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1. Introduction 

The 2008 Nobel Prize in chemistry was awarded to three distinguished scientists who 
discovered and developed the green fluorescent protein (GFP), which has proved to be a 
powerful and versatile fluorescent probe for biological and biomedical researches [1]. High-
performance fluorescent biological probes are expected to possess several important 
properties including excellent water-dispersibility, high photoluminescent quantum yield 
(PLQY), robust photostability, and favorable biocompatibility. A consensus has been 
reached that the GFP and organic dyes, recognized as the well-established fluorescent 
probes, are to some extent inappropriate for long-time in bioimaging because of their 
photobleaching property (Figure 1). In this respect, II-VI QDs have attracted intensive 
attentions due to their unique optical and electronic properties (e.g. size-tunable emission, 
broad photoexcitation, narrow and symmetrical emission spectra, strong fluorescence, and 
robust photostability). Indeed, the QDs are currently considered as most promising 
fluorescent probes, which open new opportunities for real-time and long-term monitoring 
and imaging both in vitro and in vivo [2].  

1.2 Synthesis of II-VI QDs 

It is well-known that there are two rudimentary approaches to prepare II-VI QDs: one is the 
organometallic route, the other is the aqueous method.  

The organic synthesized QDs (orQDs) with excellent spectral properties have been achieved 
through the well-established organic strategy in elegant work [3]. As far as 1993, Bawendi’s 
group developed a simple strategy, which was based on the pyrolysis of organometallic 
reagents by injection into a hot coordinating solvent, to production of serial highly 
monodispersed II-VI QDs (e.g., CdS, CdSe, and CdTe QDs). Such resultant QDs possessed 
uniform size, shape, and sharp absorption and emission features [3a]. Alivisatos et al. 
studied the growth kinetics of the CdSe QDs in a detailed way, providing a useful guidance 
for testing theories of quantum confinement, and also for designing high-quality QDs of 
controllable shapes [3b]. Peng and coworkers, by using CdO as precursor, developed more 
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green-chemistry methods to prepare II-VI QDs [3c]. On the basis of which, they further 
optimized experiment conditions to synthesiz CdSe QDs with excellent optical properties, 
whose PLQY value reached 85% [3d]. Thereafter, different kinds of core-shell structured 
QDs (e.g., CdTe-CdS and CdTe-ZnS QDs) were achieved via organic synthesis [3e,f]. It is 
worth noting that, these orQDs cannot be directly used in bioapplications due to their 
hydrophobic character. A general strategy is to transfer the hydrophobic nanocrystals from 
the organic phase to aqueous solution by wrapping an amphiphilic polymer around the 
particles [4]. Although this method is efficient, it is relatively complicated and requires 
addition steps. Another effective strategy is to substitute the hydrophilic molecules, which 
have strong polar groups such as carboxylic acid or reactive groups such as Si-O-R, for 
surface-binding TOPO [5]. Nevertheless, in addition to relatively complicated 
manipulations, the treatment may depress optical properties and stability of the QDs (e.g, 
the PLQY may decrease when the orQDs are transferred into water because the polarity of 
water is too strong to break various equilibriums related to the nanocrystals) [6].  

 

Fig. 1. Photobleaching of organic dyes. Microtubules were labeled with 
fluoresceinisothiocyanate (FITC, one typical kind of commercial organic dyes). Green 
fluorescence signals of FITC were rapidly disappeared in 250-s irradiation owing to severe 
photobleaching.  

Aqueous synthesis is an alternative strategy to directly prepare water-dispersed QDs, 
which is relatively simpler, cheaper, less toxic, and more environmentally friendly. More 
importantly, the aqueous synthesized QDs (aqQDs) are naturally water-dispersed without 
any posttreatment due to a large amount of hydrophilic ligand molecules (e.g., 3-
Mercaptopropionic acid, thioglycolic acid, et al.) covered on their surface. Rogach and 
coworkers reported aqueous synthesis of CdTe aqQDs those are directly prepared in 
water by using thiol molecules as ligands. However, the PLQY of aqQDs was generally 
lower than 30% [7]. Systematic investigations reveal that, large amount of surface defects, 
which are often generated due to the long reaction time in aqueous phase, results in low 
PLQY [8]. Tremendous effort has been devoted to improve the spectral properties of QDs 
directly prepared in the aqueous phase. Zhang et al developed a hydrothermal method 
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for synthesis of highly luminescent aqQDs (PLQY: ~50%). Notably, the growth rate of 
QDs was greatly accelerated under high reaction temperature (e.g, 200 oC), leading to 
effective reduce of surface defects [9]. 

More recently, microwave-assisted method has been developed as novel promising 
strategies for synthesizing high-quality QDs. Compared with conventional heating 
method, there are four main advantages about microwave irradiation as heating method: 
(a) temperature can be rapidly raised due to the high utilization factor of microwave 
energy, and the kinetics of the reaction are increased by 1-2 orders of magnitude, (b) 
stirring effect on molecular level can be realized through microwave irradiation, which 
are favorable for uniform heating, (c) stagnant phenomenon can be effectively avoided 
compared with traditional heating method because microwave energy vanishes once 
closing microwave device, and (d) the initial heating is rapid which can lead to energy 
savings [10]. Ren et al reported CdTe aqQDs with PLQY of 40-60%, which were rapidly 
prepared via microwave synthesis [11]. He and coworkers developed a facile microwave-
assisted method for synthesizing a variety of highly luminescent aqQDs (e.g., CdTe/CdS 
core-shell QDs, CdTe/CdS/ZnS core-shell-shell QDs). Notably, such resultant aqQDs 
feature excellent optical properties (PLQY: ~50-80%) due to the above-mentioned unique 
merits of microwave irradiation (Figure 2) [12]. Very recently, they further synthesized 
the near-infrared (NIR)-emitting QDs via microwave synthesis. Significantly, the 
prepared NIR-emitting QDs possessed excellent aqueous dispersibility, ultrasmall size (~4 
nm), robust storage-, chemical-, and photo-stability, and finely-tunable emission in the 
NIR range (700-800 nm) [13]. 

1.3 II-VI QDs for biological fluorescence imaging  

Biological fluorescence imaging is one of most important and interdisciplinary research 
involving chemistry, biology, life science, and biomedicine, which has been widely used for 
various in vivo and in vitro studies [1]. Particularly, fluorescent biological probes are 
essential tools for bioimaging. For optimum imaging and tracking of biological cells, these 
probes should be water-dispersible, anti-bleaching, luminescent, and biocompatible. In the 
last century, organic dyes and fluorescent proteins were mostly used as fluorescent probes 
in biological research; however they suffer from severe photobleaching that restricts their 
applications for long-term in vitro or in vivo cell imaging. This shortcoming has led to the 
intense interest in II-VI QDs due to their many unique merits. Particularly, compared to 
fluorescent dyes, QDs possess the unique advantages such as size-tunable emission color, 
broad photoexcitation, narrow emission spectra, strong fluorescence, and high resistance to 
photobleaching. Consequently, QDs have been widely used as a new class of fluorescent 
probes in biological research, particularly for in vitro and in vivo imaging [1,2]. 

In 1998, the groups of Alivisatos and Nie independently reported the first examples of QDs-
based bioprobes, suggesting great promise of II-VI QDs for cell imaging [14]. Thereafter, the 
II-VI QDs have been extensively developed and optimized to be a kind of well-established 
fluorescent biological probes for a variety of bioimaging studies. Wu et al used CdSe/ZnS 
QDs liked to immunoglobulin G (IgG) and streptavidin to label the breast cancer marker 
Her2 on the surface of fixed and live cancer cells, to stain actin and microtubule fibers in the 
cytoplasm, and to detect nuclear antigens inside the nucleus. Notably, taking advantage of 
the emission flexibility of QDs, one single cell was dual-color labeled the QDs of different  
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Fig. 2. (a) Schematic illustration of microwave-assisted synthesis of aqQDs. (b) High-resolution 
transmission electron microscopy (HRTEM) images of CdTe (left), CdTe-CdS core-shell 
(middle), CdTe-CdS-ZnS core-shell-shell (right) aqQDs. (c) Photograph of the wide spectral 
range of bright luminescence from aqQDs aqueous solution under irradiation with 365-nm 
ultraviolet light from a UV lamp. (Reprinted with permission from [12d], 2008 Wiley).  

luminescence. They further compared the photostability of the QDs and Alexa 488 (one kind 
of commercial organic dyes). Significantly, labeling signals of Alexa 488 faded quickly and 
became undetectable within 2 min; in striking contrast, the QDs preserved stable and bright 
fluorescence for 3 min illumination period, which provides powerful demonstration of 
superior photostability of QDs compared to organic dyes [15]. Meanwhile, Simon and 
coworkers developed procedures for using QDs to label live cells and demonstrated their 
use for long-term multicolor imaging of live cells. The live cells were labeled via two 
approaches, i.e., (1) endocytic uptake of QDs and (2) selective labeling of cell surface 
proteins with antibodies-conjugated QDs. The QDs-labeled cells were readily long-time 
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monitored via tracking QDs fluorescence due to robust photostability of QDs [16]. Wang et 
al employed aqQDs-based nanospheres for in vitro imaging, demonstrating that the aqQDs 
were superbly efficacious for long-term and high-specificity immunofluorescent cellular 
labeling, and multi-color cell imaging [12e]. Based on progresses of QDs-based cellular 
imaging, the QDs bioprobes were further utilized for in vivo imaging. Typically, Nie et al 
designed a triblock polymer-encapsulated and bioconjugated QDs with excellent aqueous 
dispersibility and strong luminescence. The prepared QDs were effectively targeted tumors 
both by the enhanced permeability and retention (EPR) of tumor sites and by antibody 
binding to cancer-specific cell surface biomarkers. Moreover, multicolor fluorescence 
imaging of cancer cells under in vivo conditions was achieved by using both subcutaneous 
injection of QD-tagged cancer cells and systemic injection of QD probes. Their studies offer 
high promise for ultrasensitive and multiplexed imaging of tumor targets in vivo [17]. It is 
worthwhile to point out that, near-infrared (NIR) fluorescence imaging is widely recognized 
as an effective method for high-resolution and high-sensitivity bioimaging due to 
minimized biological autofluorescence background and increased penetration of excitation 
and emission light through tissues in the NIR wavelength window (700-900 nm) [18]. More 
recently, He et al developed a kind of NIR-emitting, ultrasmall-sized aqQDs, and further 
employed the prepared QDs for highly spectrally and spatially resolved imaging in cells and 
animals. The NIR QDs were specifically highly accumulated in the tumor region through a 
passive targeting process caused by an enhanced permeability and retention (EPR) effect. 
Significantly, the fluorescent signals of QDs were distinctively bright, clearly spectrally and 
spatially resolved, despite the strong autofluorescence background in mouse. This study 
clearly demonstrates the advantages of NIR QDs for in-vivo imaging for which the QDs 
fluorescence and biological autofluorescence of the mouse are spectrally separated, and that 
the NIR-emission is less absorbed by tissues as compared to visible luminescence [13]. 

1.4 Biosafety assessment of II-VI QDs 

While fluorescent II-VI QDs are recognized as novel high-performance biological probes 
and at the forefront of nano-biotechnology research, sufficient and objective assessment of 
QDs-relative biosafety is necessary for their wide ranging bioapplications. To meet 
requirement of practical biological and biomedical applications, a large amount of studies 
on biosafety assessment of the QDs have been carried out.  

Bhatia et al shown that surface oxidation of QDs led to the formation of reduced Cd on the 
QD surface and release of free cadmium ions, and correlated with cell death [19]. Yamamoto 
et al found that the cytotoxicity of QDs was not only caused by the nanocrystalline particle 
itself, but also by the surface-covering molecules of QDs, i.e., surface-covered functional 
groups (e.g., -NH2 and -COOH) covering on the surface of QDs [20]. Parak et al 
demonstrated that, in addition to the release of Cd ions from the surface of QDs, QDs 
precipitation on the cell surface could also impaire cells. They further suggested that 
cytotoxic effects were different in the case that QDs are ingested by the cells compared to the 
case that QDs were just present in the medium surrounding the cells [21]. Fan et al 
presented systematic cytotoxicity assessment of a series of aqQDs, i.e., thiols-stabilized 
CdTe, CdTe/CdS core-shell structured and CdTe/CdS/ZnS core-shell-shell structured QDs. 
They demonstrated that the CdTe aqQDs were highly toxic for cells; epitaxial growth of a 
CdS layer reduced the cytotxicity of QDs; and the presence of a ZnS outlayer greatly 
improved the biocompatibility of aqQDs (Figure 4) [22]. In their following investigation, 
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they further revealed relationship between the cytotoxicity of aqQDs and free cadmium 
ions. Significantly, they found that the CdTe aqQDs were more cytotoxic than CdCl2 
solutions even when the intracellular Cd2+ concentrations were identical in the treated cells, 
implying the cytotoxicity of aqQDs cannot be attributed solely to the toxic effect of free 
Cd2+, but also dependent on the concentration of total aqQDs ingested by cells [23]. These 
studies are useful for understanding the in vitro toxicity of QDs, and for systematical 
assassment of cytotxicity of QDs. 

 

Fig. 3. Two-color staining of fixed cells. a, Fluorescent microscopy images of leukaemia K562 
cells stained with the aqQDs-based nanospheres and PI dye. b, Fluorescent microscopy 
image of a single K562 cell labeled with the aqQDs-based nanospheres and PI dye. Inset 
displays the corresponding bright-field image. c, Temporal evolution of fluorescent signals 
of the K562 cells labeled with the aqQDs-based nanospheres (green fluorescent signal) and 
PI (red fluorescent signal). Images are captured with a cooled CCD camera at 15 s intervals 
automatically. Images at 0, 15, 30, 45, 60, 90, 120, and 180 s are shown. (Reprinted with 
permission from [12e], 2011 Biomaterials). 

Such in vitro achievements are useful for biosafety assessment of the QDs; notwithstanding, 
comprehensive studies concerning in vivo toxicity are superior, since the results will assist in 
pinpointing the potential target organ and cells involved [24]. As a result, in the past several 
years, in vivo toxicity of QDs has been extensively studied. Particularly, Chan’s group 
presented the first quantitative report on the in vivo biodistribution of QDs in 2006 [25]. In their 
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latest study, they further systematically studied short- and long-term toxicity, animal survival, 
hematology, biochemistry, and organ histology of the QDs. Significantly, they demonstrated 
that the QDs did not cause appreciable toxicity in vivo even over long-term periods (e.g.,  
80 days), which differs from in vitro results (e.g, obvious QDs-induced cytotoxicity) [26].  
Besides, Choi et al recently revealed that in vivo behavior of QDs are greatly dependent  
on their hydrodynamic diameters. Of particularle note, they found that, compared  

 

Fig. 4. In vivo tumor targeting of NIR QDs. Spectrally unmixed in vivo fluorescence images of 
KB tumor bearing nude mice at 0, 1 h, 4 h, and 6 h post injection of the prepared QDs. 
Mouse autofluorescence was removed by spectral unmixing in the above images. High 
tumor uptake of QDs was observed for the tumor models. (Reprinted with permission from 
[13], 2011 Wiley). 

to those of large hydrodynamic diameter (> 15 nm), the QDs with smaller hydrodynamic 
diameter were more rapidly and efficiently eliminated from the mice through renal clearance. 
On the basis of which, they suggested that QDs with final hydrodynamic diameter < 5.5 nm 
produce feeble in vivo toxicity, and thus are more favorable for further bioapplications [27]. It 
is worthwhile to point out that, the QDs studied in all these mentioned publications are 
prepared via organometallic routes (organic synthesized QDs, orQDs). By using CdTe aqQDs 
as models, He et al carried out a comprehensive investigation on in vivo behaviors of the 
aqQDs, including their short- and long-term in vivo biodistribution, pharmacokinetics, and 
toxicity. They found that the biodistribution was largely dependent on hydrodynamic 
diameters of the QDs, blood circulation time, and types of organs. Based on histological and 
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biochemical quantitative analysis, and real-time body weight measurement, we further 
revealed that, the aqQDs produced no overt adverse effect to mice [28]. These studies are 
important for understanding the in vivo toxicity of QDs, and for designing QDs with 
acceptable biocompability for biomedical applications.  

 

Fig. 5. Cytotoxicity of CdTe QDs (a,b) and CdTe-CdS-ZnS (c,d) QDs with different 
concentrations and incubation time with K562 cells. (a,c) Viability of K562 cells after treat 
with CdTe (a) and CdTe-CdS-ZnS (c) QDs. (b,d) Morphology of K562 cells after incubated 
with 3 μM CdTe (b) and CdTe-CdS-ZnS (d) QDs for 0.5, 3, 24, 48 h, respectively. (Reprinted 
with permission from [22], 2009 Biomaterials). 

2. Carbon/silicon quantum dots-based biological fluorescent probes 

2.1 Introduction 

Two kinds of fluorescent QDs, i.e., carbon QDs (CQDs) and silicon QDs (SiQDs), have been 
recently developed as promising fluorescent biological probes for in vivo and in vitro 
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imaging. Carbon/silicon-based nanostructures, such as nanoribbons, nanowires, nanotubes, 
and nanodots, are being intensely investigated and utilized for various applications ranging 
from electronics to biology [29]. Particularly, the quantum confinement phenomenon in 
CQDs and SiQDs is the focus of research since it would increase the probability of 
irradiative recombination via indirect-to-direct band gap transition, leading to enhanced 
fluorescent intensity and the prospect of long-awaited optical applications. In the past 
several years, exciting progress on development of CQDs/SiQDs-based fluorescent 
biological probes have been achieved.  

2.2 Carbon quantum dots-based biological fluorescent probes 

Carbon nanostructures, such as fullerenes, carbon nanotubes (CNTs), graphene, and 
carbon quantum dots (CQDs) have been utilized in a broad range of technological 
applications due to their many attractive advantages, including high natural abundance of 
carbon, low specific weight, favorable biocompatibility, as well as the chemical and 
thermal robustness, et al [30]. Of particular note, recent report revealed that CQDs could 
produce fluorescence in some specific conditions, which is attributed to passivated defects 
on the surface of carbon nanostructures acting as excitation energy traps [31]. As a result, 
CQDs have been extensively explored as novel fluorescent bioprobes owing to their 
strong fluorescence and low toxicity. 

Sun’s group reported a kind of carbon nanodots that were produced via laser ablation of 
carbon target in the presence of water vapor with argon as carried gas. The prepared 
nanodots yield bright luminescence (PQLY: 4-10%) upon the surface passivation by 
attaching organic species to their surface. such resultant carbon nanodots preserved stable 
fluorescence with respect to photoirradiation, exhitiging no meaningful reduction in the 
observed intensities under continuously long-time excitations [32]. On the basis of which, 
they further developed the carbon nanodots exhibiting strong luminescence with two-
photon excitation. The prepared nanodots were thus utilized for cell imaging with two- 
photo luminescence microscopy. The labeled cell membrane and the cytoplasm of MCF-7 
cells showed distinct green signals of the nanodots [33]. Liu et al presented multicolor 
fluorescent, ultrasmall (sizes: < 2 nm) and water-dispersible CQDs obtained from the 
combustion soot of candles. The CQDs fluoresce with different color (the emission-peak 
wavelengths ranging from 415 (violet) to 615 nm (orange-red)) under a single-wavelength 
UV excitation. Moreover, the CQDs contain carboxylic acid groups on their surface, 
allowing functionalization with biomolecules through N-hydroxysuccinimide (NHS) 
chemistry to construct CQDs-based bioprobes [34]. Thereafter, Sun et al demonstrated the 
first study of carbon nanodots for optical imaging in vivo. Particularly, the nanodots 
injected in various ways (e.g., subcutaneous injection, interdermal injection, and 
intravenous injection) into mice remain strongly fluorescent in vivo (Figure 7). They 
further revealed that no animal exhibited any sign of acute toxicological responses due to 
favorable biocompatibility of CQDs [35]. More recently, Lee’s group developed a facile 
one-step alkali-assisted electrochemical fabrication of highly luminescence (PLQY: ~12%) 
CQDs. The CQDs with sizes of 1.2-3.8 nm displayed controllable fluorescence via 
adjustment of current density. In addition to the strong and size-controllable 
luminescence, the prepared CQDs featured excellent aqueous dispersibility and 
upconversion luminescence properties, offering great potential for optical bioimaging and 
related biomedical applications [36].  
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Fig. 6. Representative organ histology for control and treated animals. For control (A-E) and 
injected with aqQD535 (F-J), aqQD605 (K-O) and aqQD685 (P-T) animals, heart (He), liver 
(Li), spleen (Sp), lung (Lu) and kidney (Ki) are shown. Our analysis shows that organs did 
not exhibit signs of toxicity. (Reprinted with permission from [28], 2011 Biomaterials). 

On the other hand, fluorescent nanodiamons, as another typical kind of carbon 
nanostructures, have also been explored as promising fluorescent biomarkers for in vitro and 
in vivo studies. Due to page limitation, this chapter will not discuss their bioimaging 
applications in a detailed way. The corresponding progresses could be referred in previous 
reports [37-39]. 
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Fig. 7. Intravenous injection of fluorescent carbon nanodots: (a) bright field, (b) as-detected 
fluorescence (BI, bladder; Ur, urine), and (c) color-coded images. The same order is used for 
the images of the dissected kidneys (a’ – c’) and liver (a’’ – c’’).  (Reprinted with permission 
from [35], 2009 American Chemical Society). 

2.3 Silicon quantum dots-based biological fluorescent probes 

Silicon nanomaterials are a type of important nanomaterials with attractive properties 
including excellent electronic/mechanical properties, favorable biocompatibility, huge 
surface-to-volume ratios, surface tailorability, improved multifunctionality, as well as their 
compatibility with conventional silicon technology [29,40]. Consequently, there has been 
great interest in developing functional silicon nanomaterials for various applications 
ranging from electronics to biology. To meet increasing demands of silicon-based 
applications, silicon materials of various nanostructures (e.g., nanodot [41], nanowire 
[29a,42], nanorod [43], and nanoribbon [44]) have been developed. Particularly, previous 
research reveal that quantum confinement phenomenon in SiQDs can increase the 
probability of irradiative recombination via direct band gap transition [45], leading to 
improvement of fluorescent intensity and the prospect of optical applications. Due to their 
excellent biocompatibility and noncytotoxic property, SiQDs are considered as promising 
fluorescent biological probes for in vivo and in vitro imaging. 

Since the first reports of room-temperature light emission from porous silicon in the early 

1990s [46], a variety of fabrication techniques have been developed for preparation of silicon 

quantum dots, including solution-phase reductive [47], plasma-assisted aerosol 

precipitation [48], microemulsion [49], mechanochemical [50], laser ablation [51], and 
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sonochemical synthesis [52]. While luminescent intensity of silicon is enhanced at the 

nanoscale, SiQDs usually possess inferior optical properties (quantum yield < 10%) to 

semiconductor II-VI QDs (e.g. CdSe, CdSe/ZnS QDs) with direct band gaps (quantum yield 

80-90%) [3,12]. Recent theoretical studies reveal that optical properties of SiQDs are 

significantly influenced by surface oxidation. Particularly, oxygen bonded to the surface of 

silicon quantum dots often reduces the band gap and limits luminescent emission, resulting 

in low quantum yield [53]. Consequently, it is essential to avoid surface oxidation to 

improve the quantum yields of SiQDs [53,54]. Indeed, Kortshagen et al. recently reported 

successful preparation of SiQDs with remarkably high ensemble quantum yields exceeding 

60% by using plasma-assisted synthesis with strict removal of oxygen and elaborate surface 

passivation [48b], which provides an excellent example. It demonstrates that SiQDs could 

possess quantum yields as high as II-VI QDs under optimum conditions. Lee et al. recently 

developed a polyoxometalate-assisted electrochemical etching method for synthesizing 

SiQDs with controllable luminescent colors (e.g., blue, orange, and red) (Figure 8) [55].  

Despite these progresses on SiQDs synthesis, most as-prepared SiQDs are not well water-
dispersible since their surfaces are covered by hydrophobic moieties (e.g., styrene, alkyl, and 
octene). Extensive efforts have been undertaken to realize aqueous dispersibility of SiQDs. 
In 2004, Ruckenstein and Li developed a UV-induced graft polymerization for surface 
modification of SiQDs [56]. These SiQDs became well water-dispersible with the grafting of 
a water-soluble poly (acrylic acid) (PAAc) layer. In addition, the grafted PAAc also 
improved the photoluminescence stability of the SiQDs. Moreover, high density of 
carboxylic acid moieties of PAAc could be used to immobilize biomolecules (e.g., protein). 
Photostability comparison of SiQDs and four types of organic dyes (e.g., Alexa 488, Cy5, 
fluorescein isothiocyanate (FITC), and laser dye styryl (LDS751)) demonstrated superior 
resistance to photobleaching than the conventional organic dyes. Such modified SiQDs with 
quantum yield of 24% were employed as biological probes for cell imaging, suggesting 
potential bioimaging applications of modified SiQDs. Tilley and co-workers later reported a 
room-temperature synthesis for preparing water-dispersed SiQDs that exhibited strong blue 
photoluminescence [57]. In their method, a platinum chemical was utilized as catalyst for 
initiating reaction between Si-H surface bonds of the SiQDs and C=C bonds of allylamine. 
The resultant blue-emitting SiQDs became hydrophilic because their surfaces were modified 
with allylamine. In addition to the good aqueous dispersibility as well as relatively high 
quantum yield (~10%), the allylamine-capped SiQDs possessed robust storage- and photo-
stability. They kept stable optical properties for several-month and long-time (more than 1 
h) UV irradiation. As a comparison, the photoluminescence from rhodamine 6G dropped by 
60% under the same illumination conditions. Sato and Swihart utilized photoinitiated 
hydrosilylation to successfully attach propionic acid (PA) to the surface of SiQDs, thereby 
producing water-dispersible, PA-terminated SiQDs with average diameter of less than 2.4 
nm [58]. Compared to the former two reports showing water-dispersed SiQDs of a single 
emission color (red or blue), this work is significant because the size and corresponding PL 
emission color of SiQDs could be controlled by varying conditions. PA-terminated SiQDs 
with continuous luminescent color from yellow to green were readily synthesized in their 
work. Recently, Erogbogbo, Swihart et al. revealed that most of the modified SiQDs often 
showed obvious PL degradation especially in biological media with different pH, despite 
their high storage- and photo-stability in water [59]. Low pH stability would severely hinder 
their broad applications in biology. For example, conjugation of SiQDs with antibodies 
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would be technically difficult if they were instable at neutral and alkaline pH environment. 
They further developed a new kind of SiQDs encapsulated by phospholipid micelles. 
Significantly, such micelle-encapsulated SiQDs kept stable optical properties under various 
biologically relevant conditions of pH values (4-10) and temperatures (20-70 oC) [59]. The 
micelle-encapsulated SiQDs were further used in multiple cancer-related in vivo applications, 
including tumor vasculature targeting, sentinel lymph node mapping, and multicolor imaging 
in live mice [60]. Tilley and coworkers systematically investigated the chemical reactions on 
molecules attached to the surface of SiQDs, and further developed a multi-stepped chemical 
method for surface modification of SiQDs [61]. This stepwise approach offers new 
opportunities to prepare the SiQDs with diverse and desirable functionalities. This study 
sheds new insight into biological applications of silicon quantum dots. 

 

Fig. 8. (a) Schematics for the POMs-assisted electrochemical etching process. (b) TEM picture 

of serial sizes of SiQDs and their corresponding luminescence colors under UV irradiation 

(inset). (c) Typical PL spectra of SiQDs with sizes from ~1 to ~4 nm. (Reprinted with 

permission from [55], 2007 American Chemical Society.)  

Lee and coworkers recently presented an EtOH/H2O2-assisted oxidation method to 
synthesize water-dispersed Si/SiOxHy core/ shell quantum dots with a Si core of different 
controlled diameters [62]. Significantly, this method allows for fine tuning emission 
wavelengths of QDs, producing seven luminescent colors from blue to red. On the basis of 
such studies [55,62] and theoretical prediction [63], they developed a new class of fluorescent 
silicon nanospheres (SiNSs) that each containing several hundreds of SiQDs (Figure 5). The as-
prepared nanospheres, featuring excellent aqueous dispersibility, strong fluorescence, robust 
photo stability, and favorable biocompatibility, were further utilized for long-term cellular 
imaging [64]. Very recently, they developed a new microwave-assisted method for one-pot 
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synthesis of high-quality SiQDs, which were facilely and rapidly prepared in short reaction 
times (e.g. 15 min). Remarkably, the ~4 nm SiQDs featured excellent aqueous dispersibility, 
robust photo- and pH-stability, strong fluorescence (PLQY: ~15%), and favorable 
biocompatibility (Figure 9). They further demonstrated that the prepared SiQDs were suitable 
for long-term immunofluorescent cellular imaging as biological probes. Particularly, the 
SiQDs-labeled microtubules yielded very stable fluorescent signals during continuous 240-min 
observation. In sharp contrast, the signals of the control groups using CdTe QDs (recognized 
as photostable fluorescent labels) or FITC (one typical kind of conventional fluorescent dyes) 
as fluorescent labels almost completely disappeared in 25-min irradiation under the same 
conditions (Figure 10) [65]. These studies well demonstrated the great promise for real-time 
and long-term bioimaging with the SiQDs-based fluorescent probes. 

 

Fig. 9. TEM and HRTEM images (a,b), Inset in (b) presents the HRTEM image of a single 
SiQD. (c) Temporal evolution of fluorescence of the SiQDs under various pH values. (d) 
Photostability comparison of FITC, CdTe QDs, and as-prepared SiQDs. All samples are 
continuously irradiated by a 450 W xenon lamp. (Reprinted with permission from [65], 2011 
American Chemical Society.) 
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Fig. 10. Photos of immunofluorescent cell imaging captured by laser-scanning confocal 
microscopy. (a) Left: microtubules of Hela cells are distinctively labeled by the 
SiQDs/protein bioconjugates. Middle: bright field image. Right: superposition of 
fluorescence and transillumination images. (b)-(d) Stability comparison of fluorescence 
signals of Hela cells labeled by SiQDs (b), CdTe QDs (c), and FITC (d). Scale bar = 5 μm. 
(Reprinted with permission from [65], 2011 American Chemical Society.) 
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3. Conclusion and perspectives 

In the past two decades, there have been considerable advances in the development of QDs-
based fluorescent biological probes. Various kinds of high-quality QDs, i.e., II-VI QDs, 
CQDs, and SiQDs, have been developed for biological imaging.  

II-VI QDs, serving as high-performance bioprobes, have been widely used for a variety of 
bioimaging applications, such as cell labeling, and tracking cell migration, tumor targeting, 
ect. Along with wide ranging bioapplications, concerns about their biosafety have attracted 
increasingly intensive attentions. In vitro studies have suggested that cytotoxicity of QDs is 
ascribed to release of toxic metals, production of reactive oxygen species, and hydrodynamic 
size of the QDs, which could be largely alleviated by surface modification (e.g., epitaxial 
growth of ZnS shell). On the other hand, in vivo experiments indicate that QDs of proper 
concentrations were not toxic to the animals (e.g., No apparent histopathological 
abnormalities or lesions are observed in QDs-treated mice). Therefore, while II-VI QDs are 
not completely innocuous, a safe range likely exists in which they can accomplish their task 
without major interference with the process under study. Notwithstanding, to meet 
requirement of practical biological and biomedical applications, further efforts are still 
urgently required to fully address the potential toxicity problem of the II-VI QDs, including 
the evaluation of QDs composition, surface chemistry, diameter, as well as the effect of their 
byproducts on biodistribution, toxicity, and pharmacokinetics.  

The inherent problems, i.e. severe photobleaching or potential toxicity, associated with the 
traditional dyes or the fluorescent II/VI QDs remain completely unsolved, and have fueled 
a continual and urgent pursuit for new fluorescent bioprobes that are more photostable and 
biocompatible. Despite exciting progress on this area, extensive efforts (e.g., systematical 
assessment of QDs-relative biosafety, optimizing optical properties of CQDs/SiQDs, 
enhancing photo/chemical stability of QDs, investigating QDs behaviors in complicated 
biological environment, etc) are necessary to fit the demands of biological and biomedical 
applications. While there have been several exciting reports on the utility of CQDs/SiQDs 
for biological imaging, further efforts are necessary to modify and tailor CQDs/SiQDs 
architectures to fit the demands of biological and biomedical applications. One big challenge 
remaining is the development of economic and facile strategies for the large-scale synthesis 
of highly luminescent CQDs/SiQDs with controllable colors, which is the fundamental basis 
for their widespread bioapplications. Furthermore, effective methods of surface 
modification are required to further improve aqueous dispersibility and optical properties 
of CQDs/SiQDs. Moreover, a number of biological parameters have to be satisfactorily 
addressed before eventual in vivo and in vitro applications. While carbon and silicon are 
expected to be biocompatible, it is critically important to carry out systematic studies to 
assess their biosafety, including biodistribution and interactions between CQDs/SiQDs and 
biomolecules, cells and animals for in vivo bioimaging [1,2,66]. 

Key Words: Quantum dots; Fluorescent biological probes; Bioimaging; Silicon; Carbon 
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