorescence (Fig. 6a). o-
TPE-ON+ emits faintly in both solution and
aggregated states due to the intermolecular
motions of phenyl rings and twisted intramolecu-
lar charge transfer (TICT) effect. Upon
photoirradiation, photocyclodehydrogenation
reaction takes places [18], and o-TPE-ON+ is

Fig. 6 (a) Photocyclodehydrogenation process of o-TPE-
ON+. (b) Diffraction-limited TIRF image of a fixed HeLa
cell with totally blurred structure. (¢) Super-resolution
image in the same region as (b). (d) Fluorescence intensity
profiles of the single mitochondrion along the yellow
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dotted line marked in the images (b) and (c). Scale bar:
2 pm. Reprinted with permission from Ref. [17]. Copyright
© 2016, WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim
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transformed to a strong emitter, c-TPE-ON+, and
thus lights up mitochondria in a photoactivation
manner. o-TPE-ON+ is examined under a sto-
chastic ~optical reconstruction  microscopy
(STORM) to evaluate its photoswitching ability
and it exhibits spontaneous blinking under con-
tinuous illumination with 561 nm laser. By track-
ing the intensity trace of each single molecule, the
photon counts are determined to be 411 per mol-
ecule per switching, and the fluorescence on-time
is measured to be 26 ms. The high photon counts
and low fluorescence on-time are beneficial for
achieving high resolution. As o-TPE-ON+ is
mitochondrial specific, it is used for examining
the morphology of mitochondria. With
diffraction-limited total internal reflection fluores-
cence (TIRF) technique, only blurred image could
be achieved (Fig. 6b), while STORM reveals the
precise structure of mitochondrial (Fig. 6¢). The
transverse profile of a single mitochondrion is
determined to be 697.1 nm with epifluorescent
image and 104.5 nm with super-resolution
image (Fig. 6d). As compared with previous
photoactivation mechanism, this photocyclode-
hydrogenation reaction does not require any
additives, such as thiols or oxygen scavenger,
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Fig. 7 (a) Molecular structure of FcPy. (b) Illustration of
the fluorescence turn-on detection of nucleic acid. (c, e)
Fluorescence images of HeLa cells stained with (¢) FcPy
and (e) Hoechst 33258. (d) Bright-field image of HeLa
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which are commonly applied in STORM. This
enables o-TPE-ON+ to be applied in live-cell
imaging. By continuous monitoring of the
mitochondria, their dynamic fission and fusion
processes are visualized in real time and with
high resolution.

3.2 Nucleus Imaging
Nucleus is the organelle where genetic materials
are held in eukaryotic cells. The genetic materials
inside nucleus contain all the information that
determines the structure and nature of cell
substances. The function of nucleus is to maintain
the integrity of these genetic materials and to
control the activities of cell by regulating gene
expression. Investigation on cell nucleus is thus
of paramount importance. Clinical detection of
nucleic acid is also very important, due to its
implications in genetic engineering, forensics,
and bioinformatics. Fluorescent probes that can
detect DNA and image cell nucleus are thus hot
pursuit of researchers.

Zhou et.al report a new AlEgen (FcPy, Fig. 7a)

for nucleic acid detection and cell nucleus

cells. (f) Merged image of (c) and (e). Scale bars: 20 pm.
Reprinted with permission from Ref. [19]. Copyright
© 2014, Elsevier Ltd. All rights reserved
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Fig. 8 (a) Illustrations of DNA synthesis detection by
AlEgen through EdU assay. (b, ¢) Merged images of
bright-field and fluorescence images of fixed HeLa cells

imaging [19]. FcPy binds to both DNA and RNA
in a fluorescence turn-on manner (Fig. 7b) along
with hyperchromic shift of its emission peak from
505 nm to 475 nm. FcPy has no selectivity
towards DNA and RNA, but its detection range
towards RNA is larger than that of towards DNA.
FcPy can also be applied as nucleic acid stain in
gel electrophoresis and the detection limit is
determined to be 1 pg. Interestingly, FcPy can
enter cell and accumulate in nucleus region. To
demonstrate the nucleus targeting of FcPy, HeLa
cell is costained with FcPy and Hoechst 33258,
which is a widely used cell nucleus probe. The
fluorescence image from these two probes
overlaps very well, which proves the nucleus
targeting of FcPy (Fig. 7f).

During cell proliferation, DNA duplicates to
ensure that each new cells can obtain correct
number of chromosome. During the DNA repli-
cation process, nucleotides are necessary building
blocks for new DNAs. Taking advantages of the
DNA replication process, Tang et al. report
another strategy to investigate nucleus activity
[20]. Acetylene functionalized deoxyuridine
(5-ethynyl-2'-deoxyuridine, EdU) is utilized for
cell culture, and thus EdU can be incorporated
into the DNA of cells (Fig. 8a). Afterwards, the
cells are fixed, and azide functionalized AIEgens

stained with (b) TPE-Py-N3 and (¢) Cy-Py-Nj3 in Tris
buffer for 30 min. Reprinted with permission from Ref.
[20]. Copyright © 2015 The Royal Society of Chemistry

can be employed to react with the EdU. After
washing away the unbounded fluorescent
molecules, bright emission can be observed in
the cell nucleus. By changing the core of the
AlEgen, two probes TPE-Py-N; and Cy-Py-N3
are obtained, which endow cells with yellow
and red fluorescence, respectively, after the EAU
assay. Thanks to the AIE characteristics of these
fluorophores, the cells demonstrate high bright-
ness and good photostability, which is superior to
commercially available Alexa-azide dyes.

33 Lysosome Imaging

Lysosome is a type of membrane-bound organelle
that is present in animal cells. It contains acid
hydrolases, which can digest macromolecules.
With these acid hydrolases, lysosome uptakes
the duty of recycling nutritions from useless or
dysfunctional cell components, as well as
digesting foreign molecules. Meanwhile, increas-
ing evidences have shown that lysosomes are also
involved in various pathologies including inflam-
mation, tumor formation, and several neurode-
generative diseases. Thus, visualizing the
lysosome is of great importance for investigating
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Fig. 9 (a, e) Molecular structures of TPE-MPL and
TPE/TPY-Pt-PA/PEG, respectively. (b, ¢) Fluorescence
images of 1.929 cells stained with (b) TPE-MPL (10 pM)
for 30 min, (¢) LysoTracker Red (LTR, 50 nM) for 30 min.
(d) Merged image of panel b and panel ¢ in bright field.
Aex: 405 nm for TPE-MPL and 560 nm for LTR. (f)
Merged fluorescence images of HeLa cells incubated

intracellular metabolism and evaluating drug and
gene delivery.

Liu et al. develop an AIE-active fluorogen for
visualizing lysosome [21]. By attaching
morpholine to TPE, TPE-MPL is obtained
(Fig. 9a). With the weakly alkaline morpholine
groups, TPE-MPL tends to accumulate in the
lysosome of cells. The specificity of TPE-MPL
towards lysosome is evaluated with a commer-
cially available probe, LysoTracker Red (LTR),
and high colocalization is obtained, indicative of
the lysosome targeting of TPE-MPL. Besides,
TPE-MPL demonstrates high photostability with
less than 25% signal loss after 195 continuous
scans, while LTR loses more than 75% of its
fluorescence under the same treatment. Besides,
TPE-MPL shows better tolerance to the pH
change than LTR. Upon treating the cells with
NH,CI, LTR loses its specificity, while
TPE-MPL retains inside the lysosome. Such lyso-
some probe is expected to enable the accurate
monitoring of lysosome activity.

Song, Qu, and Wong et al. report an AIE probe
that fluoresces in the near-infrared region
(Fig. 9e) [22]. TPE/TPY-Pt-PA/PEG can self-

20 pm
——

with 100 nM LysoTracker Green for 30 min and 20 pM
TPE/TPY-Pt-PA/PEG NPs. Reprinted with permission
from Ref. [21]. Copyright © 2016, Elsevier Ltd. All rights
reserved. Reprinted with permission from Ref. [22]. Copy-
right © 2018, Copyright © 2015 The Royal Society of
Chemistry

assemble to form nanoaggregates in aqueous
solution. Upon incubation with HeLa cells, these
nanoaggregates can enter the cells and accumu-
late in the lysosome of HeLa cells. The lysosome
specificity of TPE/TPY-Pt-PA/PEG is proved by
costaining with the commercially available probe
LysoTracker Green. Besides, TPE/TPY-Pt-PA/
PEG also demonstrates good biocompatibility,
which enables its long-term tracking of cells and
sheds light on the lysosome-storage associated
diseases.

34 Lipid Droplet Imaging

Lipid droplets (LDs) are the main reservoir for
neutral lipid storage and extensively exist in
eukaryotic and prokaryotic cells. For a long
period of time, lipid droplets have been simply
regarded as a place for energy storage and
deemed as an inert cell inclusion. However, the
emergence of a series of LD proteins implies that
the functions of LDs are more than lipid storage.
Recent discoveries reveal that LDs are closely
related to many metabolic diseases such as fatty
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Fig. 10 (a, c, e, g) Molecular structures of lipid droplet
specific bioprobes. (b, d, f, h) Fluorescence images of (b)
HeLa cells stained with TPE-AmAI after treatment with
50 pM oleic acid for 6 h, (d) HeLa cells stained with
DPAS for 15 min, (f) HCC827 cells stained with
IND-TPA for 15 min, and (h) HeLa cells stained with
1H isoindole derivative (top in panel g) for 15 min.

liver disease, atherosclerosis, type II diabetes, and
hyperlipidemia. Monitoring and localizing the
accumulation and abnormal level of LDs are
thus of particular importance for biomedical
research and early diagnosis.

Tang et al. develop a LD-targeting bioprobe
(TPE-AmALl; Fig. 10a) that can be selectively
delivered to the LDs of liver cells and light up
the subcellular structure [23]. Compared with the
widely used LD probe, Nile Red, TPE-AmAl
demonstrates the advantages of low background,
short staining time, high selectivity, excellent
biocompatibility, and good photostability. In
addition, it can also image the LDs in green
algae, indicating its potential applications in the
high-throughput  screening of  high-value
microalgae as a preferential biofuel source.
TPE-AmAIl fluoresces in the blue region.
Through molecular engineering, a series of
AlE-active probes with yellow (DPAS, Fig. 10c)
[24], red (IND-TPA, Fig. 10f) [25], and green
(Fig. 10g up) [26] fluorescence are also reported.

E. Zhao and X. Gu

Reprinted with permission from Ref. [23]. Copyright
© 2016, American Chemical Society. Reprinted with
permission from Ref. [24]. Copyright © 2015 The Royal
Society of Chemistry. Reprinted with permission from
Ref. [25]. Copyright © 2017 The Royal Society of
Chemistry

Tang and Qin et al. report a photoactivable
AIE probe for lipid droplet imaging [27]. DHAF
does not emit light, but can easily undergo
photo-oxidative dehydrogenation to form AF,
which exhibits AIE characteristics (Fig. 11a).
Interestingly, upon incubation with HCC827
cells, DHAF can pass through cell membrane
and accumulate inside lipid droplets. Initially,
no emission can be observed, since DHAF does
not emit light. However, with continuous light
irradiation, the emission from lipid droplets
becomes increasingly brighter and the round-
shaped lipid droplet can be distinguished obvi-
ously (Figs. 10d and 11b). Its specificity towards
lipid droplet is proved by costaining with a com-
mercially available lipid droplet probe,
BODIPY493/503 Green, and high overlap coef-
ficient of 0.99 is obtained. Besides, DHAF
shows high photoactivation coefficiency, after
three scans, the emission intensity is more than
200 times higher than of the control group.
DHAF with easy preparation and cell uptake,
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Fig. 11 (a) Illustration of the photoactivation process of
DACEF to AF. (b—d) Fluorescence images of live HCC827
cells taken under white light illumination and increasing
scans at 405 nm with laser power of 1% (the scanning rate

low cytotoxicity, and excellent photoactivation
efficiency is expected to have broad applications
in biological studies of LDs.

3.5 Cell Membrane Imaging

Cell membrane is a biological membrane that
separates the interior of cells from outside envi-
ronment, which protects the integrity of the inte-
rior of cell by allowing certain substances into the
cell and keeping other substances out. Damage of
cell membrane can lead to necrosis and is gener-
ally regarded as the benchmark of cell death. Cell
membrane also maintains the shape of cell by
anchoring cytoskeleton and groups cells together
to form tissues by attaching to extracellular
matrix. Besides, cell membrane is also associated
with intercellular communication.

was 22.4 s per frame). The number of scan is (b) 1, (c)
3, (d) 5, respectively. (e) Plot of fluorescence enhancement
(I/ly) of HCC827 cells with number of scan

Li and his colleagues report a new AlE-active
fluorophore (FD-9, Fig. 12a) that can selectively
accumulate on cell membrane [28]. FD-9 is
non-emissive in neither methanol nor THF. Addi-
tion of water into its methanol or THF solution
can lead to aggregate formation and turn on its
fluorescence, demonstrating a typical feature of
AIE. Interestingly, FD-9 can selectively accumu-
late on cell membrane and light up the periphery
of cell boundary. The high selectivity is proven
by costaining with Dil, a widely used cell-
membrane fluorescent probe. FD-9 also
demonstrates the virtue attributes of good bio-
compatibility and excellent photostability. After
incubation with FD-9 for 24 h, the viability of
HepG-2 cell remains higher than 90%. The fluo-
rescence intensity of cells stained by
FD-9 remains higher than 50% of its initial inten-
sity after continuous irradiation for 1500 s, while
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Fig. 12 (a, ¢, g Molecular structures of FD-9,
TPE-MEM, and TPS-2cRGD, respectively. (b) Merged
images of fluorescence and bright-field image of HepG-
2 cell stained with/without FD-9 and normalized fluores-
cence intensity of living HepG-2 cells incubated without
FD-9 (0 day) and with FD-9 after 4 days. (d—e) Fluores-
cence images of HeLa cells stained with (d) TPE-MEM
and (e) Cell Mask™ Deep Red plasma membrane stain. (f)

Dil loses 65% of its signal after irradiation for
200 s. FD-9 also demonstrates high retainability
on cell membrane. It can track the membrane of
living cell for more than 100 h without decrease
in specificity (Fig. 12b). The excellent biocom-
patibility, good photostability, and high cell-
membrane retainability guarantee its feasibility
in long-term tracking of cell membrane.

Tang et al. report an AIE-active probe for cell
imaging [29]. By functionalizing TPE core with a
hydrophobic alkyl tail and hydrophilic pyridium
salt, TPE-MEM (Fig. 12¢) mimics the structure of
phospholipid and can easily enter and retain in the
cell membrane. TPE-MEM is costained with Cell
Mask™ Deep Red plasma membrane stain, a
commercially available probe for cell membrane,
and high colocalization coefficient is obtained,

E. Zhao and X. Gu

2 day 4day

3 day

0 day

4 day

Merged image of (d) and (e). (h—j) Fluorescence images of
HT-29 cells stained by (h) TPS-2cRGD and (i) membrane
tracker, with (j) their overlay images. Reprinted with per-
mission from Ref. [28]. Copyright © 2013 Royal Society
of Chemistry. Reprinted with permission from Ref.
[29]. Copyright © 2019, American Chemical Society.
Reprinted with permission from Ref. [30]. Copyright
© 2012, American Chemical Society

which proves its specificity. Interestingly,
TPE-MEM demonstrates photosensitizing ability
and can facilitate the production of reactive oxy-
gen species and can be applied to photodynamic
killing of cancer cells. Tang and Liu et al. report
another strategy for cell membrane labeling
[30]. cRGD recognizes and selectively binds to
integrin o, P35, which is overexpressed in plasma
membrane of tumor cell of different origin. By
conjugating cRGD to AIE fluorogen, tetraphe-
nylsilole, TPS-2cRGD is obtained (Fig. 12g).
By taking advantage of the AIE characteristics,
the emission of TPE-2cRGD is turned on upon
binding to integrin o, 3. Such plasma membrane
specific probe with AIE characteristics provides
simple and economic solution to protein bio-
marker detection.
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4 Long-Term Cell Tracking

By virtue of the strong solid-state emission of
AlEgens, they can be easily fabricated into
nanoparticles to prepare highly emissive AIE
dots. Compared with molecular probes, AIE
dots enjoy the following advantages: (1) Good
photostability: Even if the molecules on the sur-
face of AIE dots are photobleached by strong
excitation light, the molecules inside AIE dots
remain fluorescent. (2) Large variety: The surface
of AIE dots can be facilely modified with differ-
ent recognition groups to target different cell lines
or subcellular structures. (3) Controllable in vivo
retention: The size of AIE dots can be precisely
controlled to manipulate their circulation time in
the body of living animals. (4) Stimuli respon-
sive: By controlling the particle formation and
dissociation process, delivery and specific sens-
ing can be realized.

Cell transplantation, migration, division,
fusion, and lysis are important cell behaviors,
which have great implications in studying cancer
pathogenesis, invasion, and metastasis. Long-
term tracking of cell is thus of great importance
for both fundamental researches and practical
applications. Long-term tracking studies, how-
ever, pose harsh requirement on the probes, such

(b)

DES g
‘a
c
@
M? (N_/ £
OO <
Si
7 CyoHa
DEA-TPS

Fig. 13 (a) Molecular structure of DEA-TPS. (b) Fluo-
rescence intensities and images of living HeLa cells
stained by 5 pM of DEA-TPS and 200 nM of MTG at
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as excellent biocompatibility, good
photostability, and semi-permanent immobiliza-
tion inside the cell. In 2011, Tang et al. reported a
cytophilic AlEgen (DEA-TPS; Fig. 13a) for long-
term cell imaging [31]. DEA-TPS forms
nanoparticles in aqueous solution. Once
internalized into cells, DEA-TPS will stay inside
live cells rather than leak out to the culture media,
which enables its potential in long-term cell track-
ing. As shown in Fig. 13b, the fluorescence of
HeLa cell stained by nanoaggregates of
DEA-TPS pertains for more than four passages,
while that of MitoTracker Green (MTG) only
lasts for two passages. Because of their outstand-
ing intracellular retention, the nanoaggregates of
DEA-TPS inside a certain cell line do not leak out
to contaminate cells of a different type in a
co-culture system, hence permitting growth track-
ing of a specific cell line in complicated systems.

Recently, chitosan is functionalized with TPE,
yielding bright chitosan (TPE-CS; Fig. 14a)
[32]. TPE-CS inherits the AIE -characteristic
from TPE and thus demonstrates strong solid-
state emission. TPE-CS is soluble in aqueous
medium and can easily enter cells. Once inside
the cell, they aggregate together to form large
particles (Fig. 14b, c). These large particles can-
not be externalized from cells, because their large

MTG

DEA-TPS 20d

4th

Passage

different passages (psg). Reprinted with permission from
Ref. [31]. Copyright © 2011 WILEY-VCH Verlag GmbH
& Co. KGaA, Weinheim
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Fig. 14 (a) Molecular structure of TPE-CS. (b, ¢) Fluo-
rescence images of HeLa cells stained by the aggregates of
TPE-CS at different passages taken at magnifications of
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AIE dots

(b) x 100 and (¢) x 1000. The numbers at the right side of
images denote passages. Reprinted with permission from
Ref. [32]. Copyright © 2013, American Chemical Society

Targeted AIE dots

Fig. 15 Schematic diagram for fabrication of targeted AIE dots

size does not allow exclusion by exocytosis pro-
cess. In addition, the S-(1-4) linkage between
D-glucosamine is resistant to cleavage by the
enzyme inside mammalian cells, so the big
aggregates cannot be degraded. Thus, these
aggregates can retain inside cell without decrease
in size for quite a long period of time. During cell
division process, the aggregates cannot be
separated and thus cytoplasm distributes
unevenly in the two cells, generating one highly
emissive and one non-emissive cell. This
guarantees that fluorescence is not diluted by
cell division. Highly emissive cells can still be
observed after 15 passages. Notably, after
15 passages, bright cells still exist, but it is very
difficult to locate them from the large number of
cells that are generated during cell division.

In the above two works of utilizing AIE dots
for long-term cell imaging, the AIE dots are
generated by either natural addition of their

solutions into aqueous medium or allowing the
soluble AlEgens to aggregate after entering cell,
thus the size and targetability of these AIE dots
are not well controlled. To resolve these issues,
targeted AIE dots are designed and prepared.
AlEgens are firstly encapsulated into lipid or
bovine serum albumin (BSA) by means of the
nanoprecipitation route (Fig. 15). The resulting
AIE dots can be further decorated with functional
groups to increase their cellular uptake or speci-
ficity, yielding targeted AIE dots. The AIE dots
are highly luminescent, photostable, and biocom-
patible, and more importantly can retain inside
the targeted cell without leakage for a long period
of time. Such targeted AIE dots are promising for
bioimaging applications.

By employing the method mentioned above,
ultrabright AIE dots are obtained from BTPEBT
(Fig. 16a), using DSPE-PEG2000 and DSPE-
PEG2000-Mal as encapsulation agents [33]. The
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Fig. 16 (a) Molecular structures of BTPEBT, DSPE-
PEG2000, and DSPE-PEG2000-Mal. (b) Flow cytometry
histograms of different cell lines after GFP expression (red
lines), AIE-Tat green dots staining (blue lines) or without
treatment (black lines). (¢, d) The corresponding fluores-
cence/transmission overlay images of (c) GFP expressed

maleimide group on the AIE dots can further react
with the thiol group of HIV-1 transactivator of
transcription (Tat) to increase the cellular uptake
of AIE dots. The obtained AIE-Tat green dots
demonstrate excellent biocompatibility, high cel-
lular uptake, and long retention time inside cells.
After incubation with 10 nM of AIE-Tat green
dots for 48 h, the viability of HEK-293T remains
higher than 90%. AIE-Tat green dots can label all
the tested cell line with high labeling ratios of
nearly 100%. Under similar conditions, GFP
transfection only works well on HEK-293T with
labeling efficiency of 70% and is less effective on
other tested cell lines whose labeling efficiencies
fall in the range of 0-30% (Fig. 16b). Their dif-
ferent performances in cell labeling can be clearly
visualized under the fluorescence microscope. As
shown in Fig. 16c, only a small fraction of cells

cells and (d) AIE-Tat green dots labeled cells, respec-
tively. The fluorescence images in (¢, d) are correlated to
the flow cytometry results. Insets are labeling rates
measured by flow cytometry. Reprinted with permission
from Ref. [33]. Copyright © 2016, Elsevier Ltd. All rights
reserved

are emissive after GFP transfection in most of the
tested cell lines. However, after AIE-Tat green
dots treatment, almost all the cells are endowed
with green color (Fig. 16d). The high labeling
efficiency of AIE-Tat dots enables their
applications in almost all the cell lines without
variation.

5 Intracellular Microenvironment
Imaging
5.1 Intracellular pH

Even though the blood pH maintains rather stable
within 7.35-7.45, the intracellular pH can vary
from 4.7 in lysosome to 8.0 in mitochondria in a
typical mammalian cell, arising from the
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Fig. 17 (a) Fluorescence responses of TPE-Cy to pH
changes. (b, ¢) Confocal images of HeLa cells stained
with TPE-Cy taken under excitation of (b) 405 and (c)
488 nm, respectively. (d) Merged image of (b, c¢). (e)

intracellular membrane structures, which divide
the cell into small compartments. Abnormal pH is
a hallmark of many common diseases such as
cancer, stroke, and Alzheimer’s disease. Sensing
and monitoring pH changes inside the living cells
are thus of great importance for studying cellular
metabolisms and gaining insights into the physi-
ological and pathological processes.

Recently, a pH sensitive AlEgen (TPE-Cy;
Fig. 17a) composed of TPE and cyanine
(Cy) units is prepared [34]. In acidic conditions,
TPE-Cy is protonated (TPE-Cy-H) and its solu-
bility is decreased, resulting in its aggregation in
these solutions. In alkaline solutions, addition of
hydroxyl group breaks the conjugation of Cy
group (TPE-Cy-OH) and the strong donor—accep-
tor interaction between TPE and Cy is destroyed,
resulting in a new emission peak in the blue
region (Fig. 17a). In this way, TPE-Cy shows
ratiometric response to a broad range of pH
values without suffering from the ACQ effect.

TPE-Cy is an amphiphilic molecule and can
enter cells easily. Once entered cells, the pH
transition point of fluorescence is shifted from
extracellular pH 10 to intracellular pH 6.5, pre-
sumably due to its interaction with the lipids
inside cells, and a linear relationship of its fluo-
rescence intensity with pH is established in the
physiological range (pH 5.0 ~ 7.4). Such a broad
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Merged image of (d) and its bright-field image. Scale
bar: 20 pm. Reprinted with permission from Ref.
[34]. Copyright © 2013, American Chemical Society

range of fluorescence response and dramatic fluo-
rescence change facilitate full-range intracellular
pH sensing in a ratiometric manner. TPE-Cy can
enter most of the organelles inside the cell, but
exhibits different fluorescence response. In acidic
lysosome, it fluoresces in the red region, while in
other organelles it emits blue light. By employing
different excitation and emission channels, lyso-
some can be differentiated from other organelles
(Fig. 17b—e). In addition, the overall intracellular
pH can be sensed by TPE-Cy. Through adjusting
the pH of buffer solution, the intracellular pH can
be tuned and the change of intracellular pH can be
facilely determined by tracking the fluorescence
of TPE-Cy. The fluorescence responses are mon-
itored by using fluorescence microscope as well
as flow cytometry. All these attributes endow
TPE-Cy the potential for high-resolution and
high-throughput  analysis of intracellular
environments, which may find an array of bio-
medical applications in cancer diagnosis and drug
screening.

5.2 Intracellular Viscosity

Determination of intracellular viscosity is of cru-
cial importance for the investigation of many
biological processes. It controls the speed of
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Fig. 18 (a) Comparison of photoluminescence signals
from cell autofluorescence and cells stained with TPE-Cy
upon two-photon excitation. (b) Fluorescence lifetime
imaging microscopy images and (c) fluorescence lifetime
distribution histogram of HeLa cells stained with TPE-Cy.

biomass transportation as well as signal transduc-
tion in living systems. The changes in the intra-
cellular viscosity have been regarded as indicators
for a large variety of diseases such as atheroscle-
rosis, diabetes, and Alzheimer’s disease.
Recently, an AIE bioprobe (TPE-Cy, Fig. 17a)
is applied to map the intracellular viscosity distri-
bution [35]. Viscosity influences the rotational
motion of TPE-Cy and it exhibits varied bright-
ness and fluorescence lifetimes in different cellu-
lar environments. In cellular environment with
high viscosity, its emission is intense with long
lifetime, while in the low-viscosity environment,
its emission is weak with short lifetime. In this
way, information on the intracellular viscosity
distribution can be transformed to fluorescence
signal, which is valuable for identification of the

1700 ps

Scale bar: 30 mm. Two-photon excitation wavelength:
600 nm. Reprinted with permission from Ref. [35]. Copy-
right © 2015 WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim

health status of cell. As shown in Fig. 18a, the
fluorescence signal of TPE-Cy can be clearly
distinguished from autofluorescence in the visible
light region under 600 nm two-photon excitation.
Once entered cells, TPE-Cy is mainly located at
membrane-bound organelles such as
mitochondria and lipid droplets. In different sub-
cellular organelles, it displays varied lifetime
from 300 ps to 1500 ps. In the organelles with
loose packing of phospholipid, such as lipid drop-
let, its lifetime is short (~500 ps), while in the
organelles with tight packing of the phospholipid,
such as mitochondria, its lifetime is long
(~1000 ps). The broad distribution of the lifetime
of TPE-Cy in different organelles reflects their
different fluidity of the microenvironments. This
method can be applied in other biological systems
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as well as in screening drugs that can alter the
intracellular viscosity.

6 Intracellular Substance
Imaging
6.1 Imaging of Reactive Oxygen

Species

Reactive oxygen species (ROS) are a species of
chemically reactive molecules that contain oxy-
gen, which play important roles in regulating
physiological events in living organism. The
amount of ROS in living organism should be
maintained in a reasonable range. Overproduced
ROS may lead to a number of diseases, such as
cancer, neurodegenerative diseases, and inflam-
mation. Detection of ROS level may thus provide
insight into these physiological processes. Super-
oxide is one of the ROS and is generally consid-
ered to be the precursor of other ROS, including
hydroxyl radical and hydrogen peroxide. Besides,
superoxide is also actively involved in cell
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Fig. 19 (a) Proposed transformation process from BDP
to BD by KO,. (b-m) Confocal microscopy images of
HepG2 cells with different treatments. (b—d) HepG2 cells
treated with BDP forl h at 37.4 °C. (e-m) HepG2 cells
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signaling process. Therefore, it is very essential
to design and develop appropriate analysis tools
for the detection of the superoxide anion in cells.

Hua et al. develop a near-infrared AIE-active
fluorescence probe, BDP (Fig. 19a), for superox-
ide detection [36]. BDP is a weak emitter, due to
the presence of cationic pyridium group, which
leads to strong intramolecular charge transfer and
fluorescence quenching. Reaction with superox-
ide changes the cationic pyridium group to neu-
tral pyridium group (BD). BD with reduced
intramolecular charge transfer effect fluoresces
intensely with emission peak at 716 nm. Since
the reaction is highly selective, other ROS or
metal ion does not interference with the detection
of superoxide. BDP shows good biocompatibility
and is applied to imaging the superoxide in cells.
Normal cells possess low superoxide concentra-
tion, so the cells are non-emissive (Fig. 19b—d).
Phorbol-12-myristate-13-acetate (PMA) can ele-
vate the superoxide level in cells, thus BDP
stained HepG2 cells show increased fluorescence
after incubation with PMA, which further proves
that BDP can detect superoxide in cells. During

BDP

BDP+
PMA/0.5 h

BDP+
BSO/0.5 h

BDP+
LPS/3 h

treated with BDP, followed by treatment of (e—g) PMA for
30 min, (h—j) BSO for 30 min, and (k-m) LPS for 3 h.
Reprinted with permission from Ref. [36]. Copyright
© 2013, American Chemical Society
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cell apoptosis and inflammation, the ROS level in
cells is also increased. L-buthionine sulfoximine
(BSO) and lipopolysaccharide (LPS) can induce
cell apoptosis and inflammation, respectively.
After treatment with BSO for 30 min or LPS for
3 h, BDP stained HepG2 cells show bright emis-
sion, indicative of their higher superoxide con-
centration than normal cells. These results
demonstrate the feasibility of employing BDP as
a sensitive superoxide probe both in vitro and
in vivo. BDP is expected to provide insight into
the superoxide involved biological processes and
find useful applications in screening of drugs that
regulate cell through apoptosis or inflammation.

6.2 Imaging of Mercury lon
Mercury ion (Hg*") is a heavy metal and is toxic
to all the living creatures. Environmental Hg**
can pass through the food chain and accumulate
in human beings. Hg** tends to accumulate in
human central nervous system, leading to serious
consequences, including language and hearing
impairment and contraction of visual field with
paralysis, limbs deformity, difficulty in
swallowing (dysphagia), and even death in severe
cases. It is thus of crucial importance to develop
simple and sensitive approach for detection of
Hg”* both in the environment and in human.
Tang et al. recently develop a probe, p-TPE-
RNS, for Hg* detection, which operates through
a dark through-bond energy transfer (DTBET)
mechanism [37]. p-TPE-RNS contains a TPE
unit and rhodamine in a spirolactam form. Rho-
damine in the spirolactam form is not emissive
due to the absence of large conjugation, which
preclude the energy transfer between TPE and
rhodamine. Thus, only blue emission from TPE
can be observed from the aggregates of p-TPE-
RNS. The presence of Hg”* transforms the
spirolactam form of rhodamine to positively
charged form of rhodamine, (p-TPE-RNO)
(Fig. 20a). This transformation both solubilizes
p-TPE-RNO and enables the DTBET from TPE
to rhodamine. Thus, the red fluorescence from
rhodamine can be observed through exciting
TPE and the concentration of Hg?* can be
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determined by calculating the fluorescence ratio
of red to blue (I595/l435). As the transformation
from p-TPE-RNS to p-TPE-RNO very much
depends on the presence of Hg?*, the detection
is highly selective (Fig. 20b) and no other metal
ion can activate the transformation. Thanks to the
well-separated emission peaks of TPE and rhoda-
mine with a large emission wavelength difference
of up to 115 nm, low detection limit of 0.3 ppm
was achieved. Besides, p-TPE-RNS can enter
cells and demonstrate good biocompatibility.
More importantly, the Hg?* promoted transfor-
mation from p-TPE-RNS to p-TPE-RNO remains
feasible in living cells, which enables the imaging
of Hg** in living cells (Fig. 20c—f). Without Hg?",
p-TPE-RNS stained cells emit mostly blue light,
which is transformed to red fluorescence in the
presence of Hg?*. This study provides a new
design strategy for the development of sensors
with high performance, which could be a power-
ful tool for the tracking and exploration of various
biological and physiological processes.

6.3 Imaging of Glutathione (GSH)
Cellular thiols are closely related to many
biological processes, such as antioxidant defense,
cell signaling, and cell proliferation. Among all
the thiols, glutathione (GSH) is the most abun-
dant, whose abnormal levels are associated with
many diseases, including Alzheimer’s disease,
liver damage, and cancer. Besides, GSH levels
in cancer cells also affect the effectiveness of
chemotherapy. Detection of intracellular thiol
levels is thus of high importance.

Taking advantage of the AIE process, lots of
sensing applications can be developed by
employing AlIEgens. One widely utilized strategy
is the solubility change of the AIEgens. The core
part of most AlEgens, such as TPE and HPS, is
hydrophobic and attachment of hydrophilic
moieties to these cores will increase their water
solubility, making them non-emissive in
biological conditions (off state). In the presence
of target analysts, the hydrophilic moieties will be
cleaved, releasing the hydrophobic cores. These
hydrophobic cores will agglomerate to form
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Fig. 20 (a) Schematic illustration of the sensing mecha-
nism of Hg?* with p-TPE-RNS. (b) Selectivity of p-TPE-
RNS towards Hg>* over other metal ions. (c—f) Confocal
microscopy images of HeLa cells stained with 20 pM of p-

particles and their emission will be turned on
(Fig. 21a).

Taking advantage of this strategy, TPE-ss-D5-
cRGD is designed and synthesized (Fig. 21b)
[38]. TPE-ss-D5-cRGD bears targeted cyclic
arginine—glycine—aspartic acid (cRGD) peptide,
a highly water soluble peptide with five aspartic
acids, a TPE fluorogen, and a thiol-specific cleav-
able disulfide linker. Benefiting from the aspartic
acid moieties, TPE-ss-D5-cRGD is soluble in
aqueous solutions and is thus non-fluorescent.
GSH can break the disulfide bond, release the
TPE fluorogen, and turn on its emission. The
detection limit of this method in bulk solution is
determined to be 1 pM. The cRGD peptide func-
tionality of TPE-ss-D5-cRGD endows it with the

TPE-RNS for 40 min in the absence (c, d) and presence
(e—f) of 2 uyM Hg2+ for 30 min. (c, ) Red channel images:
550-650 nm; (d, f) ratio images of red/blue

specificity towards integrin o, f3-expressing cells.
As shown in Fig. 21c-h, U87-MG cells, which
are integrin o, P53 positive, can be stained, while
integrin a,f; negative MCF-7 cells remain
unstained. The derivatives of TPE-ss-D5-cRGD
without cRGD or disulfide group cannot stain
both U87-MG and MCEF-7, due to the absence
of cleavage site and targeting group, respectively.

Tang et al. report another probe TPE-DCV for
GSH detection [39]. TPE-DCV contains
dicyanovinyl (DCV) group, which can react
with thiol group through thiol-ene click reaction
(Fig. 22a). This reaction breaks the conjugation
between TPE and dicyano group and changes the
fluorescence of TPE-DCV from red to blue. Inter-
estingly, the reaction is highly selective towards
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Fig. 21 (a) General design strategy of AIE probes. (b)
Molecular structure of TPE-ss-D5-cRGD. (¢-h) Confocal
microscopy images of (c—e) U87-MG and (f-h) MCF-7
cells after incubation with (¢ and f) TPE-ss-D5-cRGD,
(d, g) derivative of TPE-ss-D5-cRGD without cRGD

GSH over amino acids, including cysteine and
homocysteine (Fig. 22b), and thus the GSH con-
centration can be determined by tracking the
increase in emission intensity at 520 nm. In the
GSH concentration range of 200-500 pM, the
plot of fluorescence increment (I/l) at 520 nm
as a function of GSH concentration is in a linear
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group, and (e, h) derivative of TPE-ss-D5-cRGD without
disulfide. The nuclei were stained with propidium iodide.
All images share the same scale bar (20 pm). Reprinted
with permission from Ref. [38]. Copyright © 2014, Royal
Society of Chemistry

regression with a correlation coefficient of 0.985.
TPE-DCYV is cell permeable and stains the cyto-
plasmic region but not the nucleic parts
(Fig. 22¢). When the cells are pretreated with N-
ethylmaleimide (NEM, 20 mM), a trapping
reagent of thiol species, for 0.5 h, the signals
from the cytoplasmic regions are decreased in
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Fig. 22 (a) Illustration of thiol-ene “click” reaction
between TPE-DCV and thiols. (b) Selective detection of
GSH over amino acids in water/ethanol mixture with a

both green and yellow channels (Fig. 22d). Since
NEM can react and thus consume partial thiols,
less amount of thiol is available for TPE-DCV to
react. This result in turn implies the occurrence of
the thiol-ene click reaction between TPE-DCV
and the intracellular thiols-mainly GSH.

6.4 Imaging of Enzyme Activity
Alkaline Phosphatase (ALP)

ALP is a hydrolase, which catalyzes the dephos-
phorylation process of phosphate monoesters to
produce phosphate salts and the associated
alcohols, phenols, sugars, etc. The catalytic activ-
ity of ALP can be regarded as a biomarker for
disease diagnosis and abnormally high level of
ALP in serum is indicative of diseases, such as
breast cancer, prostate cancer, liver dysfunction,
intestinal disease, bone disease, and diabetes.

blank GSH Cys Hcy Ala Pro Gly Tyr Asn His

Leu

Met Lys Glu

water fraction of 68%. (¢, d) Confocal images of living
HelLa cells incubated with TPE-DCYV for 0.5 h (¢) without
and (d) with NEM treatment

Tang et al. report an AIE probe, HCAP
(Fig. 23a), for ALP detection. HCAP contains
the HCA fluorophore and phosphate group
[40]. The presence of phosphate breaks the
ESIPT process of HCA, which endows HCAP
with greenish yellow emission. ALP can hydro-
lyze the phosphate group and transform HCAP to
HCA and recover the red ESIPT and AIE emis-
sion of HCA (Fig. 23b). Due to the high specific-
ity and efficiency of the ALP catalyzed
dephosphorylation reaction and the high bright-
ness of HCAP, ALP concentration can be
quantified in a linear ratiometric fluorescence
response, which enables in vitro quantification
of ALP activity in a range of 0—150 mU/mL
with a detection limit of 0.15 mU/mL. HCAP
can enter cells and sense the ALP activity of
living cells. Without HCAP, the cells are
non-emissive (Fig. 23c). After staining with
HCAP, orange fluorescence is observed, which
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Fig. 23 (a) Transformation of HCAP to HCA in the
presence of ALP. (b) Illustration of the in vitro and
in vivo detection of ALP. (c—e) Fluorescence images of
HelLa cells with (¢) no HCAP, (d) HCAP (10 pM), and (e)
HCAP (10 pM) and levamisole (5 mM). (f)

is blue-shifted compared with the detection in
solutions. Levamisole is an inhibitor of ALP.
Pretreating cells with levamisole inhibit the activ-
ity of ALP and no orange emission can be
observed. Close inspection of the process reveals
that HCAP is not cell permeable. The secreted
ALP from HeLa cells can dephosphorylate HCAP
to HCA, which can enter cells and endow cell
with orange fluorescence.

By employing similar strategy, Zeng and Wu
et al. report another probe, TPE-CN-pho, for ALP
detection (Fig. 23f) [41]. TPE-CN-pho is a typical
AlEgen. Interaction with ALP can cleave the

ESIPT-On + AIE
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Transformation of TPE-CN-pho to TPE-CN-OH in the
presence of ALP. Reprinted with permission from Ref.
[40]. Copyright © 2019 WILEY-VCH Verlag GmbH &
Co. KGaA, Weinheim

phosphate group and lead to TPE-CN-OH. With-
out the phosphate, TPE-CN-OH has poor water
solubility and tends to form aggregated in solu-
tion, which turns on its emission and enables the
detection of ALP in a fluorescence turn-on man-
ner. Besides, TPE-CN-pho is also successfully
applied to imaging intracellular activity, which
enables its promising applications in biological
researches.

Esterase
Lysosomes are responsible for digesting
unwanted materials in the cytoplasm, acting as
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the waste disposal system of cell. Determining
enzyme activity in lysosome is thus of great
importance, which provides information on
whether the lysosome is functioning well. Mal-
function of these lysosomal enzymes may lead to
serious consequences. For example, the defi-
ciency of lysosomal esterase will result in
Wolman disease with a series of symptoms,

E. Zhao and X. Gu

enlargement of the liver, and failure to gain
weight.

Recently, an AIEgen (AIE-Lyso-1; Fig. 24a) is
applied to sensing of lysosomal esterase
[42]. AIE-Lyso-1 is designed to contain esterase
reactive acetoxyl groups and lysosome-targeting
morpholines. The acetoxyl group blocks the

including diarrhea, swelling of the abdomen, excited state intramolecular proton transfer
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Fig. 24 (a) Molecular structure and working principle of
AIE-Lyso-1. (b—i) Real-time monitoring of the movement
of lysosome. Confocal images of an MCF-7 cell stained
with 1.0 pM of AIE-Lyso-1 and stimulated using 3 pM of
chloroquine. Different pseudocolors are used to illustrate
the fluorescence images at different stimulation times of

(b) 0, (¢) 1, (d) 3, and (e) 5 min. (f~h) Merging images at
two different times: (f) O and 1 min, (g) 1 and 3 min, (h)
3 and 5 min, and (i) bright-field image. Scale bar: 5 pm.
Reprinted with permission from Ref. [42]. Copyright
© 2014 Royal Society of Chemistry
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(ESIPT) process of the chromophore, thus
AIE-Lyso-1 is almost non-emissive. Cleavage of
the ester group by esterase recovers the ESIPT
emission and results in fluorescence enhance-
ment, which enables the fluorescence turn-on
detection of lysosomal esterase activity. To test
the feasibility of the method, detection of esterase
activity is firstly conducted in solution. Good
linearity is achieved in the esterase concentration
range of 0.10-0.50 U mL™' and the detection
limit is determined to be 2.4 x 107> U mL™".
Guided by the morpholine group, AIE-Lyso-1
selectively accumulates in the lysosome of cell.
Its emission is turned on gradually and reaches
the maximum at 8 min. Due to the low back-
ground emission of AIE-Lyso-1, the lysosomal
esterase activity can be followed in real time.
Additionally, AIE-Lyso-1 enjoys the advantage
of high photostability, which enables continuous
tracking of lysosome movement. To demonstrate
this feasibility, cells are stimulated by chloro-
quine to drive the lysosome movement. As
shown in Fig. 24b-h, fluorescence images are
collected at different time points of chloroquine
treatment and assigned with different colors.
Even slight movement of lysosomes can be traced
by AIE-Lyso-1 in the merged images by tracking
the change of different colors.

Caspase

Caspase-3 is a key mediator of cell apoptosis and
has been regarded as an attractive target for mon-
itoring apoptosis. Real-time tracking of cell apo-
ptosis, which is a programmed cell death process
in multicellular organisms, is of crucial impor-
tance for uncovering the detailed biological pro-
cess, early diagnosis of therapeutic efficiency,
and designing of effective drugs.

Taking advantage of the fluorescence light-up
property of AlEgens, a caspase probe (DEVDK-
TPE) is prepared by conjugating TPE moiety with
Asp-Glu-Val-Asp (DEVD) peptide, which is sub-
strate for Caspase (Fig. 25a) [43]. In the presence
of Caspase, the DEVD chain is cleaved effec-
tively, releasing the hydrophobic TPE unit.
These hydrophobic TPE units show poor solubil-
ity in aqueous solution and tend to form
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aggregates. Aggregation of the TPE moieties
activates the RIM process and hence turns on
their emission. As shown in Fig. 25b—i, the emis-
sion of DEVDK-TPE is switched on in apoptotic
cell and cell apoptosis process can be monitored
in real time. Normal cells or those treated with
caspase inhibitor cannot activate the emission of
DEVDK-TPE. These results confirm the success
of apoptotic imaging in target cells. Through
molecular engineering, cRGD moiety is further
introduced to the probe to selectively detect the
apoptosis process of cells expressing integrin

(xVB3-

7 Imaging of Biological Processes

71 Imaging of Apoptosis

As previously mentioned, apoptosis is a very
important biological process. Apoptosis level is
of critical importance in regulating cell growth
and its dysregulation may result in cancers or
neurodegenerative  diseases, thus apoptosis
should be precisely controlled. So far, several
approaches have been developed to monitor apo-
ptosis process, such as laddering of DNA frag-
mentation, caspase activation, and externalization
of phosphatidylserine (PS). Among all these
methods, externalization of PS has emerged as
an attractive indicator for apoptosis detection as
it is more straightforward and occurs prior to
DNA fragmentation and plasma membrane
permeabilization. During apoptosis, cell mem-
brane depolarizes and exposes PS to the surface
of plasma membrane. By examination of the pres-
ence of PS in plasma membrane, early apoptosis
can be detected.

Tang et al. constructed an AIE probe for detec-
tion of apoptosis process [44]. By attaching zinc
dipicolylamine (ZnDPA) complexes, which rec-
ognize PS, to TPE, TPE-Zn,BDPA (Fig. 26a) is
obtained. TPE-Zn,BDPA recognizes the PS on
plasma membrane of cells undergoing early apo-
ptosis and light up the plasma membrane. As PS
externalization takes place in the early stage of
apoptosis, TPE-Zn,BDPA is capable of detecting
the early apoptotic cells. As shown in Fig. 26b—c,
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Fig. 25 (a) Design principle of the apoptosis probe. (b-i)
Real-time fluorescence images showing the cell apoptotic
process of MCF-7 cells with DEVED-TPE at room tem-
perature. Staurosporine (1 pM) was used to induce cell

HeLa cells are induced to early apoptosis stage by
treatment with 300 pM H,O, and were then
costained with TPE-Zn,BDPA and propidium
iodide (PI), which accumulates in and lights up
the nucleus of late apoptotic or dead cells. No
fluorescence can be observed from the PI channel
and blue fluorescence of TPE-Zn,BDPA emerges
from the membrane of cells, indicative of the
early apoptotic stage of these cells. By pretreating
cells with high H,O, concentration of 2000 pM,
fluorescence from both PI and TPE-Zn,BDPA
channels can be observed, suggesting that the
cell membrane is permeable and these cells are
in late apoptotic stage. Due to the compromised
plasma membrane of late apoptotic cells, more

apoptosis. All images have the same scale bar (20 pm).
Reprinted with permission from Ref. [43]. Copyright
© 2012, American Chemical Society

TPE-Zn,BDPA molecules enter the cells, and
brighter emission from TPE-Zn,BDPA can be
observed.

Liu et al. report another probe AIE-ZnDPA for
apoptosis detection (Fig. 26h) [45]. AIE-ZnDPA
also bears DPA group and can selectively stain
apoptotic cells with externalized PS. Staurosporine
is employed to induce cell apoptosis, and early and
late stages of apoptosis can be clearly discerned
(Fig. 26i—n): early apoptotic cells show circular
emission from plasma membrane, while in late
apoptotic cells fluorescence comes from the cyto-
sol and nucleus. Due to the AIE characteristics of
AIE-ZnDPA and its good water solubility,
AIE-ZnDPA emits faintly in aqueous solution.
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Fig. 26 (a, h) Molecular structures of TPE-Zn,BDPA
and AIE-ZnDPA, respectively. (b—g) (b—c, e—f) Confocal
microscopy and (d, g) bright-field images of (b—d) early
apoptotic HeLa cells induced by H,O, (300 pM) and (e-g)
late apoptotic HeLa cells induced by H,O, (2000 pM),
followed by costaining with (b, e) propidium iodide
(PI) and (¢, f) TPE-Zn,BDPA. (i-n) (i—j, I-m) Confocal
microscopy and (k, n) bright-field images of (i-k) early

Upon binding to the PS of apoptotic cells, bright
fluorescence can be observed. The low back-
ground emission of AIE-ZnDPA enables the real-
time monitoring of apoptosis process. This
provides a more direct and easy way for
investigating apoptosis and may provide insight
into the apoptosis process, which is not available
with previous probes.

7.2 Imaging of Mitophagy

Autophagy is an important biological process,
through which cell degrades dysfunctional or
damaged cell components and replenishes cell
nutrition to support metabolism. Mitochondri on
is a main target for autophagy, as the production
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stage and (I-n) late stage apoptotic HeLa cells induced by
(i-k) 1 pM and (I-n) 2 pM staurosporine, respectively,
followed by costaining with AIE-ZnDPA and PI. All
images share the same scale bar of 20 pm. Reprinted
with permission from Ref. [44]. Copyright © 2016
Royal Society of Chemistry. Reprinted with permission
from Ref. [45]. Copyright © 2015, American Chemical
Society

of ATP in mitochondria involves many highly
reactive species, which can easily lead to damage
of cell components. Thus, the mitochondrial
autophagy is termed as mitophagy. During
mitophagy, autolysosome is produced, which
digests the dysfunctional mitochondria. In order
to visualize the mitophagy process, photostable
mitochondrial probe with high mitochondrial
affinity is required, which ensures the long-term
visualization of mitochondria.

Tang et al. develop a mitochondrial probe,
TPE-Py-NCS (Fig. 27a), which contains isothio-
cyanate functionality (NSC) [46]. The NSC group
may react with the amine group in mitochondria
and ensures the targeting of TPE-Py-NCS.
Besides, TPE-Py-NCS enjoys good photostability
during cell imaging, which enables long-term
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Fig. 27 (a) Molecular structure of TPE-Py-NCS. (b)
Imaging of the mitochondria of HeLa cell with TPE-Py-
NCS. Scale bar: 20 pm. (¢) Confocal images of HeLa cells
stained with TPE-Py-NCS (5 pM, yellow) and

monitoring of the associated biological processes.
Due to the positively charged pyridium group,
TPE-Py-NCS selectively stains the mitochondria
of HeLa cells with high brightness and contrast
(Fig. 27b). To monitor the mitophagy process,
HeLa cells are costained with TPE-Py-NCS and
LysoTracker Red DND-99, which target
mitochondria and lysosome, respectively. After-
wards, the cells are treated with rapamycin, a
well-known drug for inducing autophagy, and
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LysoTracker Red DND-99 (150 nM, red) in the presence
of rapamycin (50 mg mL™") at different time points. Scale
bar: 2 pm. Reprinted with permission from Ref.
[46]. Copyright © 2015 Royal Society of Chemistry

imaged with confocal microscope at selected
time points. From O to 72 mins, no obvious
change is observed (Fig. 27c). After 73.5 min of
rapamycin addition, a new red fluorescent dot
appears, overlapping with mitochondria. The
newly formed red dot disappears after 79.5 min
of rapamycin treatment. The newly formed red
dot is autophagosome, which initiates the
autophagy process in mitochondria. After
digesting the mitochondria, the autophagosome
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disappears. Besides, the fluorescence from mito-
chondrial regions that overlap with red dot
became dimmer, while other regions remain
unchanged. The results clearly demonstrate that
the mitochondria are digested and the whole
mitophagy process can be monitored.

7.3 Imaging of Mitosis

Mitosis describes the cell division process,
through which chromosomes in the nucleus are
evenly distributed between two cells and two
daughter cells with identical generic materials
produced. Mitosis is the foundation for growth
and repair in the body. Generally, mitosis is
divided into several stages, and each stage
exhibits characteristics in morphology and chro-
mosome alignments, reflecting the different
behavior of chromosome in mitosis.

Tang et al. developed a probe, TTAPE-Me
(Fig. 28a) for detection and imaging of DNA
[47]. In the presence of DNA and RNA, the
fluorescence intensity of TTAPE-Me increases
accordingly. Besides, TTAPE-Me can also

(a) “*rlrf\/o |+/
| ‘ O |

[ O TS
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TTAPE-Me
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Postprophase

Metaphase

Fig. 28 (a) Molecular structure of TTAPE-Me. (b-g)
Fluorescence images of cells from onion root tips at dif-
ferent stages of the cell cycle stained by TTAPE-Me.
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visualize nucleic acid in gel. The detection limit
of TTAPE-Me in DNA gel electrophoresis is
determined to be as low as 0.25 pg per lane.
Afterwards, plant cells are stained with TTAPE-
Me. Onion (Allium cepa) root tip is employed to
perform the experiment. As shown in Fig. 28b-g,
cell in different phases of mitotic cell division can
be clearly visualized by tracking the fluorescence
from TTAPE-Me. In interphase, the nucleus
membrane is intact and the chromosome is still
in the form of chromatin. For the cells in pro-
phase, the nuclear membrane is disappeared and
chromosomes are freed into the surrounding cyto-
plasm. When the cells enter metaphase, the
chromosomes are aligned along the metaphase
plate. During anaphase, the sister chromatids are
dragged towards the opposite poles of the cells by
the polar fiber. The picture shown in Fig. 28f
presents the cell in the early anaphase. At telo-
phase, the chromosomes are cordoned off into
distinct new nuclei in the emerging daughter
cells and nuclear envelopes of these nuclei form.
Due to the high affinity of TTAPE-Me to DNA,
TTAPE-Me lights up the chromosomes and
nucleus with high efficiency. By counterstaining

Interphase

Preprophase

(b)

Anaphase Telophase

Reprinted with permission from Ref. [47]. Copyright
© 2013 WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim
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with other probes, the method is expected to
become more useful for multicolor fluorescence
imaging, and visualize more details during the
mitosis process.

7.4 Imaging of Stem Cell

Differentiation

Cell differentiation is the foundation for a single-
celled zygote to develop into a multicellular adult
organism. Through cell differentiation, generic
cell can develop into a specific type of cell in
response to specific triggers from the body or
the cell itself. Stem cells are a kind of undifferen-
tiated cells with pluripotency, that is, they can
differentiate  into  specialized cells. The
pluripotency of stem cells enables them to be
employed in regenerative therapies and has
drawn tremendous attention. As more investiga-
tion on stem cell based therapy are reported, it
becomes increasingly important to comprehend

Fig. 29 (a) Molecular structure of TPETPAFN. (b-d)
Confocal microscopy images of ADSCs labeled with (b)
AIE dots, (¢) PKH26, and (d) Qtracker® 655, followed by
culturing for 5 days. (e, f) Confocal microscopy images of
ischemic hind limb slices from mice after administration of
AIE dot-ADSC-M for 14 days. The slices were

AIE dots

E. Zhao and X. Gu

how stem cell contributes to tissue regeneration
and what is the ultimate fate of these stem cells.
Ding et al. report an AIEgen-based method for
tracking the activity of stem cell during therapies
[48]. TPETPAFN (Fig. 29a), a typical AlEgen is
employed to fabricate AIE dots with Tat surface
functionalities, which demonstrates bright and
stable emission. These AIE dots exhibit long-
term retention in adipose-derived stem cells
(ADSC). After 5 days culturing, the AIE dots
stained ADSCs are 6.2 and 4.8 folds brighter
than that of Qtracker® 655 and PKH26 stained
ones, respectively (Fig. 29b—d). Besides, staining
ADSCs with AIE dots does not influence the
pluripotency of ADSCs and their ability to trans-
form into chondrogenic, adipogenic, and osteo-
genic cell lines is not affected. The AIE dots do
not exert impact on the secretome, with similar
expression levels of monocyte chemoattractant
protein-1 ~ (MCP-1), interleukin-6  (IL-6),
angiopoietin-1 (Ang-1), basic fibroblast growth
factor (bFGF), and vascular endothelial growth

PKH 26 Qtracker® 655

immunostained against (e) VEGF and (f) bFGF, respec-
tively. (g) Representative CD31-staining confocal micros-
copy image ischemic of hind limb slices from mice treated
with AIE dot-ADSC-M for 42 days. Reprinted with per-
mission from Ref. [48]. Copyright © 2014, American
Chemical Society



Aggregation-Induced Emission (AIE) Probes for Cell Imaging

factor a (VEGFa). Close investigation on the mice
after transplantation of AIE dot-labeled ADSC-
containing matrigels for 14 days reveals that
ADSC contributes to regeneration by secreting
angiogenic factors in the ischemic tissue.

It is also found that most AIE dot-labeled
ADSCs (red fluorescence) are distributed near or
close to the CD31-positive blood vessels (green
fluorescence, Fig. 29g), indicating the induction
of therapeutic angiogenesis via the cells. More
importantly, as shown in Fig. 7c, several AIE
dot-labeled cells are located in the blood vessels
and participate in blood vessel formation through
forming vascular structures. These results clearly
illustrate that the AIE dots are able to track and
visualize the regenerative capacity of ADSCs in a
long-term manner.

8 Conclusions and Perspectives

Since the first report in 2001, AIEgens are finding
increasing applications in biological researches.
In this chapter, we select some representative
examples and focus on introducing their
applications in cell imaging and sensing. These
AlEgens demonstrate favorable properties of
excellent photostability, good biocompatibility,
and high sensitivity and selectivity, making
them suitable candidates for visualizing subcellu-
lar structures [49], long-term cell tracking [50—
52], sensing of cellular microenvironment [53—
62], and monitoring of biological processes [63—
65]. Besides the application regimes mentioned in
this chapter, lots of applications are made in other
areas, such as super-resolved imaging [66-70],
multimodality imaging [71-73], multiphoton
imaging [74-78], and photodynamic therapy
[79-86]. Due to the length limit, we cannot
include all these applications in this book chapter.
Interested readers can refer to other reviews and
books for more information on the research fron-
tier of the biological applications of AlEgens
[9, 87-92].

As the investigations on  Dbiological
applications of AlEgens proceed, more research
endeavor should be devoted to the following
areas: (1) New sensing mechanism: Currently,
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most sensing applications are based on solubility
changes, cleavage of blocker, and confinement of
phenyl rotations. A few new sensing mechanism
is arising, such as DTBET and photo-oxidative
dehydrogenation. We believe more interesting
discoveries will be made in this area. (2) Sensing
of more critical biological targets: By enriching
the targets, AIEgens are expected to contribute to
more biological researches. (3) Advanced imag-
ing techniques: As the imaging technology
advances, it places more requirements on fluores-
cent probes. Specialized probes for specific
advanced imaging applications will be developed.
(4) Elucidation of more biological processes: Pre-
vious successful examples have demonstrated the
advantages of AlEgens in monitoring biological
process. With these desirable attributes, AIEgens
may help to provide insight into more biological
processes.
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1 Introduction

Cell imaging plays a significant role in both fun-
damental research and clinical application. Visu-
alization of the cell has been widely used to study
cell structure and function, track the morphologi-
cal changes, explore the biological roles of
organelles, and reveal the mechanisms of the
interaction between morphologic information
and chemical stimulation. Furthermore, chemo-
therapy interventions and further understanding
of physiological and pathophysiological pro-
cesses can be guided by the visualization of cel-
lular and subcellular morphology [1, 2]. To date,
numerous materials such as organic dyes [3, 4],
nanoparticles [5-7], quantum dots [8—10], fluo-
rescent proteins [11, 12], and coordination
compounds [13—15] have been explored for cell
and organelle imaging. Among them, as a
promising luminescent dye, coordination
compounds can provide high brightness and
signal-to-noise ratio with minimal background
interference for cellular and subcellular imaging,
which is difficult to be achieved at the cellular
level by general fluorophores [16, 17]. Besides,
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the photobleaching in long-term observation can
be avoided by the remarkable photostability of
coordination compounds. Moreover, coordina-
tion compounds for cell imaging have made con-
siderable progress so far, and a large amount of
novel dyes are emerging [18-22]. Coordination
compounds are typically synthesized in a flexible
and modular method, and the functionalized
organic ligands are bound to the metal center in
a fixed manner, making it easier to produce
analogues to improve its photophysical and pho-
tochemical properties for cell imaging [23-27].
Over the past several decades, the application of
luminescent coordination compounds for cell
imaging has witnessed tremendous growth, espe-
cially for the utilization of luminescent metal
complexes [28-31]. Recently, numerous lumines-
cent transition metal complexes have been
designed for cell imaging. Compared with the
general fluorophores, unique and complicated pho-
tochemical and photophysical properties are
achieved by the presence of metal ions in
complexes, such as Au(l), Ag(I), Pt(Il), Cu(l), Zn
(II), Ru(Il), and Ir(IIT) [32-39]. As aforemen-
tioned, luminescent complexes contain organic
ligands bound to the metal center in a precise
three-dimensional arrangement. The fascinating
and adjustable properties of the complex are
induced by the appropriate metal ions and flexible
ligands, potentially allowing fine-control of the
functions of the complex for complicated imaging
demands. The properties of metal complexes in
cell imaging are highly advantageous compared
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to the general fluorophores in the following aspects
[40]. Firstly, high luminance can meet the needs of
the cell and subcellular fraction imaging. Sec-
ondly, they display wide excitation and emission
tunability. Thirdly, most of the luminescent
complexes are stable toward long-term irradiation.
Fourthly, they exhibit large Stokes shifts, allowing
the lower energy emission to be easily distin-
guished from the excitation and preventing self-
quenching. Finally, they can show long-lived
phosphorescence, such as for Ir(Ill) complexes,
which can eliminate interference from short-
lifetime autofluorescence in biological samples
through time-resolved luminescence technique.
Although the emission wavelength of transition
metal complexes can be easily tuned, the near-
infrared (NIR) emission is still a big challenge,
limiting the in vivo real-time optical imaging.
Recently, many groups have designed NIR emis-
sive lanthanide (Ln(IIl)) complexes to facilitate
NIR imaging, which can further improve the imag-
ing quality by reducing scattering, minimizing
absorption, and neglecting autofluorescence [41—
43]. Meanwhile, an evolution of bioimaging may
be caused by the large extinction coefficient and
high penetration depth [44—46].

In recent years, the ligand design, optical prop-
erty, luminescent mechanism of photofunctional
metal complexes, and their applications in
bioimaging have been summarized in various
highly informative reviews and books [47—
51]. Considering the rapid development of the
research area, in this chapter, a comprehensive
overview of the recent applications of lumines-
cent metal complexes in cell imaging is provided;
meanwhile, the prospect of such a kind of
fascinating luminescent compounds in clinical
application is also discussed.

2 Luminescent Coordination
Compounds

As mentioned above, metal complexes possess
several advantageous features that make them
capable as attractive  imaging  agents.
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Furthermore, due to the complicated excited
states and easily modified ligands, the richer opti-
cal properties and more functionalities than most
of organic fluorophores could be provided by
metal complexes. Consequently, new
opportunities are brought about by metal
complexes for the development of cell image
techniques, as well as biosensing systems and
phototherapy. In this chapter, we focus on transi-
tion metal complexes and Ln(IIl) complexes that
have been widely and successfully utilized as
imaging agents for cell imaging applications.

2.1 Luminescent Transition Metal

Complexes

Due to the excellent properties such as high quan-
tum yield and photostability, wide modulation of
the emission wavelength, and long phosphores-
cence lifetime, transition metal complexes are
promising candidates as bioimaging agents.
Besides, transition metal complexes can display
the excellent performances such as rich excited
states, including metal-to-ligand charge-transfer
(MLCT), ligand-to-metal charge-transfer
(LMCT), intraligand charge-transfer (ILCT),
ligand-to-ligand charge-transfer (LLCT), metal-
centered (MC) excited states, ligand-to-metal—
metal charge-transfer (LMMCT), metal-metal-
to-ligand charge-transfer (MMLCT), and metal-
to-ligand-ligand charge-transfer (MLLCT) states
[28, 40]. These excited states are mainly deter-
mined by the type of metal center and the
structures and triplet-state energy levels of the
ligands. Furthermore, the intramolecular and
intermolecular interactions and the ambient envi-
ronment also have significant influence on the
excited states of transition metal complexes,
making them show diverse photophysical and
photochemical properties under physiological
conditions. The complicated excited state
properties of transition metal complexes have
attracted increasing interest in bioimaging and
biosensing.
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2.2 Luminescent Transition Metal

Complexes for Bioimaging

Currently, a great number of luminescent metal
complexes have been applied to visualize live
cells and explore cellular processes by laser-
scanning confocal microscopy [52-54]. Typi-
cally, the complexes of Pt(Il), Au(I), Ru(Il), and
Ir(ll) were popular in bioimaging and
biosensing, and have made significant progress.

2.2.1 Transition Metal Complexes
for Intensity-Based Luminescent

Cell Imaging and Sensing

Pt(Il) Complexes for Intensity-Based
Luminescent Cell Imaging and Sensing

Pt(Il) complexes were well-known class of lumi-
nescent coordination compounds with promising
applications in bioimaging and biosensing [55—
57]. In recent years, Pt(Il) complexes were
initially proposed as alternative agents to organic
fluorophores for staining cells, and it was now
apparent that their outstanding photophysical
properties can make them available for broad
areas of biological science [58, 59]. In the field
of cell imaging, Pt(Il) complexes have been
developed as novel staining agents. Pt
(II) complexes and derivatives are indispensable
in the application of cell imaging by laser-
scanning confocal microscopy. For example,
Zhou et al. designed and synthesized three Pt
(II) complexes with bidentate ligands (Pt-dfppy
(Ptl), Pt-ppy (Pt2), and Pt-bt (Pt3)) for applying
in living cell imaging and protein staining
[60]. These complexes have almost no cytotoxic-
ity toward HeLa cell lines, and are mainly
distributed in the cytoplasm. In addition, the
quite low limits of detection (below 50 ng) in
protein staining of the designed Pt(Il) complexes
provide great commercial opportunities. How-
ever, the poor water solubility is one of the
prime challenges in using Pt(II) complexes as
bioimaging agent. For this purpose, Jana et al.
designed a highly water-soluble Pt(Il) complex
([Pt(ppy)(en)]Cl, Pt4) for bioimaging
applications [61]. The imaging results showed
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that Pt4 can easily penetrate the cell membrane
in cancer cells and normal cells, and showed a
much higher uptake in cancerous cells. Lately,
Dragonetti et al. reported three new neutral
terdentate Pt(ID) complexes bearing
cyclometalated di(2-pyridyl)-benzene substituted
with ethylene glycol moieties of various lengths,
as luminescent cell imaging agents [62]. The
chemical structures of these three Pt
(I) complexes (PtL'Cl (Pz5), PtL'NCS (P16),
and PtL>Cl (Pt7)) were shown in Chart. 1. As
expected, the designed Pt(I) complexes exhibited
high cell permeability and low cytotoxicity, with
an internalization kinetics that relied on the influ-
ence of both the ethylene glycol chain length and
the ancillary ligand. The introduction of oligo-
ethylene glycol chains on the designed Pt
(II) complexes was used to improve the solubility
and biocompatibility. All three complexes
displayed bright green-yellow emission under
excitation at 300 nm, and the ancillary ligand
had little impact on the emission wavelengths
(Aem = 542, 540, and 546 nm for Pt5, Pt6, and
P17, respectively). The rigidity of the tridentate
cyclometalated ligand effectively reduced the
molecular distortions of the excited states, and
the strong ligand field of tridentate chelate
increased the energy of the metal centered
(MC) d-d excited states, contributing to long
excited-state lifetime as 12.4, 11.8 and 12.1 ps
for Pt5, Pt6, and Pt7, respectively. The cell imag-
ing properties of the designed three Pt
(II) complexes were analyzed by using the lumi-
nescence confocal images. HelLa cells can be
rapidly stained (within 10 min) by each of the
three compounds (Fig. 1), and the emission pro-
file obtained from living cells was in accordance
with the emission spectra measured in dilute
dichloromethane (CH,Cl,) (Fig. 1), confirming
the similar nature of the emitting excited state
for the two compared conditions. Furthermore,
z-stack  experiments and  co-localization
experiments (Fig. 2) confirmed that the designed
Pt(II) complexes can cross the nuclear membrane
and localize in the nuclear region which depends
on their molecular structure or hydrophobic/
hydrophilic nature. Furthermore, with intrinsic
photophysical characteristics that are highly
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Fig. 1 Images of the internalization of three different
platinum complexes at 50 pM into HeLa cells with <1%
DMSO/PBS as the incubating medium. (a) Pt5, (b) P16,
and (c¢) Pt7. The emission spectra recorded from different

Fig. 2 Images of the distribution of Pz5 (50 pM in less
than 1% DMSO containing PBS) inside HeLa cells and
co-localization experiments showing the presence of com-
pound Pt5 inside the cell nucleus, nucleoli, and cytoplas-
mic parts of the cell. (a) Orthogonal views of the image
showing P15 signals (green) coming from the cytoplasmic
and nuclear regions of the cells. The cells are stained with
Phalloidin Alexa Fluor® 647 (red). (b) Pt5, bright-field
(BF) image of HeLa cells, DAPI staining of the nucleus,
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cellular regions (4.x = 405 nm, black lines) and in dilute
CH,Cl; (Aex = 300 nm, red lines) are displayed for (d) Pt5,
(e) Pt6, and (f) Pt7. (Reprinted with permission from Ref.
[62]. Copyright © 2015 Royal Society of Chemistry)

and overlay (OL) of the three panels. (c) SYTO®
RNASelect™ green stains the RNA inside cells including
nucleoli; BF image, Pt5, and overlay of the three panels.
DAPI and P:t5 were excited at 405 nm, while SYTO®
RNASelect™ and Phalloidin Alexa Fluor® 647 were
excited at 488 and 633 nm, respectively. (Reprinted with
permission from Ref. [62]. Copyright © 2015 Royal Soci-
ety of Chemistry)
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Fig. 3 Images of human
breast adenocarcinoma
(MCEF-7) cells incubated
with Aul (100 pg mL™",
4 °C, 30 min). Excited at
405 nm, acquired
530-580 nm. (Reprinted
with permission from Ref.
[66]. Copyright © 2012
American Chemical
Society)

sensitive to the microenvironment, the pincer Pt
(II) complexes have been developed as a
promising agent for cancer phototherapy. Huang
et al. successfully synthesized a series of green-
light-activated Pt(II) Schiff base complexes
containing tetradentate salicylaldimine chelating
ligands for confocal cellular imaging [63]. The
designed complexes mostly localized in the cyto-
plasm of cancer cells and exhibited significant
photocytotoxicity, while remaining non-toxic in
the dark, indicating that these photoactive Pt
(II) complexes have potential for photodynamic
anticancer therapy as new theranostic and thera-
peutic agents. This shows that the luminescent Pt
(II) complexes provide additional options to meet
the challenges for further progress of bioimaging,
biosensing, and phototherapy.

Au(l) Complexes for Intensity-Based
Luminescent Cell Imaging and Sensing

Au(I) complexes are confirmed to possess stable
luminescence properties, which are suitable for
bioimaging applications [64—67]. To date, a series
of Au(I) complexes were designed and
synthesized as potential cell imaging agents. For
example, Coogan et al. reported a series of Au
(I) triphenylphosphine complexes for lumines-
cence and cell imaging studies [66]. All of the
Au(l) complexes displayed room-temperature
anthraquinone-based visible luminescence and
applicable cytotoxicity, which allowed their suc-
cessful application as cell imaging agents with
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good uptake (>80%). As shown in Fig. 3, the
cells were successful stained by the Au
(I) complex (L?-Au-PPhs, Aul) with an appar-
ently healthy cell morphology and the lumines-
cence originated from the cytoplasm with little or
no nuclear localization. Recently, N-heterocyclic
carbene (NHC) based Au(I) complexes have
attracted growing interest due to their excellent
luminescent and biological properties. Some
excellent studies put forward the NHC-based
Au(I) complexes have practical potentials on
bioimaging applications. Poyatos et al. designed
and synthesized three pyrene-based tetraalkynyl
Au(I) complexes [68]. Among them, an Au
(I) complex bearing aromatic NHC was found to
be highly emissive in dichloromethane solution
with quantum yields exceeding 90%. Besides,
confocal microscopy images of healthy cheek
cells confirmed that the complex can rapidly
stain the cells. Berners-Price et al. synthesized a
new series of luminescent dinuclear Au(I)-NHC
complexes for live cell imaging applications
[69]. Of particular interest was the cis-3.2Br,
which was used to map the distribution of the
complex inside live tumor cells without any addi-
tional fluorescent tag, giving valuable insight into
the subcellular distribution for this class of
compounds. However, the mechanisms of the
cellular uptake and intracellular distribution of
Au(I) complexes is still lacked now, and thus
continued researches are needed for further
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understanding of Au(l) based

biological applications.

complexes

Ru(ll) Complexes for Intensity-Based
Luminescent Cell Imaging and Sensing

Ru(II) complexes exhibited significantly advanta-
geous photophysical properties for biological
imaging applications. In recent years, these
complexes have expanded to diverse applications
such as cell imaging agents and promising
candidates for phototherapy [70-73]. Lately,
Renfrew et al. reported a new Ru(Il) complex
(Rul) for live cell imaging and selective release
of the imidazole-based drug econazole [74]. The
Rul was highly stable in the dark, but the green-
light irradiation induced release of one of the
econazole ligands, which led to a turn-off lumi-
nescence response and up to a 34-fold increase in
cytotoxicity toward tumor cells. Tsui et al.
synthesized a novel luminescent Ru(Il)-cyanide
complex with NHC-based CANC pincer ligand
for live cell imaging of endocytosis [75]. It
showed extremely low cytotoxicity to both
MCEF-7 cell and human retinal pigmented epithe-
lium (RPE) cell in a wide range of concentration
(0.1-500 pM), and can be applied for the lumi-
nescent endocytosis imaging in these cells. Wang
et al. designed and synthesized two isomeric Ru

Hoechst Mito tracker

Fig. 4 The confocal images of BEL-7402 cells treated
with 15 pM Ru2 (a) or Ru3 (b) (lx = 488 nm,
Aem = 600 £+ 50 nm, red) for 6 h, the nucleus stained
with Hoechst 33258 (1., = 405 nm, A, = 450 + 30 nm,
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(I) complexes, [Ru-m-OH]** (Ru2) and
[Ru-0-OH]**  (Ru3) with two hydroxyl

substituents at different positions of ligands for
cell imaging [76]. Both of the two complexes can
be clearly visualized in live cell by confocal
microscopy. Interestingly, the cellular uptake effi-
ciency of Ru3 was much better than that of Ru2
(Fig. 4), and can activate mitochondrial apoptosis
pathway by upgrading the expression of Bax and
downgrading the level of Bcl-2. Remarkably, Ru3
showed great selectivity between cancer cells
(BEL-7402) and human normal cell (HBMEC)
(ICs9¢ = 11.8 pM to BEL-7402 cells;
ICs¢ > 100 pM to HBMEC), and exhibited higher
toxicity toward BEL-7402 cells than Ru2, which
showed that the designed isomeric Ru
(II) complexes have great prospect for anticancer
as medicine.

Ir(Ill) Complexes for Intensity-Based
Luminescent Cell Imaging and Sensing

Ir(ll) complexes are one of the most widely
studied and developed in the family of lumines-
cent transition metal complexes for various
bioimaging applications [77-79]. Typically, Ir
(IIT) complexes consist of a trivalent iridium ion
center bound to two cyclometalated ligands and
one auxiliary ligand. The chemical properties of

Ru

Overlay

blue) and mitochondria stained with MitoTracker Green
(Aex = 458 nm, Ao, = 520 + 30 nm, green). (Reprinted
with permission from Ref. [76]. Copyright © 2017
Elsevier B.V)
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this family of complexes can be easily tuned by
chemical variations of the coordinated ligands,
and this brings high versatility for bioimaging
applications. In the last decade, Ir(Ill) complexes
have received extensive in