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CONSPECTUS

N anoparticles are promising scaffolds for applications such as imaging, ~ fuce \g
chemical sensors and biosensors, diagnostics, drug delivery, catalysis, NP ool
energy, photonics, medicine, and more. Surface functionalization of nanopar-
ticles introduces an additional dimension in controlling nanoparticle interfacial
properties and provides an effective bridge to connect nanoparticles to
biological systems. With fascinating photoluminescence properties, carbon
dots (C-dots), carbon-containing nanoparticles that are attracting considerable
attention as a new type of quantum dot, are becoming both an important class
of imaging probes and a versatile platform for engineering multifunctional
nanosensors. In order to transfer C-dots from proof-of-concept studies toward
real world applications such as in vivo bioimaging and biosensing, careful o -
design and engineering of C-dot probes is becoming increasingly important. s ﬁfﬁ/a =

A comprehensive knowledge of how C-dot surfaces with various proper-
ties behave is essential for engineering C-dots with useful imaging properties such as high quantum yield, stability, and low
toxicity, and with desirable biosensing properties such as high selectivity, sensitivity, and accuracy. Several reviews in recent years
have reported preparation methods and properties of C-dots and described their application in biosensors, catalysis, photovoltatic
cells, and more. However, no one has yet systematically summarized the surface engineering of C-dots, nor the use of C-dots as
fluorescent nanosensors or probes for in vivo imaging in cells, tissues, and living organisms.

In this Account, we discuss the major design principles and criteria for engineering the surface functionality of C-dots for
biological applications. These criteria include brightness, long-term stability, and good biocompatibility. We review recent
developments in designing C-dot surfaces with various functionalities for use as nanosensors or as fluorescent probes with
fascinating analytical performance, and we emphasize applications in bioimaging and biosensing in live cells, tissues, and animals.
In addition, we highlight our work on the design and synthesis of a C-dot ratiometric biosensor for intracellular Cu?* detection, and
a twophoton fluorescent probe for pH measurement in live cells and tissues.

We condude this Account by outlining future directions in engineering the functional surface of C-dots for a variety of in vivo
imaging applications, induding dots with combined targeting, imaging and therapeutic-delivery capabilities, or high-resolution
multiplexed vascular imaging. With each application C-dots should open new horizons of multiplexed quantitative detection, high-
resolution fluorescence imaging, and long-term, real-time monitoring of their target.

1. Introduction

Nanomaterial has a tremendous impact on the advance-
ment of a wide range of fields including electronics, photo-
nics, energy, catalysis, and medicine. In the development of
fluorescent nanomaterials, the discovery of semiconductor
quantum dots (QDs) is considered as a major milestone.
Semiconductor QDs usually have tunable and narrow emis-
sion spectral features, bright fluorescence, high photo-
stability, and resistance to metabolic degradation in
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bioapplications. However, a major disadvantage limits the
use of QDs because most of the high-performance QDs are
composed of toxic heavy metal elements such as cadmium.
Thus, extensive efforts have been paid on the development
of less toxic fluorescent nanomaterials as alternatives to the
semiconductor QDs.

In this regard, carbon nanomaterials have fascinating
optical properties and already show encouraging perfor-
mance in bioimaging and biosensing. Fluorescent carbon
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nanomaterials appear in different forms such as fullerene,
carbon nanotubes, nanodiamonds, graphene, and a rising
star: carbon dots (C-Dots). C-Dots were accidently discovered
as a byproduct during the electrophoretic purification of
single-wall carbon nanotubes (SWCNTs) fabricated by arc-
discharge methods.! Since then, more synthesis methods
were developed for lowering the cost, simplifying operation,
improving quantum vyield (QY), or realizing larger-scale
production. The Kkey issue for designing C-Dots lies in con-
trolling the number of atoms within one C-Dot core. For this
purpose, raw C-Dot cores can be obtained by two main
approaches “top-down” and “bottom-up”, which have been
well summarized in the previous reviews.> >

Unlike nanodiamonds, C-Dots have greater sp? character,
which is symbolic of nanocrystalline graphite. These materi-
als have also been referred to as carbonic nanodots because
of their high oxygen content. To distinguish them from the
graphene quantum dots (GQDs) which have the similar
electrons confinement in z-domains with graphene® and
can be synthesized in well-defined structures through or-
ganic processes,” the C-Dots discussed in this paper refer to
three-dimensional carbon materials of nanometer scale in
general (whether there are lattice structures or not). The as-
prepared C-Dots readily exhibit quantum effects with di-
ameters below 10 nm. Compared with bulk materials, one of
the most characteristic properties of C-dots is the size de-
pendence of the photophysical properties, which allows
property control simply by nanoparticle growth.

In addition, the C-Dots show fascinating properties such
as resistance to photobleaching, low-toxicity, and good
stability. Unique photophysical and chemical properties
rendered by C-Dots promoted development of novel im-
aging probes, high performance-nanosensors, and multifunc-
tional nanocomposites for addressing challenging issues
raised by biological research. Biological applications based
on C-Dots have resulted in more than 220% increase in
related peer-reviewed publications since 2006 (based on
PubMed and SciFinder searches). Further modification of the
C-Dots with tailored organic coating materials and mole-
cules generates biologically compatible probes with QY,
good stability, and low-toxicity against live species. There-
fore, engineering the functional surface of C-Dots is a key
bridge to connect the C-Dots with fascinating biological
applications. This Account focuses on the recent achieve-
ments in functional surface engineering of C-Dots for en-
hancing the quantum vyield, improving the stability, and
lowering the cytotoxicity. We summarize developments in
employing the functional C-Dots for fluorescent nanosensors
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and bioimaging in live cells, tissues, and animals. The last
section outlines potential directions in using engineered
C-Dots for multiple targeting, imaging, and therapeutic mod-
ules, and C-Dot-based nanodevices that incorporate multi-
ple functions of imaging, drug loading, and sensing capac-
ities within a single nanoparticle.

2. Engineering the Functional Surface of
C-Dots for Biologically Available Fluorescent
Probes

Carbon dot provides a solid foundation for the development
sensors. Howevetr, bare C-Dots are usually not fluorescent or
weakly fluorescent, and do not show biological functionality
due to poor interaction with biological systems. Manipula-
tion of the C-Dot core size, chemical composition, and struc-
ture controls the photophysical properties of the probes.
Modification with coating materials may produce strong
fluorescent C-Dot probes with controllable biocompatibility
and stability. Further functionalization of the C-Dots with
recognition biomolecules generates specific biofunctional-
ities on the surface. Thus, design of C-Dot-based probes
usually requires several steps. Each step follows distinctive
design principles aimed at controlling optical, physical, che-
mical, and physiological properties of the probes for biolo-
gical applications.

2.1. Brightness. Although C-Dots have fascinating photo-
luminescence properties with 1.« dependent emission in-
tensity that is similar to semiconductor QDs, the origin is still
a matter of debate. It is speculated that quantum effect,
emissive traps, and mostly radiative recombination of ex-
citons contribute to the fluorescence property of C-Dots.*
Considering that almost all C-Dots show a high concentra-
tion of C-sp? hybridization, the band gap transitions corre-
sponding to conjugated s-domains, some complex origins
associated with defects in the graphene structures as well as
their interconnected may also be taken into account.® Now,
it is increasingly adopted in the relevant research commu-
nity that radiative recombination of the C-Dot surface-con-
fined electrons and holes are responsible for the observed
bright photoluminescence. Sun's group has provided the
experimental evidence in support of the mechanistic frame-
work. They found that the photoluminescence quenching
results with both electron donors and acceptors, which could
apparently scavenge the surface-confined holes and elec-
trons in carbon dots, respectively, to result in efficient and
effective quenching of the emissions.? Recently, they also
demonstrated that the photogenerated electrons in C-Dots
could be used for reduction purposes.®'°
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FIGURE 1. lllustration of representative efforts for improving the
fluorescence intensity of C-Dots by engineering the surface since 2004.
Adapted fromrefs1,11-14,18,19, 21, 22, and 25. Images from refs 1,
11, 13, and 19 were reproduced with permission from the American
Chemical Society, refs 14 and 25 were transferred the permission from
The Royal Society of Chemistry, ref 12 was obtained the Copyright 2007
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim, refs 18 and 22 were
obtained the Copyright 2010 WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim, and ref 21 was transferred the Copyright (2012), with
permission from Elsevier.

Since QY is relatively important for fluorescence bioima-
ging and biosensing, great efforts have been paid on en-
gineering the surface functionality of C-Dots for improving
the fluorescence intensity, as summarized in Figure 1.The
photoluminesce QY of C-Dots from cheap carbon sources
such as candle combustion soot, natural gas burners, and
carbohydrates, are usually below 15%."'"'2 On the other
hand, oil-soluble C-Dots fabricated by carbonizing carbon
precursors, e.g., citric acid, in hot noncoordinating solvent
possess a maximum QY up to 53% at room tempera-
ture, which is one of the highest results reported so far.">
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Similar method can also be used for the preparation of
water-soluble C-Dots via changing the reaction solvent
and capping agent with maximum QY of 17%.'® Besides,
water-soluble C-Dots with blue luminescence QY of 31.6—
40.6% can also be synthesized by a one-step pyrolytic route
from ethylenediamine-tetraacetic acid salts."*

The influence of ions on QY of C-Dots has also been
investigated. Enhanced photoluminescence of the C-Dots
has been observed due to the effect of cations (Na*, Ca®*,
AI*") and anions (CI~, SO4%, PO4*).'® Recently, Pramanik's
group'® reported a simple route to achieve C-Dots from
individual biocompatible and biodegradable polysacchar-
ides, and investigated the effect of various inorganic
metal ions on the photoluminescence properties of C-Dots.
The quenching (Cu®**-combined C-Dots) and enhance-
ment (Sn?*-, Cd**-, and Zn?*-combined C-Dots) of photo-
luminescence intensity is thought to be related with
photoinduced electron transfer (PET) mechanism. In this
model, ions with different d-electronic configuration show
protoinduced-metal energy transfer (Cu®*) or internal
charge transfer (Sn>*, Cd**, and Zn**) between the com-
bined ions and C-Dots.

It should be mentioned that the C-Dots prepared by laser
ablating method were usually not fluorescent, but the sur-
face passivation could dramatically improve the QY of
C-Dots. Yang et al. fabricated C-Dots functionalized with
amino groups by hydrothermal carbonization of chitosan
at a mild temperature. The QY of these water-soluble fluor-
escent C-Dots is about 7.8%.'” Sun's group passivated the
surface of C-Dots by oligomeric poly(ethylene glycol) dia-
mine (PEG;s00n) mMolecules, and observed strong green
fluorescence emissions with QY close to 20%. Further pro-
cessing of the samples to achieve better surface passivation
resulted in PEGy-lated C-Dots of fluorescence QY higher than
50%.'®'° Recently, the use of an organosilane as a coordi-
nating solvent to synthesize highly luminescent C-Dots with
QY of 47% was reported.?® The C-Dots, which benefit from
surface methoxysilyl groups, can be transformed into water-
soluble C-Dots/silica particles for bioimaging purpose. Chi
and his co-workers®' also synthesized polyamine-functio-
nalized C-Dots with branched polyethylenimine (BPEI) in one
simple step. The high fluorescence QY of 42.5% and the
abundant BPEI at the surface of the spherical graphite
nanoctrystals suggest their promising applications in chemi-
cal sensing.

More significantly, the photoluminescent C-Dots with
high QY were fabricated through doping the C-Dot core with
ZNnO (Czno-Dots) or ZnS (Czns-Dots) in aqueous solutions,



followed by the functionalized with PEG;500n molecules.??
The QYs of the obtained Cz,o-Dots and Cz,s-Dots were 45%
and 50%, respectively, which are comparable to the com-
mercially available CdSe/ZnS QDs in luminescence bright-
ness. The bright C-Dots doped with ZnS (Czns-Dots) were
successfully used in live mice for cytotoxicity assays and
further bioimaging.* More recently, the same group func-
tionalized small C-Dots by a combination of doping with
nanoscale semiconductors and organic functionalization,
followed by gel column fractionation to harvest the most
fluorescent C-Dots. The observed emission QYs for Cz,s-Dots
and Crio»-Dots were up to 78% and 70%, respectively.>

2.2. Stability. Compared with QDs, the C-Dots obtained
by various methods are usually water-soluble with good
fluorescence stability. Generally, the fluorescence stability
can be divided into photostability and store-stability. Photo-
stability means the fluorescence emission intensity keeps
stable during a long-time continuous excitation, while store-
stability means the fluorescence intensity of C-Dots stays
constant after a long store period. For example, the fluores-
cence intensity of C-Dots prepared by electro-oxidation of
graphite stays the same after a continuous excitation of 6 h
with a xenon lamp (8.3 W).2° The fluorescence intensity of
C-Dots from the dehydration of carbohydrates by acid
decreases by only 17% after 19 h of continuous excitation
at 360 nm.?” Besides, C-Dots from laser rapid passivation
and from microwave assisted one-step synthesis both have
good photostability during continuous excitation.”® Other
methods could also generate fluorescent C-Dots with
good store-stability with a long store period of 2-6
months. Oil-soluble C-Dots from carbonizing carbon pre-
cursors in hot noncoordination solvent can be stored for
2 months with no change in its fluorescent intensity.'>
Meanwhile, water-soluble C-Dots from one-step alkali/
acid assisted ultrasonic treatment or from passivation of
cheap commercial lampblack can also be stored for up to
6 months.>%3°

2.3. Biocompatibility. Although impressive progress has
been made in engineering bright C-Dots probes with good
stability, biocompatibility of the functionalized C-Dots is still
a critical issue for further applications in live cells, tissues,
and animals. Systematic cytotoxicity evaluations were car-
ried out on both raw C-Dots and passivated C-Dots in the
past few years.>'3? sun's group employed two Kinds of raw
C-Dots for cytotoxicity assay: one was commercially sup-
plied carbon nanopowder; another was produced by the arc-
discharge of graphite rods and then refluxed in HNOs for 12
h. The bare C-Dots were apparently nontoxic to cells up to
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relatively high concentration of 0.4 mg mL~'. Lumines-
cent C-Dots synthesized by the electrochemical treat-
ment of graphite were also evaluated in terms of estab-
lished cytotoxicity assay with a human kidney cell line,
in which the cell viability was not affected by the
particles.?® Furthermore, Ray et al.>® improved a soot-
based approach for small-size C-Dots synthesis with dia-
meters of 2—6 nm. The experimental results of cell
viability confirmed that the C-Dots showed negligible
cytotoxicity at concentrations required for fluorescence
bioimaging.

The cytotoxicity of the C-Dots passivated with functional
groups, such as PEG (polyethylene glycol),?* PPEI-EI (poly-
(propionylethylenimine-co-ethylenimine)),>* PEI (polyethyl-
enimine),3 BPEI (branched poly(ethylenimine)),>> and PAA
(poly(acrylic acid)),*® was also evaluated. The PEGylated
C-Dots in all available configurations'®'® were obviously
noncytotoxic up to concentrations much higher than what is
necessary for cell imaging and related applications. In addi-
tion, C-Dots functionalized with PEG450ony Were injected into
mice for toxicity evaluation up to 28 days, and the results
suggested no significant toxic effects in vivo.'® Meanwhile,
experimental results indicated that the PPEI-El-passivated
C-Dots were mostly nontoxic to the cells below a relatively
high threshold of carbon core-equivalent PPEI-El concen-
tration.>* According to the MTT assay, free PEI sample was
apparently nontoxic to HT-29 cells even at relatively high
concentrations. The PEI-functionalized C-Dots were also
evaluated in terms of MTT assay, and the results suggested
their being more cytotoxic than PPEI-El-functionalized
C-Dots. The more ethylenimine (El) units within PEI may be
associated with lower concentration thresholds for the
C-Dots to become cytotoxic, as PEl is the homopolymer
corresponding to PPEI-El with an extreme El fraction of
100%. Free PAA nonaqueous solution was found to be
harmful to cells even at relatively low concentrations
(50 ug mL™~"). The PAA-functionalized C-Dots were generally
comparable to free PAA at the same C-Dot core-equivalent
concentrations, both obviously more toxic to the cells with
an exposure time of 24 h, but less so when the exposure
time was shortened to 4 h. Overall, surface passivation
molecules of no or low cytotoxicity even at high concentra-
tions such as PEG and PPEI-El are suitable for C-Dots functio-
nalization for in vivo imaging and biosensing. For molecules
that are more cytotoxic including BPEI and PAA, their corre-
sponding C-Dots may be still used in vivo if their concentra-
tions are kept low enough and the incubation time short
enough.3?
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FIGURE 2. (A) Link functional groups via primary amine groups to carboxylic acid-containing C-Dots by using NHS and EDC. (B) Metal coordination
between Eu®* and the surface of C-Dots functionalized with carboxylate groups. Adapted from ref 43 with permission from The Royal Society of

Chemistry. (C) 7—a stacking interaction between dye-labeled ss-DNA probe and the surface of the C-Dots. Adapted from ref 44 with permission from
The Royal Society of Chemistry. (D) Primary alkyl-ammonium binding between 18C6E and the surface of aminated C-Dots. Adapted from ref 48 with
permission from The Royal Society of Chemistry. (E) Sol—gel polymerization of MIP on the surface of C-Dots. Adapted from ref 49, Copyright 2012,

with permission from Elsevier.

3. Designing the Functional Surface of C-Dots
for Fluorescent Sensing

Advances in synthesis and surface modification technolo-
gies made C-Dots appealing platforms for engineering
of biological probes with improved brightness, tunable
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fluorescence, enhanced water-solubility and biocompatibil-
ity. Onging work on controlling the surface properties and
functionalities of C-Dots aims at transforming these materi-
als into biologically compatible nanoprobes and biofunc-
tional nanosensors. Some C-Dots treated by acid reflux can
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FIGURE 3. (A) Aqueous solution of the PEGsqon-attached carbon dots (a) excited at 400 nm and photographed through band-pass filters of different
wavelengths as indicated, and (b) excited at the indicated wavelengths and photographed directly. (B) Confocal microscopy images of E. coli ATCC
25922 cells labeled with the carbon dots: (a) Aex =458 nm, detected with 475 nm long pass filter; (b) Aex =477 nm, detected with 505 nm long pass
filter; () Aex =488 nm, detected with 530 nm long pass filter; and (d) Aex = 514 nm, detected with 560 nm long pass filter. Adapted with permission

from ref 11. Copyright 2006 American Chemical Society.

be used directly as pH sensors due to the hydroxyl and
carboxyl groups on the surface. In addition, pH-sensitive
C-Dots can also be obtained after passivation by PEG,3°
N-acetyl-L-cysteine, or mercaptosuccinic acid,?” and some
other polymers.3? Specific receptors are needed to conju-
gate with C-Dots for constructing fluorescent nanosensors
with high specificity. Several available C-Dots surface func-
tionalities are summarized in Figure 2.

One of the simplest and most popular bioconjugation
methods is covalent bond formation through reactive func-
tional groups such as primary amines,®3° carboxylic acids,*°
and hydroxyls*' For example, water-soluble C-Dots sur-
rounded with —COOH groups can readily combine with N-(2-
aminoethyl)-N,N,N'-tris(pyridin-2ylmethyl)ethane-1,2-diamine

(AE-TPEA)*® and 4-(aminomethylphenyl)-2,2’,6',2"-terpyri-
dine (AE-TPY),?® for the detection of Cu®>" and pH in biolo-
gical systems, respectively (Figure 2A). Bovine serum
albumin and lysine can be conjugated onto the surface of
C-Dots through the same method and provide a “turn-off”
fluorescence sensor for Cu>*.4°

The sensor has been successfully applied in human
hair and tap water samples with a linear range from
2.0 nM to 1.5 uM and a detection limit of 0.58 nM. Through
the same method, branched BPEI-functionalized C-Dots
were designed for the detection of Cu®*3> with a dynamic
range from 10 to 1100 nM and a detection limit of
6 nM. Ratiometric C-Dots pH sensors can be synthesized
by heating citric acid in glycerol in the presence of
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4,7,10-trioxa-1,13-tridecanediamine (TTDDA) and pH-insen-
sitive rhodamine B isothiocyanate.** Recently, C-Dots cova-
lently coupled with naphthalimide-azide®' wasreportedasa
highly selective and sensitive H,S detector base on the FRET
between C-Dots and the product from the reduction of
naphthalimide-azide by H,S.

Besides covalent bonding to C-Dots, coordination is an-
other strategy. Metal ion coordination was employed to bind
europium (Eu®*) onto the surface of C-Dots*? (Figure 2B) due
to the affinity between Eu*" and oxygen-donor atoms,
which subsequently quenches the fluorescence of C-Dots.
This sensor is highly selective and sensitive for phosphate
detection based on restoration of the fluorescence, because
Eu>" has higher affinity to the oxygen-donor atoms origi-
nated from free phosphates than those from carboxyl
groups on C-Dots surface. The detection range of phosphate
was determined to be 0.4 to 15 uM.

The n—x stacking interactions between C-Dots and DNA
or aptamer (Figure 2C) can also be used as binding strategy
for detection of nucleic acid.** The fluorescence from dye-
labeled single-stranded DNA probe is quenched after ad-
sorption onto the C-Dots surface via 7—a interaction. When
the target DNA matches the dye-labeled DNA to form
double-stranded DNA, the fluorescence is recovered. This
strategy is also employed for determination of metal ions
such as Hg*>" and Ag" through T-Hg?*-T and C-Ag"-C base
pairs, respectively.*>*® Meanwhile, aptamer biosensors for
thrombin detection were successfully constructed based on
7—n interactions between C-Dots and FAM (fluorescein)-*”
or up-converting phosphor-labeled aptamer.>® This ap-
proach allowed the detection of thrombin in the range of
0—120 nM. More recently, another aptamer biosensor is
constructed for thrombin based on FRET from up-converting
phosphors to C-Dots.® The sensor showed a linear range
from 0.5 to 20 nM either in a buffer solution or in spiked
human serum samples, demonstrating the high robustness
of the sensor in a complex biological environment.

Furthermore, primary alkyl-ammonium binding (Figure 2D)
is used to modify 18-crown-6-ether (18C6E) on the surface of
aminated C-Dots, which conjugated on reduced graphene
oxide (rGO) at the same time.*® The FRET efficiency between
C-Dots and rGO as a function of the specific cation-ligand
complexation was employed for K" detection, because the
FRET process was inhibited by the competition between K*
and ammonium for 18C6E.

Sol—gel technique is also a promising approach for
engineering the surface of C-Dots with functional molecules.
For example, C-Dots@MIP (molecularly imprinted polymer)
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FIGURE 4. (A) Schematic illustration of the dual-emission fluorescent
sensing of Cu®* based on CdSe@C-TPEA nanohybrid. (B) (a) The overlay
of bright-field and fluorescence images of HelLa cells incubated with
CdSe@C-TPEA. (b, ¢) Confocal fluorescence images of HeLa cells (b)
before and () after the exogenous Cu?* source treatment. (d) Bar graph
representing the integrated intensity from 480 to 580 nm over the
integrated fluorescence intensity from 600 to 680 nm; values are the
mean ratio generated from the intensity from three randomly selected
fields in both channel. (e, g) Confocal fluorescence images obtained
from the 480—580 nm channel before and after the exogenous Cu*"
source treatment, while (f, h) are from the 600—680 channel. Scale Bar:
25 um. Adapted from ref 52, Copyright 2012 WILEY-VCH Verlag GmbH
& Co. KGaA, Weinheim.

was synthesized by one-pot room-temperature sol—gel
polymerization and applied as a fluorescence sensor for
the detection of dopamine in aqueous solution (Figure 2E).*°
Esteves da Silva®” and co-workers used sol—gel method to
functionalize the surface of C-Dots with PEG,gon and
N-acetyl-L-cysteine and constructed a fluorescent nanosen-
sor sensitive to micromolar level of Hg?* and Cu®" as well as
the solution pH. Furthermore, they immobilized the functio-
nalized C-Dots in a sol—gel matrix at the tip of an optical fiber
to stabilize the photophysical and chemical properties of
fluorescent C-Dots.>® The fiber optic system allowed rever-
sible sensing of Hg>" in the submicromolar concentration
range in aqueous solution and remained stable after 6
months of use.

4. Tailoring the Functional Surface of C-Dots

for in Vivo Bioimaging and Biosensing

The absence of adverse effects on cell physiology and small
cytotoxicity encourage further exploration of suitable C-Dot
probes for in vivo applications. The pioneering work on
C-Dots for bioimaging in vitro and in vivo was reported by
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FIGURE 5. (a—g) Na™-H" exchange dependent two-photon confocal fluorescence images of A549 cells. (a) Two-photon confocal fluorescence. (b)

Overlapped images of A549 cells incubated with C-Dots-TPY probe. (c—e) Whole visual field of ouabain-treated A549 cells for suspended in choline
CH3S0s-Ringer's solution for (c) 2, (d) 4, and (e) 8 min. (f, g) Na"-dependent real-kalinization of ouabain-treated A549 cells by adding NaCHzSOs on top
of the choline CH3SO5-Ringer's solution for another (f) 4 and (g) 8 min. (h) Mean fluorescence intensity induced by Na™—H* exchange of A549 cells.
Data represent the mean fluorescence intensity of distinct fields (inset ROI 1-3). (i—I) Two-photon confocal fluorescence and bright-field images of
C-Dots-TPY probe in A549 lung cancer cells tissue slice upon pH changes from pH 7.8 (i, inset), to pH 7.1 (j, inset), and then to pH 6.4 (k, inset). (i—k) Two-
photon confocal fluorescence and () bright-field images at a depth of 150 um. (i—k, inset) 3D two-photon confocal fluorescence and (I, inset) bright-
fieldimages accumulated along the z direction at depth of 65— 185 um. Scale bars: 60 um. Reproduced from ref 39. Copyright 2012 WILEY-VCH Verlag

GmbH & Co. KGaA, Weinheim.

Sun's group.'! In the paper, C-Dots were synthesized via
laser ablation of carbon targets followed by HNOj reflux,
and then passivation with PEG50on. NO detectable fluores-
cence was obtained for raw C-Dots or after refluxing by
HNOs. However, bright luminescence (Figure 3A) was clearly
observed after surface passivation of the C-Dots by PEGq50n-
Confocal microscopy images of E. coli ATCC 25922 labeled
with the functionalized C-Dots were obtained at different
excitation wavelengths (Figure 3B).

Soon afterward, C-Dots for multiphoton bioimaging in
live cells were also explored.?* The C-Dots passivated by
PPEI-El with El fraction of ~20% were readily soluble in
water, and were found to be strongly emissive in the visible
with two-photon excitation in the near-infrared (800 nm).
The C-Dots were able to label both the cell membrane and
the cytoplasm of MCF-7 cells without reaching the nucleus in
a significant fashion, and can give two-photon luminescence

under excitation of 800 nm. Fluorescent images of the
C-Dots synthesized in small size (2—6 nm) through a soot-
based approach?®? in live cells can be obtained by incubating
with EAC cells only for 30 min. The imaging results show that
cells turn bright blue-green under UV excitation and yellow
under blue excitation, but colorless without uptake of
C-Dots. This suggests that C-Dots enter into the live cells,
and are available for fluorescent bioimaging of live cells.

In order to explore C-Dots as biocompatible nanoprobes
for targeting cancer cells, C-Dots were passivated by three
Kinds of polymers, including PEG; 500, triblock polymer PEI-
PEG-PEI, and 4-armed amine-terminated PEG (4-arm PEQG).
Then, the passivated C-Dots were further functionalized by
protein transferrin through carbodiimide chemistry for tar-
geting cancer cells. Photoluminescence images showed that
functionalized C-Dots were internalized more efficiently in
HelLa cells than the nonfunctionalized, and those C-Dots
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passivated with PEG;500n and 4-arm PEG more than those
passivated with PEI-PEG-PEl. The cellular uptake experi-
ments indicate that the design of surface functional groups
permit efficient conjugation ability with biomolecules
through carbodiimide chemistry.>’

More interestingly, a tunable ratiometric pH sensor was
developed for the quantitative measurement of the intra-
cellular pH of cells based on C-Dots.** The amino-coated
C-Dots were functionalized with pH-sensitive fluorescein
isothiocyanate and pH-insensitive rhodamine B isothiocya-
nate, resulting in the dual-emission probe upon a single
excitation. The pH sensor exhibited low cytotoxicity, good
cell-permeability, and an excellent reversibility between pH
5 and 9. Thus, real-time quantitative determination of intra-
cellular pH of intact HeLa cells and the pH fluctuations
associated with oxidative stress were successfully performed.*?

Our group first integrated C-Dots coated with a specific
organic molecule AE-TPEA and CdSe/ZnS QDs and devel-
oped a ratiometric strategy for intracellular sensing of Cu®"
(Figure 4A).>* The fluorescent probe can monitor Cu** in a
concentration range from 5 - 200 uM at the physiological pH
environment. Following uptake, the particles are found to
reside in various intracellular compartments (Figure 4B).
After exogenous Cu?* source treatment, the fluorescence
emission color of the probe turned from green-yellow to red
(Figure 4B). These initial experiments on live cells demon-
strate the great potential for C-Dot-based dual-emission
hybrid sensors in the investigation of fundamental bio-
logical processes.

As demonstrated above, C-Dots have been widely em-
ployed for bioimaging in various live cells, because they
show bright and stable fluorescence, as well as water solu-
bility and good biocompatibility. Howevetr, it is still at an
early stage to use C-Dots as imaging agents for tissues and
animals. Recently, we reported the design and synthesis of a
C-Dots-based probe for two-photon bioimaging of physio-
logical pH in live cells as well as tissues (Figure 5).3° The
fluorescent emission intensity showed good linearity with
pH variation in the range of 6.0—8.5, which meets the
requirement for in vivo sensing of pH variation. As a result,
the real-time cytosolic pH changes images were obtained in
A549 cells and LCC tumor cells upon Na®—K" exchanges.
More interestingly, the 3D two-photon confocal fluores-
cence imaging along the z direction demonstrated that the
C-Dot-TPY probe was capable of monitoring pH gradients at a
65—185 um depth in living tissues using two-photon microscopy.

In order to increase the brightness of C-Dots and
to achieve similar performance with the well-known
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FIGURE 6. (A) Scheme for ZnS-doped C-Dots. (B) Intradermal injection of
Czns-Dots: (a) bright field, (b) as-detected fluorescence, and () color-
coded images. Insets: dissected (in the circled area) axillary lymph node.
Adapted with permission from ref 24. Copyright 2009 American Che-
mical Society.
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CdSe/ZnS QDs in tissues and animals, the C-Dots and Cz,s-
Dots passivated by PEG;5q0ny Were used for the first time for
in vivo imaging in mice.?* The fluorescence images of the
subcutaneously injected mice exhibited bright emissions
upon excitation of 470 and 545 nm from C-Dots and Czns-
Dots. The injected C-Dots in mice diffused relatively
slowly, and the fluorescence faded at 24 h postinjection.
The brighter green fluorescence of Czns-Dots was further
employed to track the migration through lymph vessels
(Figure 6). The axillary lymph nodes were harvested and
dissected and exhibited fluorescence spectral features
from the C-Dots. Finally, whole-body circulation of C-Dots
was studied by intravenous injection into mice. At 3 h
postinjection, bright fluorescence in the urine became
visible, suggesting that the intravenously injected C-Dots
were primarily excreted via urine.

In another study, Sun's group'® synthesizes C-Dots by
laser ablation and passivation with PEG500n in slightly
modified procedures for mice imaging (Figure 7). The green
luminescence of C-Dots was generally bright and compar-
able to those of the commercial QDs under the same
experimental conditions. The two-photon fluorescence
images (800 nm excitation) of C-Dots were clearly observed
in sliced liver and spleen harvested from mice 6 h after
intravenous exposure to C-Dots. The amounts of C-Dots
were found to be much higher in liver and spleen than
those in other organs, but still relatively low in absolute
concentration.
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FIGURE 7. (A) Results from histopathological analyses of liver, spleen,
and kidneys. (B) Fluorescence images (two-photon excitation at 800 nm)
of sliced liver and spleen harvested from mice 6 h after intravenous
exposure to C-Dots. Adapted with permission from ref 19. Copyright
2009 American Chemical Society.

5. Conclusions and Perspectives

As a nanomaterial for bioimaging and biosensing without a
long history, C-Dot has caught a lot of attention for their easy
preparation, fascinating photophysical properties, excellent
stability, low-toxicity, and versatile surface chemistry. Engi-
neering the surface functionality of C-Dots according to the
multistep design and modification can generate C-Dots with
high QY, good biocompatibility, and long-term stability,
available for a wide variety of applications ranging from cell
and target-bioimaging to biodetection for pH, metal ions,
DNA, protein, and so on in live cells, tissues, and animals.
With each application, C-Dots have opened new ways to
quantitative detection, high-resolution fluorescent imaging,
and real-time tracking of molecules.

Actually, the versatility of C-Dots provides vast flexibility
in engineering the surface of probes for a variety of in vivo
imaging applications such as high-resolution multiplexed
vascular imaging, intraoperative image guidance, real-time
cell tracking, specific interaction with biomolecules and cells,
and so on. Meanwhile, recent advancements in the engi-
neering of C-Dots probes and the promising benefits of this
technology can bring a shift of focus from the synthesis
of single-component probes toward the design of hybrid
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nanostructures composed of multiple targeting, imaging,
and therapeutic modules. For example, C-Dots integrated
with MRI contrast agents or radionuclides can be used for
dual-mode imaging, whereas when combined with drugs or
nucleic acid therapeutics C-Dots can serve as traceable
delivery vehicles. In general, C-Dots can be used as universal
scaffolds for the attachment of extra components and
targeting ligands due to their large surface area and modular
surface chemistry. Aiming at expanding C-Dots functionality
even further, it is not a dream to engineer the C-Dot-based
multifunctional nanodevices that promise to combine the
benefits of multiple imaging modalities and incorporate
the imaging, drug loading, and sensing capacities within a
single nanoparticle. Yet, currently available C-Dot probes
are far from being ideal, leaving plenty of room for the
development of novel designs for the functional surface
of C-Dots.
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