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Quantum dot probes for cellular analysis
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Highly fluorescent and robust semiconductor nanocrystals (known as quantum dots or QDs) play a pivotal
role in biological applications. In particular, the excellent optical properties of QDs make them more
suitable for immunolabeling, molecular imaging, and multiplexed biological detection for cellular analysis
than conventional fluorescent dyes. Many studies have applied QD probes for in vitro and in vivo assays,
showing great improvements with respect to gaining insight into bioanalytical chemistry, target
specificity, and cytotoxicity. In this review, we discuss the optical properties, specificity, and cytotoxic

effects of QDs as well as the progress achieved in multicolor cellular imaging, immunolabeling for
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Accepted 3rd January 2017 signaling pathways, and molecular detection at the cellular level. In addition, carbon QDs as alternatives

to the toxic cadmium-based QDs and their applications in biotechnology are discussed. Despite the

DOI: 10.1039/c7ay00018a rapid development and recent progress of QD probes, much more work is required to determine the
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1. Introduction

When studying cell metabolic and genetic behaviors at the
cellular level, researchers usually fluorescently label the specific
targets such as proteins, nucleic acids (DNA/RNA), and drugs to
be screened.'”® Under the particular excitation light wavelength
employed, target molecules marked with fluorescent dyes can
be observed using a fluorescence microscope. Thereby, the
concentration and location of the target can be analyzed and
quantified, providing substantial information of molecular and
cellular physiology. Fluorescent dyes have gradually replaced
radioisotopes as the target markers in biological applications
because of their high sensitivities and simple procedures.
However, the excitation wavelength ranges of conventional
organic fluorophores are generally narrow. In addition,
different fluorescent dyes have specific excitation wavelengths;
for example, green fluorescent protein (GFP)* emits fluores-
cence in the blue wavelength range, rhodamine 123 (ref. 5)
emits at 507 nm, fluorescence isothiocyanate® emits at 488 nm,
and cyanine-labeled dye (Cy5)” emits at 633 nm. This situation
has made it difficult to realize the simultaneous detection of
multicolor immunolabels for multiple targets, since the exci-
tation filters must be constantly switched for the variety of
fluorescent probes required. Moreover, organic dyes typically
have asymmetric emission spectra broadened by a red tail,®
which usually leads to severe signal overlap between different
dyes. Common organic dye molecules also suffer from back-
ground autofluorescence, weak resistance to photobleaching,
and low brightness.’ For example, under the exposure rate of
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toxicity of cadmium-containing QDs used in live cells and animals.

10° photons per second, GFP can produce 10" to 10°> photons
with a fluorescence lifetime of 0.1 to 1 s, whereas organic
fluorescent dyes can produce 10° to 10° photons during 1to 10 s
of the fluorescence lifetime, which is variable and depends on
the chosen fluorophore. Consequently, it is difficult to achieve
imaging and tracking of multiple molecular targets simulta-
neously or over the long-term. Quantum dots (QDs) provide new
possibilities to overcome these problems owing to their unique
optical properties.'***

When binding to the cytomembrane and intracellular targets
for cellular analysis, QDs' stability and toxicity are crucial for their
performance. Coating and labeling are closely related to the
stability of QDs in live cells, which are dependent on the synthesis
and conjugation of QDs, respectively. Also, it is reasonable to take
QDs' cytotoxicity into consideration as QDs may cause damage to
cells. Therefore, we first discuss the optical properties and
synthesis, conjugation and cytotoxic effects of QDs, laying the
foundation for their cellular applications. Further, we discuss the
recent progress achieved in quantum dot probes at the cellular
level, including multicolor cellular imaging, immunolabeling for
signaling pathways and molecular detection.

2. Probe synthesis, conjugation, and
cytotoxicity

2.1 Optical properties and synthesis

As semiconductor nanocrystals, QDs have wide excitation
wavelength ranges and narrow emission ranges due to the
quantum scale effect,” which makes it possible to excite
multicolor QDs under the same light source, thereby satisfying

the needs of multiplexed detection and observation of different
targets in biological samples. In addition, QDs possess many
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other unique properties that match well with cellular analysis,
such as a high quantum yield ranging from 40% to 90%,** high
fluorescence intensity (20 times brighter than that of a single
molecule of rhodamine 6G'), strong resistance to photo-
bleaching (under the exposure of 10° photons per s, the
continuous detection time of QDs is more than 1000 min, which
is 100 times longer than that of rhodamine 6G'). Compared
with organic dyes, an excellent property of QDs is the size-
tunable symmetrical fluorescent emission as a function of core
size (Fig. 1). The QD size is inversely proportional to the excited-
state energy, so that larger-sized QDs result in lower energy,
which consequently increases the emission wavelength.*®* The
ability to size-tune emission is typical for binary semiconductor
materials such as CdSe. Alternatively, some groups developed
ternary alloyed QDs in place of CdSe and succeeded in tuning
the optical properties continuously without having to vary the
particle size. The fluorescence wavelength of alloyed QDs such
as CdSe,S; , and Hg,Cd; ,Se can be tuned through variations
in the chemical composition and internal structure, which
normalizes the brightness and size to solve the problem of
inhomogeneity in multicolor comparisons.**** QDs show great
potential and possibilities as remarkable probes in dynamic
molecular imaging, target tracking, and highly sensitive detec-
tion for cellular analysis.*®"” Despite these advantages, QDs also
have some drawbacks. In particular, QDs suffer from lumines-
cence intermittency, referred to as blinking, which impedes
their use in certain applications requiring single-molecule
detection. The blinking phenomenon is related to the mobile
charge on the surfaces of QDs, which can be suppressed
through shell coating and decreasing the excitation
intensity.'®*?

According to the synthetic conditions, synthesis methods of
QDs can be classified into two categories: those conducted in an
organic solvent and those conducted in an aqueous solution.
Steigerwald et al.?>* used the reaction of Cd(CHj;), with (TMS),S,
(TMS),Se, and (TMS),Te in different solvents to obtain CdS,

Same excitation light
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Fig. 1 Emission spectra of QDs with different sizes under the same
excitation light. Each spectrum was normalized to the peak emission.
There is a red-shift of QD emission wavelength as the size of the QD
increases. The emission spectra of QDs are symmetrical without red
tails.
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CdSe, and CdTe QDs, respectively. Bawendi et al** chose
Cd(CH3), and TOPSe as the precursors, and synthesized CdSe
QDs of different sizes by adjusting the temperature and reaction
time to vary the CdSe growth rate with TOPO organic ligands.
Another experiment was conducted by Zhang et al.*> to control
the sizes of Ag,S during synthesizing. They used Ag(DDTC) and
DT to grow Ag,S, and changed the reaction temperature and
time to obtain Ag,S QDs in different sizes. However, the
complicated preparation procedure of CdSe QDs mentioned
before requires the use of harsh experimental conditions, and
could even increase the risk of explosion. Peng et al.>® used CdO
instead of the dangerous explosive Cd(CHj),, and obtained
CdSe QDs with good properties. Weller et al.>* synthesized CdSe/
CdS/ZnS and CdSe/ZnSe/ZnS core-shell-shell nanocrystals, and
the creative sandwich structure with the middle shell (CdS or
ZnSe) improved the photoluminescence efficiency and photo-
stability compared with ordinary CdSe/ZnS QDs. Deng et al.*®
reported a new approach of synthesizing CdSe QDs in high-
boiling-point solvents without poisonous or costly reagents
such as octadecene and TOPO. With respect to synthesis
methods in aqueous solution, CdTe QDs were synthesized in an
aqueous solution from the reaction of Cd** and NaHTe
precursors using thioglycolic acid and 1-mercapto glycerol as
stabilizers.***” Zhang et al.”® used medroxyprogesterone acetate
and thioglycolic acid as stabilizers, and obtained CdTe QDs
with an enhanced quantum yield. Recently, Cao et al.** devel-
oped a thiolate-mediated photoinduced synthesis method for
Ag,S QDs in nonpolar solvents at low temperature for the first
time.

The surface of QDs synthesized in aqueous solution is
modified with a carboxyl group owing to the adoption of thio-
glycolic acid or other organic molecules with biological func-
tional groups as stabilizers, which confers the QDs with the
ability to easily conjugate with biomolecules and to exhibit
excellent biocompatibility. However, the quantum yield of QDs
arising from aqueous systems is relatively low. In comparison,
QDs prepared in organic systems have a high quantum yield
and excellent spectral characteristics, and are therefore more
suitable as fluorescent materials. Nevertheless, the organic
synthesis method is relatively complicated and demands harsh
conditions. More importantly, QDs synthesized in organic
systems are covered with hydrophobic molecules on their
surface, which need to be modified by different coating and
capping agents in order to mitigate their insolubility and
improve their biocompatibility.

Furthermore, the high costs and toxicity of the precursors
used in the conventional synthesis procedure are also regarded
as shortcomings. Recently, novel QD synthesis methods
referred to as green synthesis®**” or biosynthesis,**** which do
not require any hazardous reagents, have attracted extensive
attention and are gradually emerging as satisfactory alternative
methods of non-toxic QD synthesis.

2.2 Surface coating and cytotoxicity

Shell and surface coating play critical roles in determining the
water-solubility, toxicity, and stability of QDs. As mentioned in

This journal is © The Royal Society of Chemistry 2017
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Section 2.1, the QD synthesis procedure usually requires a step
of surface modification using surfactants to make the QDs
hydrophobic, which prevents their use in biomedical applica-
tions. To resolve this, researchers originally exchanged the
surfactant coating with bifunctional ligand molecules carrying
a hydrophobic anchoring group that can bind to the nanocrystal
surface on one side and a hydrophilic group on another
side.™*%® However, this method suffered from producing QDs
that had relatively low stability and consequent weak hydrolytic
resistance in biological samples. An alternative method is to
coat the hydrophobic QDs with a cross-linked amphiphilic
polymer, which greatly enhanced the stability of the nano-
crystals.***° Based on the cross-linking coating chemistry, Diaz
et al. developed a new surface architecture to generate stable
and biocompatible photoswitchable QDs.** They first prepared
QDs coated with a photochromic polymer and then covalently
modified the highly cross-linked polymer with photochromic
diheteroarylethenes, which revealed thermally stable photo-
conversions in two manners with different spectral properties
in the organic solvents. Finally, the obtained QDs maintained
and even improved the original optical properties, and uniquely
exhibited the tunable brightness of their emission when the
light source was altered. The photoswitchable QDs showed
remarkable fatigue resistance and photostability in many cycles
of photoconversion.*" In the following studies, they combined
photoswitchable QDs with a secondary dye (Alexa Fluor647
cadaverine) as the acceptor to form fluorescence resonance
energy transfer (FRET), allowing for highly sensitive detection
and dual-color imaging.**

In general, introducing organic surface coatings will increase
the hydrodynamic size of QDs, which is harmful for live cells
and not suitable for endocytosis. There is also a strong demand
for minimization of the hydrodynamic size for in vivo applica-
tions, and it was reported that QDs with a small hydrodynamic
diameter (<5.5 nm) could be rapidly and efficiently eliminated
from the body through urinary excretion.*® To minimize the
hydrodynamic size, multidentate polymers have been typically
employed as capping reagents.**** Gui et al. reported a method
for the temperate aqueous synthesis of Ag,S QDs coated with
multidentate polymers, which presented bright and sharp
photoluminescence emission that can be tuned from the red to
near-infrared region. The multidentate polymers can self-
assemble and form a closed loops-and-trains structure on the
QD surface, resulting in a thin polymer shell and consequent
small hydrodynamic size. They finally obtained small hydrody-
namic diameters of QDs (4.5-5.6 nm) close to the size of fluo-
rescent proteins, indicating the feasibility and superiority of
these QDs for reliable and effective imaging in live cells and
animals.*

When used in live cells and animals, the toxicity of QDs
containing heavy metal elements, including silver and
cadmium, cannot be ignored. Although many researchers have
investigated the distribution and toxicity of QDs in live cells or
tissues,**™® their toxic effects remain controversial and there
still exists an urgent need for further investigations into the
potential toxicity of heavy metal-containing QDs. It is widely
believed that core-only QDs are more toxic than core-shell QDs,

This journal is © The Royal Society of Chemistry 2017
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because heavy metal elements are trapped in the shell layer and
the cytotoxicity of different surface coatings of the QDs vary
substantially.* Soenen et al.>® reported a positive correlation
between the toxic effects and intracellular QD amount, and QDs
localizing in endosomes could be more easily hydrolyzed due to
the presence of local reactive oxygen species, demonstrating
that polymer-coated QDs are not suitable for applications in
proliferation-restricted cells. They further investigated the non-
toxic concentration of QDs and the cell type-dependent changes
in toxic end points for intracellular imaging over the long
term.*"** It was found that the asymmetric partitioning of QDs
during recurrent cell division led to a rapid loss of intracellular
nanocrystals, which impeded their use in long-term imaging
and for molecular detection in live cells. However, Zhang et al.>*
tested Ag,S QDs (15 & 30 mg kg~ ') in vivo and demonstrated that
the PEGylated-Ag,S QDs in the reticuloendothelial system can
be gradually cleared, and did not show significant toxicity to
mice for two months. Multiparametric evaluation of the cyto-
toxicity and accurate quantification of intracellular QDs are still
challenging; therefore, more in-depth studies on the degrada-
tion of QDs in the cellular microenvironment are required.

2.3 Bioconjugation and specificity

To employ QDs in cell analysis, bioconjugation is necessary to
attach biological molecules to the QD coating surface while
maintaining the biological function of these molecules. Current
strategies for QD bioconjugation include electrostatic interac-
tion, covalent linkage, and the use of functionalized microbeads
as conjugation mediators (Fig. 2).

Thioglycolic acid and other surfactants are usually used to
modify the surface of QDs to improve their solubility and make
them negatively charged with a pH of 6-8. Negatively charged
QDs can be directly connected with positively charged proteins
owing to electrostatic interactions (Fig. 2C),**** forming QD-
antibody conjugates. The QD-protein conjugates could be very

B HNO-C-COOH
-S-CH,-CO-NH- %,
£ 0PI AHNO-C-CO-NH-
- HNO-C-COOH

-CH,-CO-NH-

Fig. 2 Common bioconjugation strategies of QDs, including
connection between carboxyl and amino (-COOH and —NH,) func-
tional groups of bifunctional molecules (A), functional group linkage of
typical silane compounds (B), electrostatic interaction (C), linkage
between hydrophilic and hydrophobic groups (D), and the use of
functionalized microbeads as conjugation media (E). A, B, and D
belong to the category of covalent linkage strategies.
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stable, but electrostatic interactions may suffer from non-
specificity when there are other positively charged molecules in
the microenvironment.

There is a wide range of covalent linkage methods available,
including connection between carboxyl and amino (-COOH and
-NH,) functional groups of bifunctional molecules on the QD
surface (Fig. 2A),"* functional group linkage of typical silane
compounds (Fig. 2B),*® linkage between hydrophilic and hydro-
phobic groups (Fig. 2D),”” and use of a biotin-(strept)avidin
system.’® Covalent linkage exhibits robust stability, whereas the
intracellular enzymatic reaction may affect the covalent bond
between QDs and biomolecules when probing live cells.

Both water-soluble and fat-soluble QDs can be encapsulated
into polymeric microbeads, and then typical functional groups
on the surfaces of the microbeads can be used for high-affinity
bioconjugation (Fig. 2E). Several QDs can be embedded into
a single microbead, which greatly enhances the fluorescence
intensity and retards the hydrolysis of QDs and Cd** release,
reducing the QD cytotoxicity. Nie et al. reported a novel multi-
color optical coding method for parallel biological applications,
which was based on multiplexed coding, combining the wave-
length and intensity by encapsulating multicolor QDs into
polymer microbeads at typical precise ratios.'***** Despite the
relatively large size (i.e., at the micrometer scale) of the polymer
bead, this multiplexed coding method unprecedentedly
enlarges the coding range of QDs and shows great potential for
parallel multiplexed analysis in biomedical assays.

Target specificity strictly depends on the conjugation
method and electrical properties of QDs. Nonspecific binding
leads to a low signal-to-noise ratio and reduces the detection
sensitivity, which is likely to result in false-positive staining for
biomarkers in cells, thereby reducing the detection accuracy
and reliability. In general, QDs with large electric charges
exhibit a greater tendency to nonspecifically bind to proteins,
cellular membranes, and other biomarkers. A common method
is to replace the surface coating that brings the free electric
charges with polyethylene glycol**** or small hydroxyl-contain-
ing molecules® to make the QD surface electrically neutral. As
the hydrodynamic size is often enlarged when replacing the
surface coating, there is a trade-off between specificity and QD
dimension according to different biological applications.

2.4 New generation of QDs

Recently, carbon-based QDs (C-dots) have attracted intensive
research attention owing to their excellent biocompatibility and
low toxicity. Compared with conventional heavy metal-con-
taining QDs, C-dots maintain almost all of the favorable attri-
butes of QDs and possess unique advantages in production,
bioconjugation, and cytotoxicity.** Graphene QDs (GQDs) are
a new category of C-dots and additionally show excellent
performance of graphene, such as eminent chemical inertness
and fine surface grafting using the m-m conjugated network,
making them highly effective in bioimaging, detection of
sensitive molecules, and bioelectronics.®® C-dots are attracting
more attention due to their particular advantages over tradi-

tional QDs in cellular analysis. However, the detailed
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mechanism for the photoluminescence of GQDs and efficient
synthesis of small-scale GQDs with uniform morphology
require further study.

3. Cellimaging and tracking

Owing to their numerous advantages described above, QDs have
been commonly employed in a diverse group of scientific fields
over the last 20 years, and their biological applications have been
extensively reviewed.®*'%1760667* Here, we will focus specifically
on QD applications for cellular analysis, which plays a vital role in
genetic and phenotypic studies to comprehend tumor cell
heterogeneity and other challenging issues at the cellular level.

3.1 Cell imaging

The size-related tunable fluorescence emission of QDs provides
promising methods for multicolor cellular imaging, which has
become one of the most widely explored applications of QDs,
since QDs with different colors can be excited simultaneously.
Moreover, the excellent photostability of QDs enables contin-
uous observation for a long period. Cell imaging with QDs has
attracted great interest, and considerable improvements have
been achieved in developing QDs for multicolor cellular
imaging, long-term imaging, or tracing and labeling of inter-
cellular substances.

Kang et al.” used QD-conjugated aptamers to observe the
expression of different cancer markers simultaneously in the
same cancer cell. They conjugated three different QDs (with
three distinct emission wavelengths: 605, 655, and 705 nm)
using three aptamers (AS1411, TTA1, MUC-1, targeting specific
cancers), respectively, and then observed the multiplex imaging
picture. The fluorescence images for several cells were obtained
and analyzed, and the triple cellular imaging of three different
QDs was successfully performed. QD-aptamers with high fluo-
rescence intensity showed comparatively good fluorescence
signals on the cellular surfaces.

To obtain qualified profiles, high-quality QDs are necessary
for cellular imaging. Non-blinking QDs such as individual
lanthanide-doped upconverting nanoparticles™ and zinc-
blended CdSe/CdS core/shell QDs”” were reported, which solved
the long-standing on/off emission problem and provided strong
upconverted luminescence when applied in cellular imaging.
Furthermore, CdSe-CdS core-shell QDs reported by Chen et al.”®
meet the universal requirement of high particle uniformity, high
photoluminescence quantum yields, narrow emission spectral
line shapes, and minimal single-dot emission intermittence.
Taking advantage of the high-quality dots reported, significant
improvement has been made in the application of QDs for
cellular imaging and other optical applications.

The new generation of QDs has been attracting more and
more attention. Since the accidental discovery of C-dots in 2004
by Xu et al.”® while purifying single-wall carbon nanotubes by
electrophoresis methods, they have been widely applied in
bioimaging applications such as in multiphoton or high-reso-
lution imaging. Subsequently, GQDs were rapidly developed as
a new kind of low-toxic C-dot, igniting tremendous research

This journal is © The Royal Society of Chemistry 2017
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interest in the past few years, and playing an important role in
bioimaging.

Cao et al.* passivated C-dots by poly(propionylethyleneimine-
co-ethyleneimine); ethyleneimine fraction, 20%. The treated
C-dots became readily soluble in water, and were also found to be
strongly emissive in the visible wavelength range when excited by
using a 458 nm argon ion laser and an 800 nm femtosecond
pulsed laser. Experiments showed that the C-dots could effec-
tively label both the cell membrane and cytoplasm of MCF-7 cells,
but did not reach the nucleus. C-dots exhibited two-photon
luminescence images at 800 nm excitation, showing fairly
promising potential for cellular imaging.

Zrazhevskiy et al.** developed an improved method named
multicolor multicycle molecular profiling (M3P). The M3P
technology can create elaborate quantitative molecular profiles
in parallel for living cells. They designed a universal platform
based on QD-protein A (named QD-SpA), and used the plat-
form to prepare a library of functional QD-antibody (called QD-
SpA-Ab) probes quickly and flexibly. To realize the multicycle,
they developed new specimen regeneration and target re-
staining techniques. They also performed a multitarget and
multicycle analysis to demonstrate that the M3P method has an
extensive molecular profiling capacity (Fig. 3). As a fast-prepa-
ration method with straightforward evaluation, this promising
technology is widely expected to create new applications in
molecular analysis and systems biology.

—

—)
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Compared to current organic dyes, fluorescent proteins, and
other molecular fluorophores, the photostability of QDs is one of
its most specific characteristics, which provides a great benefit
for long-term imaging. Many groups have focused on this prop-
erty and have made significant progress as a result. Fluorescent
silicon QDs** show steady photostability, pH stability, excellent
aqueous dispersibility, strong fluorescence, and good biocom-
patibility. Furthermore, silicon nanoparticles® were reported to
show robust photostability, strong fluorescence, and favorable
biocompatibility. Because of their good pH stability and multi-
plexing capability, QDs are widely utilized for long-term imaging.

Ding et al.®* synthesized uniform monodispersed C-dots on
single-walled carbon nanotubes. Using the TTDDA-passivate
method, the yellow fluorescence emitted by C-dots was trans-
parent and stable, which showed almost no change after 2 h of
continuous ultraviolet irradiation. Afterward, they labeled
HeLa cells with luminescent C-dots to study the uptake
process. In addition, extremely photostable CdSe/ZnS-QDs
were reported by Chen and coworkers.*® They succeeded in
visualizing the movement of the CdSe/ZnS-conjugated QDs
from the cytoplasm to the nucleus, and observed the accumu-
lation of the complex in the cell nucleus over a long time
period. Experiments clearly showed that QDs remain stable
during long-term intracellular biological visualization, which
provides a nontoxic, long-term imaging platform for observing
cellular mechanisms and processes.
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Fig. 3 Multitarget and multicycle sequential staining procedure based on protein A and QDs. Single-color dyeing of several molecular targets on
the same cell subpopulation is carried out based on QD545-SpA—Ab probes in a sequential manner (a and b) and in a reverse (c and d) manner.
Reproduced from ref. 81 with permission. Copyright © 2013, Rights Managed by Nature Publishing Group.
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However, there is still a lack of efficient techniques to deliver
monodispersed QDs into the cytoplasm of living cells. In 2004,
Derfus et al.*® used both biochemical and physical methods of
delivering QDs into cells, and succeeded in improving the
delivering scheme for intracellular tracking. For the biochem-
ical methods, the authors compared different transfection
reagents and found that cationic liposomes, among all methods
tested, provided the highest efficiency of delivering QDs into
living cells. For microinjection, they succeeded in targeting QDs
to subcellular sites after direct cytoplasmic injection. The
experiments showed good promise for effectively and safely
delivering QDs into living cells.

3.2 Tracking and transporting

Benefiting from long-term imaging methods utilizing QDs,
progress in intracellular tracking and transporting has also
shown great improvements. The possibility of obtaining steady
QD images motivated researchers to apply QDs in the tracing,
tracking, or labeling of substances at the sub-cellular level, such
as peptides,”” organelles,** and RNAs,*** helping to further
understand the delivery mechanism and intracellular structures.

In contrast to dye-labeled organelles, Derfus et al.®*® moni-
tored QD-labeled mitochondria in live 3T3 fibroblast cells. No
measurable loss of signal intensity was observed for over 8 min
of continuous exposure, whereas the dye-labeled mitochondria
rapidly showed photobleaching, and they could no longer be
detected within less than 30 s. The results clearly showed that
without photobleaching limitations, the QD conjugates could
play a long-lasting role in the analysis of tracking and
transporting.

Elucidating the delivery mechanism has also become
a research hotspot in recent years. To trace the delivery paths,
Ruan et al® combined Tat-peptide with QDs to examine the
complex behavior of intracellular nanoparticle probes. To reveal
the detailed delivery mechanism, labeling of QDs was employed
to indicate where the bound Tat peptides were transferred.
Consistent with general opinions, this method revealed that
QDs internalized into living cells through a receptor-mediated
endocytosis pathway tend to aggregate and be encapsulated in
vesicles, endosomes, and lysosomes. Interestingly, the QD
loaded vesicles are transported with the help of dyneins along
microtubule tracks. The delivery ends at a final transportation
of Tat-QDs to an asymmetric perinuclear region, the microtu-
bule organizing center (MTOC). With the aid of conjugated Tat—
QDs, a detailed mechanistic model for Tat peptide-mediated
delivery was successfully established (Fig. 4).

The high-efficiency tracking and tracing of QD-conjugated
materials is also advantageous in medical science. Lee et al.®®
reported an approach for the rapid analysis of intracellular
small interfering RNA (siRNA) uptake, as well as the quantita-
tive evaluation of the unpacking of siRNA from cationic QD
carriers. Polyethyleneimine (PEI)-conjugated QD625, known as
QD-PEI, was synthesized and nano-complexed with Cy5-siRNA,
which together formed the cationic QD carriers. These two QD-
based gene carriers, QD-PEI-Hph-1 and QD-PEI, were synthe-
sized and used to monitor the intracellular trafficking of Cy5-
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Fig. 4 Schematic diagram illustrating the delivery mechanism of Tat—
QDs inside living cells. The procedure of Tat—-QD transportation
includes the following steps: binding of Tat—QDs with cell membranes
and filopodia, internalization by macropinocytosis, active transport of
vesicles from the cell periphery to the microtubule organizing center
(MTOC), and vesicle shedding in both manners of QD-membrane
binding. Reproduced from ref. 87 with permission. Copyright © 2007,
American Chemical Society.
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siRNA in the experiment. Moreover, they used flow cytometry
analysis to evaluate the quantity of Cy5-siRNA unpacking from
the QD-PEI-Hph-1 and QD-PEI complexes.

To study the manipulation of key oncogenes, it is necessary
to selectively, simultaneously, and efficiently deliver and
monitor the siRNA molecules into tumor cells. Jung et al.*
demonstrated a method to synthesize and target-specifically
deliver multifunctional siRNA-QD constructs. The reported
constructs could selectively inhibit the expression of epidermal
growth factor receptor (EGFR) variant III in the target cell line
human U87 glioblastoma cells. Subsequently, the constructs
could also be used to monitor the down-regulated signaling
pathway with high efficiency.

Sun et al.*® reported the delivery ability of PEGylated nano-
graphene oxide (NGO) sheets. They tested the intrinsic photo-
luminescence of NGO, and found that NGO can simply load
doxorubicin through physisorption. Doxorubicin is a widely
known anti-cancer drug that can be loaded onto NGO sheets, as
it is capable of selectively killing cancer cells in vitro after
functionalizing with antibodies. Taking advantage of its drug
delivery capabilities, NGO is a promising material for biological
and medical applications.

QD labels also enable researchers to trace viruses and
understand the mechanism of their infection to mammalian
cells. Li and colleagues®* utilized the molecular self-assembly
method to encapsidate QDs in SV40 VLPs. It was observed that
the formed SVLP-QDs endocytosed by cells, travelled along the
microtubules and finally accumulated in endoplasmic retic-
ulum. The procedure was just as what the wide-type SV40 do in
the early stages of infection. Furthermore, they bound VLP-QDs
with different nanoparticles such as AuNPs, and found clues to
retain these structures robust.”> With the potential to be used

This journal is © The Royal Society of Chemistry 2017
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for various purposes like tracing viruses and understanding the
infection mechanism, the protein-based QD structures will gain
more attention in medical and bioanalytical assays.

4.

Fluorescent probes are widely used to detect structures or
substances in cell biology. Since the traditional organic fluo-
rophore probes often suffer from fast photobleaching and
asymmetric broad emission spectra, ordinary fluorescent dyes
have many limitations in detecting and labeling intracellular
substances. Therefore, the photostable and non-blinking QDs
show great opportunities to be used as alternative intracellular
probes.

However, as mentioned above, QDs inside living cells are
often captured and encapsulated in endosomes and lysosomes. It
is crucial to develop efficient strategies to promote QDs escape
into the cytoplasm to bind to the targets for subsequent intra-
cellular analysis. Functionalized QDs can be degraded if they are
transported from endosomes to lysosomes where biogenic thiols
are accumulated actively.”® Therefore, it is important to deliver
QDs into cytoplasm before QD loaded endosomes fuse with
lysosomes.** Duan et al.*® reported an endosomal escape method
using a disrupting polymer PEI. QDs were coated with both PEG
and PEIL The “proton-sponge effect” induced by plenty of amines
on PEI macromolecules can enhance endosomal release of car-
gos and drugs. Xu et al®® proposed a cell penetrating peptide
(CPP) based methodology for QDs' delivery and release in live
mammalian cells with high efficiency and minimal cytotoxicity.
The probe (CPP-QDs) simply consists of CPP and QDs, and the
cellular imaging of the probe provided insights into the mecha-
nisms of CPP mediated QDs delivery and endosomal release. In
general, the size, charge and surface coatings of QDs may play
important roles in their delivery mechanisms and intracellular
distributions.”” Microinjection of QDs into target cells is favor-
able to their subcellular distribution in cytoplasm. However, the
crude microinjection procedure may cause severe damage to live
cells. Therefore, efficient endosomal escape methods still need to
be further studied.

Intracellular analysis

4.1 Molecular localization

Owing to the robust properties of QDs, they have been exten-
sively applied as fluorescent probes for locating tumor marker-
related molecules or sub-cellular structures.

Driven by the large need for fast, sensitive, and portable
systems to detect biomarkers for clinical diagnosis, immuno-
sensors coupled with QDs have been utilized to offer multi-
plexing capability for simultaneous measurements of multiple
cancer biomarkers. Jie et al®® reported an ultrasensitive
immunosensor for CEA, one of the most commonly used tumor
makers during clinical diagnosis. To form the Au-SiO,-CdSe-
CdS-QDs nano-composites, they used CdSe-CdS QDs as the
core and a dense monolayer of gold nanoparticles separated by
a silica shell as the other combination material. Compared with
pure QDs, the newly structured probe enhanced the

This journal is © The Royal Society of Chemistry 2017
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chemiluminescence intensity by a magnitude of 17 orders and
significantly improved the biocompatibility at the same time.

Besides tumor biomarkers, QDs have also been used to label
and observe sub-cellular structures. Wu et al.** conjugated QDs
with immunoglobulin G, and then labeled the breast cancer
marker HER2 with streptavidin on the surface of fixed cancer
cells. They also used the processed probes to dye actin and
microtubule fibers in the cytoplasm of the cells to detect the
nuclear antigens. By means of the multiplexed labeling of cellular
targets using QD-based probes, bright and specific signals were
obtained for filamentous F-actin and nuclear antigens detection.
The excellent properties of the QD-based probes during the
detection of sub-cellular structures and substances make them
excellent probes for molecular localization.

4.2 FRET

Combined with FRET technology, QDs conjugated with other
fluorophores can form different probes and develop the ability
to detect different substances or indices, including the intra-
cellular pH value® and physiological activity of bio-
macromolecules such as proteases.'**'*!

QD-based FRET biosensors have unique features of
quenching or increasing the photoluminescence with the
addition of specific ions or functional groups, which suggests
the feasibility of broad sensing applications. Medintz et al.***
designed and tested QD-protein assemblies that play the role of
chemical sensors. They proved that B-cyclodextrin-QSY9
combined with probes resulted in quenching of the QD pho-
toluminescence. Subsequently, maltose was added to displace
the B-cyclodextrin-QSY9, leading to a steady increase in the QD
photoluminescence.

Choosing QDs as excellent FRET donors while working with
proximal organic acceptor dyes, Lee et al.*® conjugated QD625
with PEI to form cationic QD carriers. With flow cytometric
analysis, they also studied the FRET interactions between Cy5-
siRNA and cationic QD carriers. Dennis et al.*® reported QD-
fluorescent protein FRET probes, which can be used to sense
intracellular pH. They conjugated QDs either to mOrange,
a protein that exhibits pH sensitivity, or to its homologue
mOrange M163K, and found that the pH sensors based on QD-
fluorescent protein FRET probes showed great sensitivity to
intracellular pH values, which significantly varied by over 12-
fold when the pH ranged from 6 to 8. The improved pH-sensi-
tive, photostable probes show no environmental sensitivity. In
addition, they were found to boost the visualization of acidifi-
cation during succession in living cells. QD-based FRET probes
show great potential in applications for intracellular pH
imaging, which may not work using organic fluorophores or
fluorescent proteins alone.

A FRET probe consisting of QD, nanogold, and EGF was
designed for the long-term real-time monitoring of caspase-3
activity in HeLa cells.’** The newly developed EGF-QD-peptide-
nanogold probe meets the demand of real-time monitoring of
the prolonged protease activity in living cells, which could not
be achieved with the commonly used dyes or fluorescent
proteins. This probe could overcome the deficiencies of former
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probes, and improved the accuracy of reflecting the activity of
proteases, as well as avoided the probes’ susceptibility to pho-
tobleaching or low efficiency during cell penetration (Fig. 5).
Such outstanding performance for detecting caspase-3 activity
in living HeLa cells clearly demonstrated the major improve-
ment of the high-quality probe over other methods developed
for intracellular protease detection, representing a promising
method for detecting enzyme activities, including DNA hydro-
lases and proteases.

However, there are still limitations of QD-based FRET
probes. One such limitation is due to donor-acceptor distance
constraints. The overall dimensions of nanocrystals are larger
than those of conventional organic dyes or other metal chelate
energy donors, which may result in limitations to some of the
FRET experiments.'*?

4.3 Metal ion detection

QD photoluminescence can be affected by the ionic environ-
ment. Ions such as cadmium(u) and zinc(u) can increase the
luminescence of CdS nanocrystals, whereas copper(n) ions will
quench the emission intensity.'***** Moore et al'® fluoro-
metrically titrated aqueous Q-CdS samples against dozens of
zinc and cadmium salts, and analyzed the improvement in the
band-edge PL intensity of the Q-CdS. This unique feature of QDs
suggests their feasibility in detecting heavy metal ions.
Ruedas-Rama et al.**® reported the first zinc ion sensor,
which uses QD nanoparticles in a host-guest and receptor-flu-
orophore (TACN, cyclen, and cyclam) system. They explained
that as the zinc ion entered the azacrown, the energy level of
electrons that was essential for the hole-transfer mechanism
would no longer become available. This situation would switch

Nucleus
¢ o ©
EGFR Bio-peptide  Bio-EGF  Nanogold
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on the QD emission and cause an increase in the detected
fluorescence intensity (Fig. 6). The method allowed for the
observation of low-concentrated zinc ions, with an observation
limit lower than 2.4 uM, relative standard deviation (RSD) ~3%
(n = 10). Similarly, Wang et al.’” proposed an assay in which
Pb>* was detected based on the inhibition of FRET efficiency
between QDs and gold nanoparticles by basement Pb>* ions.
The determination limit of Pb>" was reported to be 30 ppb.

Carbonaceous QDs also play an important role in detecting
heavy metal ions. Qu et al.**® developed an efficient method for
selectively detecting Cu®" with fluorescent C-dots conjugated
with amino TPEA. After conjugation, they further applied C-dot-
TPEA nanointegration to intracellular sensing and observations
of Cu®". During the experiments, low cytotoxicity and good cell-
permeability of the fluorescent probe were observed, suggesting
the application of the probe for the intracellular imaging of
Cu”". Analogously, Zhou et al.'® used carbon nanodots as newly
developed environmentally friendly fluorescent probes for
sensing Hg”*, which showed high sensitivity and selectivity.

Besides detecting heavy metal ions, QDs can also sense
other types of ions. Wang et al.'*® reported a Na-QD sensor for
Na' measurements. They conjugated 12-crown-4 to the QD
surface to synthesize the nanosensor, which was applied for
sensing the dynamic physiological responses of Na* in human
HEK-293F cells and primary rat cardiac myocytes. The fluo-
rescence intensity of Na-QD clearly reflected the responses of
Na" when the membrane permeability of human HEK-293F
cells and primary rat cardiac myocytes to Na* were control-
lable with pharmacology methods. The experiment proved
that this highly sensitive Na* probe is a promising particle that
could be further developed into assays for Na' channel drug
discovery.

Fig. 5 Schematic principle of protease detection inside living cells using the FRET probe. When the QD and nanogold are separated by enzyme
digestion in the endosomes, fluorescence recovery of QD can be observed. Reproduced from ref. 101 with permission from The Royal Society of

Chemistry.
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Fig. 6 Schematic principle of zinc ion nanosensors. Conjugation of QDs and azamacrocycles causes charge separation and quenching of QDs.

The complexation of Zn(i) with the ligand changes the energy level

on the ligand, which prevents the charge separation and leads to the

fluorescence recovery of QDs. Reproduced from ref. 106 with permission. Copyright © 2008, American Chemical Society.

4.4 Signaling pathways

QDs also contribute to the study of signaling pathways that are
essential for cell-cell communication. Ting et al.''* reported
targeting QDs to specific proteins on the cell membrane surface
using Escherichia coli lipoic acid ligase and HaloTag as critical
mediators. Combined with a previously reported QD targeting
method using biotin-streptavidin E. coli ligase,"** they visualized
a low-density lipoprotein receptor and EGFR orthogonally for
two-color single-molecule imaging, as well as the transportation
of neurexin1P and neuroliginl in a dose-related manner."* In
this assay, QDs and the covalent linkage ensured the feasibility
of the long-term tracking of single proteins, and introduction of
a small peptide as the conjugation tag avoided the issue of
conjugation of the large HaloTag-QD.

Traditional biomedical applications and measurements are
typically performed on bulk samples, which obscure heterogeneity

I eI T T "ummznnnmmmﬂmnmxmmnm%
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of individual cells."*"** In combination with a single-cells array,"**
QD probes were further employed to study intracellular anti-EGFR
functions as well as cell heterogeneity, which helped to gain an in-
depth understanding of the EGF signaling pathway among the
cells.”® EGF and the antibody against EGFR (anti-EGFR) were
labeled with red and green QDs, respectively (Fig. 7). Based on the
fluorescence intensity variations of the two-color QDs, the
concentration of anti-EGFR, the amount of internalized EGFs, and
the anti-EGFRs bounded to EGFRs on the cell surface were
analyzed. The experimental results showed that the alterations of
EGF engulfed by cells caused by the influence of anti-EGFR could
be clearly detected by analyzing the QD fluorescence intensity.
This method allows for multiplexed analysis at the single-cell level,
which is of great significance for drug screening.

GQDs were also utilized to investigate signaling pathways
such as nerve growth factor receptor and insulin receptor-
mediated signal transduction.’” Specific labeling and real-time

s
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Fig. 7 Schematic diagram of the testing assay of anti-EGFR effects. Multiplexed analysis of signaling pathways was achieved according to the
fluorescence intensities of the two-color QDs. Reproduced from ref. 116 with permission. Copyright © 2016, American Chemical Society.
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tracking of insulin receptors with GQDs in 3T3-L1 adipocytes
promulgated the dynamic cell functions of the molecular
mechanisms at the single-cell level. Using total internal reflec-
tion microscopy, they observed four subpopulations during a 2
min imaging period based on the real-time tracking of indi-
vidual insulin-GQD/insulin receptor clusters. Two cytokines,
apelin and tumor necrosis factor-alpha, were proved to be the
stimulator and the inhibitor of the insulin receptor dynamics,
respectively. This study also revealed the great potential of
GQDs in dynamic bioimaging and signaling pathway research.

5. Invivo probes

Invivo targeting and imaging is extremely important in medical
diagnostics."™ QDs have been widely applied for high-sensitivity
and high-specificity probes used in vivo owing to their excellent
optical properties. In particular, the two-photon cross-section of
QDs is much higher than that of organic fluorochromes,"®
making them quite superior for the visualization of thick
tissues. Originally, QDs containing cadmium or other toxic
heavy metal elements were used for in vivo imaging and detec-
tion,*>* and the potential cytotoxicity due to Cd>* release over
time was not studied in detail. Recently, C-dots and GQDs have
attracted substantial attention and have been used for in vivo
bioimaging because of their low toxicity."***** In addition, in
vivo fluorescence imaging with QDs in the second near-infrared
region (NIR-II, 1000-1350 nm) has increased in popularity
owing to the greatly enhanced penetration depth and negligible
tissue autofluorescence, enabling imaging of deeper tissues
with high signal-to-noise ratios."****

6. Conclusions

QDs have tremendous capacity in biological applications owing to
their excellent properties, making them good substitutes for
traditional fluorescent dyes. QD probes, especially in vivo probes,
have shown great potential for cancer diagnosis and clinical
therapy. However, there are still some challenges that must be
further investigated. For example, the autofluorescence and
fluorescence signal cross-talk of QDs need to be minimized in
a multiplexed staining system. Moreover, methods for tuning the
surface coatings and tagging strategies to effectively avoid
nonspecific labeling and QD aggregation in vitro and in vivo
remain to be studied in depth. In addition, it is imperative to
understand the toxicity of QDs and other long-term effects during
in vivo imaging, and the methodology for achieving timely and
thorough QD clearance from the body needs to be further studied.
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