Cadmium-containing quantum dots: properties, applications, and toxicity
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Abstract
The marriage of biology with nanomaterials has significantly accelerated advancement of biological techniques, profoundly facilitating practical applications in biomedical fields. With unique optical properties (e.g., tunable broad excitation, narrow emission spectra, robust photostability, and high quantum yield), fluorescent quantum dots (QDs) have been reasonably functionalized with controllable interfaces and extensively used as a new class of optical probe in biological researches. In this review, we summarize the recent progress in synthesis and properties of QDs. Moreover, we provide an overview of the outstanding potential of QDs for biomedical research and innovative methods of drug delivery. Specifically, the applications of QDs as novel fluorescent nanomaterials for biomedical sensing and imaging have been detailedly highlighted and discussed. In addition, recent concerns on potential toxicity of QDs are also introduced, ranging from cell researches to animal models.
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1. Introduction
Fluorescent quantum dots (QDs) are monodisperse crystalline clusters with dynamic dimensions smaller than the bulk-exciton Bohr radius (Frigerio et al. 2012). The small size has a crucial effect on the properties of Fluorescent QDs, which could be easily understood through the spatial dimensions confinement of the exciton (Murray et al. 1993; Wang et al. 2013b). In order to assure both the wide range continuous band gap tenability and specifically designed optical properties, the energy levels of QDs can be tuned in a controlled way by different nanocrystals size (Beltukov and Greshnov 2015; Chen et al. 2016; Poznyak et al. 2004; Zong et al. 2013). The typical diameter range of QDs is between 1 and 10 nm and can contain 100 to 10,000 atoms per nanoparticle. Generally, QDs absorb natural light and then emit a specific color with a few nanoseconds relying on the bandgap of the nanomaterial (Dabbousi et al. 1997; GhoshMitra et al. 2011). The easily tunable photoluminescence emission band from the UV to the IR regions makes QDs to be versatile labels through the selection of the particle size and composition (Esteve-Turrillas and Abad-Fuentes 2013; Khan et al. 2013). They have attracted considerable research interests (Fig. 1) because of their predominant properties such as large effective Stokes shifts, high quantum yield, narrow emission bands, broad absorption spectra, high molar extinction coefficients, and high resistance to photobleaching (Esteve-Turrillas and Abad-Fuentes 2013; Rosenthal et al. 2011).
QDs are faultlessly integrated with the biological sciences (Bruchez et al. 1998; Chan and Nie 1998) and are widely applied to a number of clinical products and commercial consumers (Azzazy et al. 2007; Chatterjee et al. 2014). To meet the increasing demand for various biomedical imaging, it is necessary to develop the high-quality fluorescent probes with strong fluorescence, favorable biocompatibility, and robust photostability (Bruchez et al. 1998; Chan and Nie 1998). The distinctive electro-optical properties of QDs arise from the tunable photoluminescence and long-term photostability, rendering them to be advantageous alternatives to the molecular probes in biomedical and biological applications such as biolabeling, bioimaging, biotargeting, and drug delivery (Biju 2014; Bruchez et al. 1998). Traditionally, fluorescent proteins and organic dyes are mainly used for bioimaging applications, but they are substantially inferior to QDs on the basis of the photophysical properties (Bilan et al. 2015; Ji et al. 2014). These spectral properties provide great opportunities for QDs to multicolor imaging and multiplexed analysis applications (Samir et al. 2012). For instance, a single light source can excite QDs to generate different lights, and the emission peaks can be simultaneously distinguished with high resolution (Chan and Nie 1998). Meanwhile, QDs are more steady against photobleaching and nearly 20 times brighter than fluorescent proteins (Sukhanova et al. 2004). And the extremely long luminescence lifetimes of QDs can be easily distinguished from other fluorophores in fluorescence lifetime imaging microscopy (FLIM) analyses. However, there are two major issues to consider for most of the biosensing and bioimaging applications, i.e., the colloidal stability and the potential toxicity (Azzazy et al. 2007; Jamieson et al. 2007). Therefore, many efforts have been proposed to enhance the performance of QDs in biomedical applications through suitable surface modification. For instance, zinc sulfide (ZnS), a high band gap material, is widely applied to the QD cores achieving a core/shell structure to improve the optical and physiochemical performance of QDs, as well as the biocompatibility in biological system (Chen and Gerion 2004). Additionally, many progressive surface engineering methods have been employed to the QDs rendering them for enormous promising applications in the biomedical research, especially in biosensing and bioimaging applications (Wang et al. 2013b).
Despite considerable interest in exploring QDs for biomedical and biological applications, many researchers are not sure whether QDs will be employed for treating patients on account of their potential toxicity (Gong et al. 2009; Hu et al. 2011; Tsoi et al. 2013; Wiecinski et al. 2013; Winnik and Maysinger 2013). For instance, the toxicological effects of CdTe QDs on the freshwater mussel Elliptio complanata have shown that QDs are cytotoxic to the freshwater mussels and can give rise to oxidative stress in gills and DNA damage (Gagné et al. 2008). Fang et al. (2012) have reported that CdTe QDs exhibit a dose-dependent prohibitive effect on the cell growth of Escherichia coli. The results also demonstrated that the toxicity of QDs was related to their particle diameter, and smaller sized QDs were found to be more toxic to Escherichia coli. Kirchner et al. (2005) have also explored the cytotoxicity of CdSe and CdSe/ZnS QDs to human fibroblasts and tumor cells. Cadmium-containing QDs can be cytotoxic due to the release of Cd2+ (Contreras et al. 2013; Jackson et al. 2012; Tsoi et al. 2013; Wiecinski et al. 2013) and can also cause toxicity via direct interaction with cells (Senevirathna et al. 2009). Rocha et al. (2014) demonstrated that Cd2+ accumulated in mussel hemolymph and soft tissues, which was the main reason for the immunocytotoxic and cytogenotoxic effects of CdTe QDs on Mytilus galloprovincialis. In addition, it was observed that reactive oxygen species (ROS) increased and accumulated in cells when exposed to QDs (Sun et al. 2014). For example, Green and Howman (2005) carried out an in vitro experiment about QDs oxidation, they incubated coiled double-stranded DNA molecule in a CdSe encapsulated ZnS with surface biotin solution. Finally, they found that the CdSe/ZnS QDs could alter the DNA structure by producing SO2-, resulting from surface ZnS oxidation. Therefore, researchers must take the potential toxicity of QDs into consideration adequately when applying the QDs in biomedical application.
In this review, we summarize the recent progress in synthesis and properties of QDs. Then we exhibit an overview on the outstanding potential of QDs for biomedical research, diagnostics, innovative methods of drug delivery, and cancer therapy (Fig. 2). Specifically, the applications of QDs as novel fluorescent nanomaterials for biomedical sensing and imaging have been detailedly highlighted and discussed in Part 3. In addition, main concerns about the potential toxicity of QDs are also introduced, ranging from cell researches to animal models. Finally, we discuss challenges and perspectives for the QDs-relative biomedical applications in the future.
2. Synthesis and properties
The synthesis of QDs was first proposed by Efros and Ekimov (1982) who cultivated nanocrystals and microcrystals in glass matrices. Since then, a considerable variety of synthetic strategies have been designed for the development of QDs in various substrates such as solid media, organic solvents, and aqueous solutions (Bhattacharya et al. 2004). For example, Murray et al. (1993) carried out perfect work typically to develop organometallic synthetic methods for the preparation of highly fluorescent QDs in organic phase. In their work, CdSe nanocrystals with high crystallinity and monodispersed size distribution were produced via using dimethyl cadmium as the cadmium precursor. Peng and Peng (2001) further optimized the organometallic strategies by employing CdO as the reaction precursor instead of dimethyl cadmium. Notably, this method was facile and reproducible, boosting large-scale production of QDs. At the same time, they further systematically explored the relationship between preparation conditions and optical properties, providing significant information for effectively obtaining the different fluorescence of CdSe nanocrystals (Esteve-Turrillas and Abad-Fuentes 2013; Peng and Peng 2001). As shown in Fig. 3.
The colloidal synthesis of CdSe QDs utilizing the trioctylphosphine and trioctylphosphine oxide (TOP/TOPO) at high temperatures (190–320°C) is one of the most refined and extended methods, and these QDs have been extensively characterized (Smith et al. 2008). For example, small crystals of QDs are characterized by a bandgap energy which is relied on its particle size (Bhanoth et al. 2014; Deus et al. 2014; Leutwyler et al. 1996). The size-dependent characteristics of QDs can be easily utilized if the crystals are synthesized with narrow size distributions (see Fig. 4). As a result, the synthetic chemistry of QDs rapidly advanced, obtaining brightly fluorescent QDs which could span the visible light spectrum. CdS, CdSe, and CdTe have turned into the most prevalent chemical composition for QDs preparation, especially for biomedical applications (Bruchez et al. 1998; Chan and Nie 1998; Cheng et al. 2014; Dabbousi et al. 1997; Denault et al. 2013; Hines and Guyot-Sionnest 1996). However, common synthetic processes of QDs have been advocated to employ aqueous systems and lower temperatures (Esteve-Turrillas and Abad-Fuentes 2013; Karakoti et al. 2015). These methods are essentially dependent on different cadmium or zinc inorganic salts and sodium sulphide or sodium hydrogen selenide precursors, both of which could dissolve in aqueous solution with different capping agents. Since QDs possess high ratio of surface area to volume, a large proportion of constituent atoms are bare to the nanoparticle surface, generating atomic orbits which are not fully bonded. Therefore, these “dangling” orbits can serve as defect sites to make QDs fluorescence quenched (Smith et al. 2008). For this purpose, it is necessary to grow a shell on core surface to offer electronic insulation. The growing ZnS shell with wider bandgap has been observed to greatly promote photoluminescence efficiency (Hines and Guyot-Sionnest 1996; Smith et al. 2008; Wang et al. 2013a). And ZnS shell is also less inclined to oxidation than CdSe core, greatly enhancing the stability of QDs, and reducing their photobleaching (Xie et al. 2005; Zhang et al. 2014). In order to increase the water solubility of QDs, thiol-containing amino acid cysteine is currently employed as coating agents due to its high solvation property. The thiol groups can be stabilized on the QDs surface while the amino acid groups are oriented to the QDs exterior, offering a net charge to facilitate the dissolution of QDs in water (Costas-Mora et al. 2014). As shown in Fig. 4. Such capping materials can be further conjugated with target molecules including antibodies and receptors, making the QDs prior target to a specific tissue or organ (Smith et al. 2008).
A remarkable property of QDs is that it can be excited by a wide range of wavelengths because of its broad absorption spectra, and be simultaneously exploited to generate multiple different colored QDs under a single wavelength (Han et al. 2001; Jamieson et al. 2007; Wang et al. 2015). Meanwhile, QDs also possess narrow emission spectra which can be tunable in a relatively simple manner through the variation of core size, composition, and surface coatings. The broad absorption and narrow emission spectra of QDs render them well suited to multiplexed bioimaging, and multiple colors are applied to encode genes, proteins, and small-molecules (Gao and Nie 2004; Han et al. 2001). The large interval between the excitation and emission spectra of QDs can improve the detection sensitivity since the entire emission spectra can be completely detected (Azzazy et al. 2007; Jaiswal and Simon 2004). Even though the photostability of QDs can be influenced by photocatalytic oxidation (Klostranec and Chan 2006), QDs still keep better photochemical stability than organic dyes in the fluorescence analysis, with the result that they can be exposed to various excitation cycles but still present a robust fluorescence signal (Bilan et al. 2015; Kuang et al. 2011). QDs also have a more excellent signal intensity and longer emission lifetime than organic dyes (Ozkan 2004). Researches show that the fluorescence emission intensity of CdSe QDs is nearly 20 times greater than that of rhodamine 6G molecules without considering the differences of fluorescence quantum yields (QYs) (Chan and Nie 1998). The biocompatible surface properties and the unique optical properties of QDs (Portney and Ozkan 2006) make them highly promising fluorescent labels for biological and biomedical applications with remarkable superiority over conventional organic fluorophores (Azzazy et al. 2007; Bilan et al. 2015).
3. Applications of quantum dots

Biological optical imaging technique is a powerful tool for various biomedical investigations, providing direct real access for complicated biomedical targets and systems. Organic fluorophores and fluorescent proteins are extensively applied in many biosensing and bioimaging studies. However, their fluorescence brightness is relatively unstable and weak, which confines the use of intense photon beams and precludes the possibility of long-term researches. QDs have several promising advantages over organic fluorophores and other fluorescent proteins. For example, QDs’ fluorescence intensity, lifetimes, and photostability are much better, allowing long-term observation. And unique spectral characteristics of QDs (broad excitation spectra and narrow emission spectra) make it easy to implement multicolor imaging employing a single excitation light source (Bilan et al. 2015; Wang et al. 2013b).
3.1. Functionalized quantum dots for biosensing
3.1.1. Bioconjugation of quantum dots

QDs can be conjugated with biomolecules including antibodies or receptors through using standard bioconjugation strategies to make them specific to biological organs (Smith et al. 2008). The QDs surface can also be modified with hydrophilic molecules (e.g., polyethylene glycol, PEG) to reduce possible nonspecific binding from blood circulation (Lieleg et al. 2007; Pathak et al. 2007). Meanwhile, QDs are also managed by energy transfer to fluorescent proteins as a new type of sensor (i.e., fluorescence resonance energy transfer, FRET) (Medintz et al. 2003; Zhang et al. 2005). It has been recently demonstrated that when QDs are conjugated with enzymes which can catalyze bioluminescent reactions, it can produce fluorescence without an extra excitation because of the bioluminescence resonance energy transfer (BRET) (So et al. 2006).
Biologically nonfunctionalized QDs can be synthesized by using a variety of methods. As shown in Fig. 5. For example, QDs capped with a silica shell may be easily modified with a series of organic functionalities (Bruchez et al. 1998). QDs encapsulated in amphiphilic polymers present high stability and micelle-like structures (Devarapalli et al. 2014; Wu et al. 2003). And these QDs may be modified by PEG to reduce surface charges and improve colloidal stability (Smith et al. 2008; Smith et al. 2006). Water-soluble QDs can be covalently bound to various biologically active molecules to make specificity to a biological system. What’s more, QDs can be applied to sense the existence of sugar maltose through combining maltose binding protein to QDs surface (Medintz et al. 2003; Zhang et al. 2005). In addition, QDs can also detect the specific DNA sequences (Jamieson et al. 2007; Wang et al. 2013b; Zhang et al. 2005). By mixing a ssDNA conjugated to one end of the target DNA or a biotinylated DNA sequence conjugated to another end of the target DNA, these nucleotide fragments hybridize to generate a biotin-DNA-fluorophore conjugate (Smith et al. 2008).
3.1.2. Fluorescence resonance energy transfer analysis
Fluorescence resonance energy transfer (FRET) involves the transfer of fluorescence energy from a donor particle to an acceptor particle when the distance between the donor and the acceptor is smaller than the Förster radius (Jamieson et al. 2007; Wang et al. 2013b). This leads to a reduction in the donor’s excited state lifetime, and an increase in the acceptor’s emission intensity. FRET trends toward measuring changes in distance, rather than absolute distances (Huang et al. 2016; Selvin 2000), rendering it appropriate for detecting protein conformational changes (Heyduk 2002), measuring protein interactions (Day et al. 2001), and assaying enzyme activity (Li and Bugg 2004). In comparison to traditional fluorophores, QDs are considered as FRET donor candidates for biosensing applications since the narrow emission bandwidth of QDs is mostly suited to multiplexed FRET sensing. Meanwhile, due to the broad absorption region of QDs, the donor excitation can wisely avoid direct excitation to the acceptor dyes, while QD donors with different color can be simultaneously excited (Wang et al. 2013b).
FRET sensor using QDs as the donor has been extensively researched for non-genetic molecule and RNA/DNA sequence detection. For RNA/DNA detection, QDs functionalized with nucleic acids have been usually applied for multiplexed hybridization assay or even for RNA/DNA intracellular behavior measuring (Algar et al. 2012; Chen et al. 2009; Zhang et al. 2016a). As shown in Fig. 6, a two-step FRET was constructed to identify the degradation process of DNA analyte by introducing an intermediate acceptor of DNA dye (Chen et al. 2009). Additionally, QDs have also been confirmed as FRET donors for detecting of various molecular targets and analyzing of protease activity by conjugating with aptamer or functional protein (Chi et al. 2011). Although QDs have been widely applied for FRET sensing, several disadvantages should be mentioned. For instance, QDs with larger size or ligand layer may cause an increase in the center distance between QDs and the acceptor molecules, which substantially lead to relatively low energy transfer efficiency and sensitivity (Jamieson et al. 2007; Medintz et al. 2003). However, due to the long life time and broad absorption band (Clapp et al. 2005; Kryzhanovskaya et al. 2015), these properties benefit QDs to be applied as energy acceptors in preparing self-illuminating optical probes. In this case, chemical energy transfer (CEF) and BRET can be activated without external light, while the energy transferred to QDs is produced by chemical reactions (So et al. 2006; Wang et al. 2013b).
3.1.3. Immunoassay
Immunoassay is a useful tool in disease diagnostics, clinical tests, and other biomedical applications. With the developments of QDs surface engineering, a growing number of QDs have been used as novel fluorescent probes for sensing a wide variety of biological and chemical analytes. As a competitive fluoro-immunoassay method, QDs-antibody conjugates have been developed for detecting different targets ranging from tiny molecules to proteins and virus (Kale et al. 2012; Mansur et al. 2013; Tang et al. 2008; Zhang et al. 2007). For instance, Härmä et al. (2001) reported a fluoro-immunoassay for detecting the prostate-specific antigen (PSA). The detection employed streptavidin-coated QDs consisting of β-diketones and more than 30,000 europium molecules, and achieved a detection limit of 0.38 ng/L for biotinylated PSA. Goldman et al. (2004) developed a multiplex immunoassay for ricin, cholera toxin, and staphylococcal enterotoxin B by using the relevant antibodies conjugated to different size QDs, which excited by a single wavelength. The toxin concentrations of 30 ng/mL and 1000 ng/mL were examined respectively, and the signals were detected simultaneously.
Additionally, QDs-based immunoassay with screening capability and ultrahigh sensitivity has also been beneficial to the developments of novel readout techniques, such as microfluidics technique, electrochemical detection and other readout strategies (Mehrzad-Samarin et al. 2016; Wang et al. 2013b; Yang et al. 2011). For instance, ultrasensitive western blot test based on QDs-monoclonal antibody conjugates was implemented to screen protein expression in cell with ultrahigh specificity and throughput (Scholl et al. 2009; Tuteja et al. 2016). In addition to the rapid sensing response and high sensitivity, the multiplexed detection is also an important function for the QDs-based immunoassay. The multichannel detection of cancer biomarkers, toxins, or drug residues has been confirmed with QDs-based sandwich immunoassay using different multicolored antibody-QDs conjugates (Peng et al. 2009). However, more efforts are still required to solve the potential cross-reaction between molecule probes and non-specific issues (Wang et al. 2013b).
3.1.4. Nucleic acid detection
Many studies have demonstrated that QDs-conjugated oligonucleotide sequences can be targeted to bond with DNA molecules (Gerion et al. 2002; Mirnajafizadeh et al. 2016; Yuan et al. 2016). DNA segments can conjugate on the QDs surface to produce fluorescent probes for genetic target detection. The high specificity of hybridization between the multicolored QDs-DNA probes and the target analytes constitutes the basis of multiplexing detection. The barcode configuration is another popular method for nucleic acid analysis, especially for multiplexed sensing purpose (Rao et al. 2016; Wang et al. 2013b). It is worth mentioning that target analyte is free from fluorophore labeling in certain multiplexed DNA detection schemes, and this kind of design process has great potential for ultrasensitive genetic targets detection with QD bioconjugates (Ho et al. 2005). Furthermore, the combination QDs with techniques such as electrochemical (EC) assay and real-time polymerase chain reaction (RT-PCR) amplification with low background noise have been applied to increase the detection sensitivity (Su et al. 2011a; Wang et al. 2013b). In addition, QDs are applied to RNA technologies for the detection of mRNA molecules by using fluorescence in situ hybridization (FISH) and QDs are also combined with short interfering RNA (siRNA) in the RNA interference applications (Choi et al. 2009; Jamieson et al. 2007). For instance, QDs have been successfully applied to FISH techniques to analyze the specific expression of mRNA transcripts in mouse midbrain sections (Chan et al. 2005).
3.1.5. Single-molecule detection
QDs are also applied to single-molecule detection. Agrawal et al. (2006) have reported the utility of QDs for the real-time detection of single molecules. They designed an immunoassay using antibodies, which were conjugated to QDs that would bond to the different sites of target biomolecule. A signal was detected immediately only if QDs-labeled antibodies bound to the target molecule at the same time. The homogenous real-time assay achieves a detection limit of ten target molecules such as genes, proteins, or viruses and does not need target derivatization (Azzazy et al. 2007). Thus, the capacity of QDs for single-molecule level detection will contribute to better understanding of the intracellular procedures such as gene expression and regulation.
3.2. Quantum dots for bioimaging
3.2.1. In vitro cell imaging
Researchers have obtained abundant success in employing QDs for in vitro experiments such as labeling fixed cells (Wu et al. 2003) and imaging membrane proteins (Dahan 2003; Lidke et al. 2004). However, some limitations exist in developing QDs probe for imaging inside living cells. A main trouble is the lack of efficient approach for transferring monodispersed QDs into the cytoplasm of living cells. It is commonly observed that QDs are inclined to agglomeration inside living cells and are surrounded by endocytic vesicles including lysosomes and endosomes (Smith et al. 2008).
3.2.1.1. Quantum dots for labeling cellular proteins
With similar fluorescent property to fluorescent proteins or organic dyes, QDs have been widely applied to cell labeling and other in vitro researches. More importantly, QDs are preferable in some new-style applications due to extraordinary photo- and chemical-stability, while conventional fluorescent proteins or organic dyes may not be applicable, such as 3D optical sectioning and long term optical tracking. Since the first demonstration about QDs for cell labeling in 1998 (Chan and Nie 1998), various QD probes have been continuously developed. For instance, Han et al. (2001) developed the QDs-based multiplexed coding technique, allowing simultaneously measuring the coding and cellular proteins at the single-bead level. At the same time, streptavidin-coated QDs were applied to label the individual isolated biotinylated F-actin fibers. Labelling the F-actin fibers has demonstrated that QDs can be used to label cellular proteins since it reserves the enzyme activity (Månsson et al. 2004; Zhang et al. 2016). In addition, QDs have also been applied to label mortalin and p-glycoprotein, which are important to tumor cells (Sukhanova et al. 2004). Labelling cells with QDs is much more photostable than with fluorescent proteins, and is a 420-fold increase over Alexa488 (an organic fluorophore). These advantages of QDs are employed to image the 3D localization of p-glycoprotein in tumor cells since the long fluorescence lifetime allows the successive z-sections to be imaged (Jamieson et al. 2007; Strein et al. 2013; Sukhanova et al. 2004).
In a recent study, fluorescent superparamagnetic QDs for multimodal imaging were targeted to prostate cancer cell through using antibody against prostate specific membrane antigen (PSMA) as recognition moieties (Cho et al. 2010; Tyrakowski and Snee 2014). Likewise, QDs-ligand conjugations with less cost have similar capability to label and track the membrane proteins. For example, QDs conjugated with epidermal growth factor (EGF) have the specificity to label the over-expressed of EGF membrane receptor in various cancer cells. Other QDs-based ligands such as folic acid, aptamers and RGD peptide have also been confirmed for labeling the folate receptor, PSMA, αvβ3 integrin and other membrane proteins (Wang et al. 2013b). As shown in Fig. 7, a remarkable number of QDs-loaded RGD-SOC micelles are internalized by the phagocytosis and mainly accumulate in the cytoplasm of αυβ3-positive MDA-MB-231 cells after incubation for 9 h (Fig. 7a). In contrast, αυβ3-negative MCF-7 cells do not present the significant specific fluorescent signal due to the low level expression of the integrin receptor (Fig. 7b), indicating the receptor-mediated endocytosis of RGD-SOC micelles (Deng et al. 2013b). In addition, many groups have reported the multiple colors labeling of various intracellular structures (Hanaki et al. 2003; Yu et al. 2016). For example, the simultaneous labeling of actin filaments and nuclear structures with two different colors QDs have already been demonstrated. Wu et al. (2003) labeled the mitochondria and nucleus structures, generating distinct green labelling of the mitochondria and red labelling of the nucleus. Single color labelling of Her2 cells has also been demonstrated to be possible, and is deserving of particular attention, given that the expression can be used as a predictive marker for breast cancer (Wu et al. 2003).
3.2.1.2. Intracellular delivery of quantum dots
Extracellular labeling technique with QDs has demonstrated to be relatively easy, but the intracellular delivery of QDs turns into a hard nut to crack. To label cells internally, various methods have been applied to transfer QDs such as passive uptake, receptor-induced internalization, chemical transfection, and mechanical delivery. For instance, cellular uptake of QDs could be simply achieved by the low-efficient nonspecific endocytosis (Zhang and Monteiro-Riviere 2009), whereas targeted endocytosis can be achieved by receptor-induced process when QDs are immobilized by the membrane receptor (Ding et al. 2011; Fan et al. 2008; Feng et al. 2010). This is due to the avidity-induced augment in local concentration of QDs on cell surface, as well as an active improvement induced by receptor-induced internalization (Lidke et al. 2004). Meanwhile, nonspecific endocytosis was also applied to monitor the motility of labeling cells in QDs-contained substrate (Parak et al. 2002). The delivery path across each cell was dark, and the cells increased in fluorescent intensity as they took up more QDs. QDs were absorbed passively into cells by expanding the innate capacity to uptake their extracellular space. However, the internalized QDs could aggregate and be trapped in vesicles system without approaching to their targets through endocytosis (Delehanty et al. 2009). Even though these QDs cannot reach to the specific intracellular organelles, this is a simple way to label cells with QDs and an easy means to fluorescently image the course of delivery (Smith et al. 2008).
Chemical transfection increases the plasma membrane translocation by the utilization of peptides or cationic lipids, and is initially employed for the intracellular delivery of various drugs (Chen and Gerion 2004; Derfus et al. 2004a). For instance, cell-penetrating peptide is a superior chemical transfectant that has obtained widespread attention due to low cytotoxicity, versatile conjugation, and high efficiency. Therefore, cell-penetrating peptide such as polyarginine has been studied for their abilities to transfer QDs into living cells (Delehanty et al. 2006). Many efforts have been devoted to exploring the delivery mechanism of carriers, which has been generally utilized as a cellular delivery tool (Gupta et al. 2005). In addition, Duan and Nie (2007) reported a new type of cell-penetrating QDs that was based on the utilization of multivalent surface coatings. Due to the proton sponge effect (Neu et al. 2005; Xu et al. 2012) and the surface cationic charges, cell-penetrating QDs can permeate cell membranes and destroy organelles in living cells. Compared to the previous QDs combined with amphiphilic polymers, cell-penetrating QDs are more stable in cellular environments (Smith et al. 2006).
Mechanical delivery using microinjection is an effective way to deliver homogeneous QDs into cytoplasm without aggregation or being trapped (Derfus et al. 2004a). Although the intracellular delivery of QDs conjugated with peptides using microinjection for targeting organelles and cell nucleus has been verified, this strategy is not feasible for the large-size particles (Smith et al. 2008; Wang et al. 2013b). As an alternative, electroporation is applied to large-size particles by providing pulsed electric field to promote the membrane permeability, but it may be associated with QDs agglomeration and cell death (Derfus et al. 2004a; Zaitsev and Solovyeva 2015). In spite of the current technical limitations, QDs are still in great demand as intracellular probes because of their intense and stable fluorescence. Different strategies have been demonstrated to successfully apply to organelle-level imaging, but some disadvantages have to be taken into account. For instance, it is impossible to completely remove the nonspecific labeling from intracellular unbound probes by washing (Wang et al. 2013b). Thus, new techniques still need to be explored for future improvement in these fields.
3.2.1.3. Quantum dots for cell imaging and tracking
QD bioconjugates are deemed to be qualified for tracking of plasma membrane antigens and imaging of specific identification on living cells (Deng et al. 2013b; Smith et al. 2008). For instance, Dahan (2003) found that QDs conjugated with an antibody fragment could track of single receptors on the living neuronic membranes. Similarly, Lidke et al. (2004) conjugated CdSe/ZnS QDs to EGF with specific affinity for erbB/HER membrane receptor. QDs-bound receptor could be detected at the single-molecule level when they were added to cultivate human cancer cells. Afterwards, Ruan et al. (2007) tested in vitro behavior (e.g., uptake and intracellular delivery) of QDs probes by using the dynamic confocal imaging, revealing that QDs were initially internalized by macropinocytosis, then adhered to the inner vesicle surfaces and transported to cytoplasmic organelles, and finally reached the microtubule organizing center. Fichter et al. (2010) synthesized a kind of anti-hemagglutinin conjugated QDs as high-performance fluorescent probe, which could accurately research the kinetics of G-protein-coupled receptors of endosomal trafficking pathways. Additionally, He et al. (2011a) has recently reported fluorescent quantum nanospheres containing hundreds of QDs as novel nanoprobes for the long-term cellular imaging. In their study, the fixed K562 cells were infected with nuclear dye propidium iodide (PI) and fluorescent quantum nanospheres, simultaneously exhibiting distinct red fluorescence of PI inside the nuclei and green fluorescence of quantum nanospheres outside the nuclei (He et al. 2011a). As shown in Fig. 8, it is notable that the red signals of PI relative become undetectable in only 60 s, while the green signals of quantum nanospheres relative can keep well during 180 s continuous imaging. The above researches have encouraged the utilization of QDs for imaging other plasma membrane receptors including tyrosine kinases (Chen 2007), integrins (Echarte et al. 2007), membrane lipids (Young and Rozengurt 2006), and G-protein (Koeppel et al. 2007). Therefore, the visualization of receptor dynamics and the distinct processes of proteins labeling with QDs have recently been reported (Courty et al. 2006), and new strategies to label plasma membrane receptors with multifunctional biological techniques have also been rapidly developed (Bonasio et al. 2007).
3.2.2. In vivo animal imaging
In vivo animal imaging is another significant application of QDs. Comparing with the conventional imaging techniques such as magnetic resonance imaging (MRI), positron emission tomography (PET), and X-ray computed tomography (X-ray CT), in vivo animal imaging provides more cost-effective way and high resolution in clinical dignostics (Deng et al. 2013a; Wang et al. 2013b). However, comparing with in vitro cells imaging, various challenges appear with an augment in complexity of multicellular organism. Unlike monolayer cells, biological tissue thickness is the major concern since biological tissue can limit the transmission of visible light and weaken the QDs signals used for fluorescence imaging (Smith et al. 2008; Wan et al. 2016). To date, many in vivo animal imaging applications using functionalized QDs have still been confirmed, such as in vivo cell tracking (Gao et al. 2004), tumor imaging (Gao et al. 2012; Kim et al. 2004), vasculature imaging (Akerman et al. 2002; Gao et al. 2004) and so on. The greatest advantage of functionalized QDs for in vivo animal imaging applications is that their emission spectrum is able to be adjusted throughout near-infrared wavelengths by changing their size and composition, generating photostable fluorophores in biological environment (Kim et al. 2004).
3.2.2.1. In vivo distribution of quantum dots
For in vivo animal imaging techniques using QDs, the systemic intravenous delivery into bloodstream will be the major pattern (Smith et al. 2008). When QDs are exposed to blood, they may be quickly adsorbed by opsonins, resulting in the phagocytosis, then the platelet coagulation may arise and the complement system may be stimulated, simultaneously the immune system can be activated. In view of the various factors that may influence the systemically implemented QDs, including size, charges, shape, surface ligands, and so on, two most significant parameters that may affect the biodistribution are size and the preference of serum protein adsorption (Dobrovolskaia and McNeil 2007). Although numerous researches on the pharmacokinetics and biodistribution of QDs are still controversial, it has been consistently recognized that QDs are absorbed nonspecifically by reticuloendothelial system (RES) such as liver, spleen, kidney, and lymphatic system (Ballou et al. 2004; Fischer et al. 2006; Ji et al. 2014; Wang et al. 2013b). As shown in Fig. 9, Su et al. (2011b) reported that liver was the first target once aqQDs535 injection. In their study, aqQDs535 with 30.5% injected dosage (ID) were accumulated in liver after 4 h intravenous injection, and residual aqQDs535 were mainly distributed in lung (9.6 ± 1.1% ID), kidney (10.7 ± 3.1% ID), intestine (11.1 ± 1.9% ID), and spleen (3.8 ± 1.4% ID), respectively. It was worth declaring that kidney uptake declined from 40 ID to 30 ID as the hydrodynamic diameter of QDs increased from 2.9 nm to 4.5 nm, indicating that QDs with smaller size were more easily taken in by the kidney (Su et al. 2011b). At the same time, the distributions of QDs with different sizes were also significantly distinct in the spleen. In addition, QDs with various sizes have also different preferences for the penetration and accumulation of tumor tissue. For example, Perrault et al. (2009) reported the design parameters of QDs size used for the optimized tumor imaging. Recently, Wong et al. (2011) have indicated that the changing size facilitates QDs delivery into tumor tissue with sufficient quantity and deep penetration via a multistage delivery system, providing great prospects for tumor imaging and therapy. The surface coatings can also significantly increase the QDs size above that of renal threshold. Frangioni et al. (2007) reported that the renal clearance of QDs was closely correlative to their hydrodynamic diameter and the renal filtration threshold. Ballou et al. (2004) showed that CdSe/ZnS QDs were quickly transferred from the bloodstream into RES, and maintained there for at least four months with detectable fluorescence. Fischer et al. (2006) demonstrated that almost all albumin-coated QDs were removed from the bloodstream and withheld in liver after a vein injection. In a word, in vivo QDs are ultimately distributed to various organs of the RES.
3.2.2.2. Quantum dots for in vivo targeting and imaging
The photostability of QDs is an extraordinary advantage for in vivo applications. The in vivo fluorescent imaging of QDs can remain a longer time than that of fluorescent proteins or organic dyes because of their resistance to photobleaching. Nevertheless, in vivo applications are partly limited since the various parameters (e.g. inoculation concentration and exposure time) associated with imaging live cells, tissue, or animals need to be optimized. Biological targets include tumor (Gao et al. 2004; Morgan et al. 2005; Walling et al. 2009) and vasculature (Lim et al. 2003) in different tissue after in vivo injection of QDs (Ballou et al. 2004). For example, Larson et al. (2003) firstly reported that QDs-based probes had superior imaging contrast in living mice by means of two-photon excitation confocal microscopy. In addition, antibody-QD conjugates are also applied to provide specificity for in vivo applications (Jayagopal et al. 2007; Zhou et al. 2016).
Targeted tumor imaging technique has been the most significant in vivo application of QDs in recent few years, and different QD bioconjugates have been used to promote the targeting efficiency. Tumor imaging of QDs has a big challenge not only due to the demand for sensitive imaging agents, but also due to the particular biological attributes to cancer cells (Smith et al. 2008). Because cancer cells are exposed to the ingredients of bloodstream, their surface receptors may be recognized as the active targets of bioaffinity molecules. As to imaging probes, active targets of cancer antigens have brought tremendous interest to the medical field due to the power to discover early cancers (Hu et al. 2016a; Jain 2001). The first report was carried out by Akerman et al. (2002), they demonstrated that CdSe/ZnS QDs conjugated with peptide were capable of targeting blood vessels, lymphatic vessels, and lung in tumors after intravenous injection by using the microscopic imaging of tissue slices. Cai et al. (2006) reported that labeling QDs with RGD peptides obviously enhanced their ingestion in human glioblastoma tumors. Yu et al. (2007) could actively target and image human liver cancer with QDs, which were conjugated with an antibody against alpha-fetoprotein. In addition, Gao et al. (2004) put forward a kind of protein (antibodies to prostate specific membrane antigen, PSMA) functionalized QDs acting specific targeting capacity in live mice. After intravenous injection and circulation, the fluorescence image indicated an effective accumulation of QDs in the previously implanted prostate tumor. At the same time, the tumor fluorescence of targeted conjugates was greater than that of nonconjugated QDs, which accumulated passively through the permeability and retention (EPR) effect (Perrault et al. 2009). Therefore, nonconjugated QDs can passively accumulate in tumorous microenvironment and fluorescently image the tumor due to the porous blood vessels existing in tumor tissue. These studies indicate that QDs can serve as a nano-platform, which has significant potential for future cancer diagnostics and therapy.
QDs have also been applied directly to the bloodstream for vasculature imaging. For example, Larson et al. (2003) reported that green-light emitting QDs presented fluorescent in capillaries of adipose tissue of living mice after intravenous injection. In comparison with traditional contrast agents (dextran conjugates) for vasculature imaging, QDs possessed of better distinction between vessels and surrounding matrix and required much lower dosage (Stroh et al. 2005). Imaging intact skin and adipose tissue in living mice allowed the visualization of vasculature through 900 mm of dermis, and it was also possible to clearly image the capillaries at 250 mm deep of adipose tissue (Larson et al. 2003). Smith et al. (2007) demonstrated the vasculature imaging of chicken embryos by using various near-infrared QDs. Their work indicated that the fluorescence of QDs could be easily detected with higher intensity and sensitivity than that of dextran conjugates, leading to a higher integrality in image contrast through vessels. In addition, sentinel lymph nodes (SLNs) imaging of QDs has obtained great attention during the past decades since they play a key role in the immune system (Parungo et al. 2007). SLNs imaging allows the identification of first node in lymphatic basin, which reflects the status of entire basin of primary tumor drains (Jakub et al. 2003). For instance, Kim et al. (2004) demonstrated that near-infrared QDs which were intradermally injected in mice translocated to SLNs due to an integration of active migration of dendritic cells with passive flow in lymphatic vessels. However, it should be noted that the surface coatings and size of QDs greatly influence their migrations in lymphatic system. In comparison with small one, QDs with larger size cannot transfer to a long distance (Zimmer et al. 2006) and are not suitable for lymphatic drainage and image-guided resection. These findings have significant clinical impact due to the identification of lymph nodes and the fast lymphatic drainage, endowing surgeons to fluorescently examine nodes draining from the original metastatic tumors for cancer.
Due to the absorption and scattering, the penetration depth of light is dependent on wavelength in animal tissue. Near infrared spectrum (NIR)-emitting QDs bioprobes can facilitate the improvement of imaging sensitivity and resolution, since the biological auto-fluorescence background is reduced while the penetration of excitation and emission light is enhanced for NIR biomedical imaging (Cai et al. 2006; Ji et al. 2014; Lin et al. 2015; Wang et al. 2013b). Thus, in vivo imaging studies have been mostly implemented using NIR QDs, whereas the multiphoton excitation of QDs with low intensity NIR light can greatly suppress the tissue auto-fluorescence (Yong et al. 2009). For example, He et al. (2011b) reported a kind of NIR-emitting CdTe QDs as bioprobes for the bioimaging applications. The resultant NIR-emitting QDs were intravenously injected into the tumor-bearing mice and observed by measuring the time-lapse in vivo NIR biomedical images. The tumor tissues were sensitively labeled by the NIR-emitting QDs through an enhanced EPR. In addition, Deng et al. (2013b) further explored the performance of highly luminescent ZAISe QDs (λem = 790 nm) for in vivo imaging in living mice, where NIR-emitting QDs were applied to replace red-emitting QDs. In their study, a self-built small NIR imaging system was applied to capture the in vivo fluorescence images of mice at different time points post-injection (P.I.) (see Fig. 10).
3.3. Applications of quantum dots in therapeutic designs
3.3.1. Drug delivery
Due to QDs’ excellent features of large surface area, high brightness, and flexible surface for a variety of conjugations, it can play multiple roles in the application of drug delivery systems: (i) acting as a cargo carrier to load drugs, (ii) serving as an imaging agent to track drug delivery and distribution, and (iii) integrating with various functional conjugates for efficient targeted drug delivery, cellular uptake, and stimuli-responsive drug release (Boeneman et al. 2013; Chen et al. 2012; Zhou et al. 2015). Meanwhile, the integration of QDs with high-volume nano-carriers (e.g., liposomes (Lee et al. 2011; Muhammad et al. 2011b; Vivero-Escoto et al. 2010; Zhang et al. 2014), polymeric micelles (Al-Jamal et al. 2008; Al-Jamal and Kostarelos 2011; Ashley et al. 2011), and mesoporous silica nanoparticles (An et al. 2013; Wang et al. 2012; Yang et al. 2014; Ye et al. 2014)) may significantly enhance the drug loading capacity, giving the complexes with excellent stability, multiple functions, and good biocompatibility.
3.3.2. Cancer therapy

The successful utilization of QDs for sensing of the tumor-specific biomarkers and imaging of the tumor cells holds great significance for their further developments in early clinical diagnosis and operable surgery guidance (Kovtun et al. 2013; Lin et al. 2014; Zhang et al. 2016b). In particular, great improvements have been made in the constitution of QDs-based drug delivery for cancer therapy (Probst et al. 2013; Sung and Liu 2014; Zrazhevskiy and Gao 2009). For instance, QDs conjugated with the mutation-specific antibodies were recently employed to the immunofluorescence histochemical detection of gene mutations in the clinical samples of lung cancer (Qu et al. 2014). From this perspective, the application of specific antibodies against the mutated proteins might be carried out for the diagnosis and therapy of lung cancer in the future. In addition, Muhammad et al. (2011a) reported a QDs-based drug delivery system via loading the anticancer drug doxorubicin onto QDs-conjugated with folic acid. The folic acid can direct the targeted delivery of anticancer drug toward cancer cells, and the acid-sensitive QDs allow the release of doxorubicin in the mildly acidic intracellular condition of cancer cells.
4. Toxicity of quantum dots

In spite of great promise in application of QDs-based bioprobes for sensing and imaging, safety concerns are reported by a number of publications due to the potential release of heavy metal ions from QDs. Presently, the most common heavy metal element used to synthesize QDs is cadmium. Cadmium is contained into nano-crystalline core, which is covered by inert zinc sulfide shell and encapsulated within stable polymer layer, but it is still unknown if these released Cd2+ will influence the utilization of QDs as clinical contrast agents. It is also of great concern that QDs can aggregate to membranous structures and intracellular proteins, inducing the generation of ROS. To date, many toxicity researches of QDs have been carried out to fully understand their effects on the biological environment. The toxicity assessment of QDs is a significant research area and the findings will provide useful guidelines for translating QDs to the clinical applications. However, it is difficult to completely understand the underlying toxicity mechanism of QDs in vitro and in vivo since many discrepancies exist in the toxicity assessment of QDs. To explore the toxicity mechanism related to QDs in vitro and in vivo, Winnik and Maysinger (2013) have designed the toxicity experiments, which were carried out using various types of QDs with respect to their size ranges, materials combinations, and surface coating. Fig. 11 describes an overview of the cellular toxicity mechanisms that are triggered by the internalization of QDs.
In vitro and in vivo studies of QDs have grown our knowledge of cellular transport kinetics, biodistribution, and toxicity mechanisms (Hoshino et al. 2011; Ji et al. 2014; Tsoi et al. 2013; Zeng et al. 2013a; Zeng et al. 2013b). Cell toxicity experiments have demonstrated that QDs undergo exclusive intracellular localization and can cause cytotoxicity by releasing Cd2+ into cytoplasm and by generating ROS (Liu et al. 2013; Marmiroli et al. 2014; Wang et al. 2013c; Yang et al. 2012). Generally, in vitro cells studies under exposure to QDs have attributed the cytotoxicity to the release of potential Cd2+. Because Cd2+ can be released via the oxidation of QDs, and then bind to sulfhydryl groups on many intracellular proteins, leading to the reduced functionality in various subcellular organelles (Kirchner et al. 2005; Smith et al. 2008; Wan et al. 2015). For instance, Derfus et al. (2004b) demonstrated that Cd2+ was especially prone to be released from the oxidized lattice surface of CdSe QDs under UV irradiation or exposure to air, causing the severe cytotoxicity. In addition to Cd2+, ROS induced by QDs is recognized as another important factor for cytotoxicity. Photosensitive QDs transfer electron to molecular oxygen in solution, causing the formation of singlet oxygen, which react with water or other molecules to excite the production of ROS, such as superoxide anion (−O2), hydroxyl radical (·OH), and hydrogen peroxide (H2O2) (Cheng et al. 2016; Huang et al. 2008; Juzenas et al. 2008). These free radicals were demonstrated to cause DNA nicking and break (Anas et al. 2008), metabolic functions loss and cell apoptosis (Cho et al. 2007). For example, Green and Howman (2005) reported that DNA structures were damaged while cells were exposed to QDs, which could be ascribed to the generation of ROS from both surface oxide and photo-irradiation. Additionally, in vivo toxicity studies are also of particular important to illuminate the behaviors of QDs in more intricate multicellular organisms. However, the cytotoxicity can be easily measured in vitro through the membrane permeability or metabolic activity assays but not as straightforward in animals. Thus, organism viability and sublethal toxicity such as organs damage are usually considered in vivo studies. For instance, Choi et al. (2007) revealed that renal clearance was greatly relied on the hydrodynamic diameter of CdSe/ZnS QDs. QDs with smaller size (< 5.5 nm) could be more easily eliminated via the urinary excretion. In contrast, QDs with larger size (> 15 nm) were hardly eliminated from the body. Hauck et al. (2010) also revealed most recent studies, which were carried out in vivo using different QDs such as size (2 nm and 6 nm), shape (spheres and rods), composition (PbS and CdS), and surface chemistry (amino and carboxylic group), indicating that these features of QDs played a key role in biodistribution and toxicity. Recently, several groups have also used animals (e.g., Caenorhabditis elegans, Bombyx mori, Zebra fish, and Rhesus macaques) as alternative models for the toxicity testing of QDs, providing novel insight into further exploring of potential risks of QDs (King-Heiden et al. 2009; Liu et al. 2014; Qu et al. 2011; Ye et al. 2012).
Although there are still several divergences in the toxicity assessment of QDs and many more systematic researches are still of necessity, the release of Cd2+ and the formation of ROS are generally recognized to be the main reason in causing the toxicity. QDs with various sizes and surface coatings play an important role in the uptake of cells whereby exerting different levels of toxic impacts (Hu et al. 2016b; Lovric et al. 2005). Therefore, many strategies have been explored to decrease the potential toxicity from the oxidation and the free radicals. The ZnS shell method is usually introduced, which can slow down the degradation process by restricting the transport of oxygen to core surface. However, this method along with other means (e.g. proteins, polymers, and silicon oxide) does not fully solve the problem such as ROS generation and shell degradation, and consequently the core oxidation still occurs. If new generation QDs are able to avoid these shortcomings and provide more competitive properties, they will possess considerable potential in biological and biomedical application.
5. Conclusions and perspectives
This review summarizes the recent progress in properties, applications and toxicity of QDs, which demonstrates that QDs have an excellent potential for medical researches, diagnostics, innovative methods of drug delivery, and cancer therapy. Specifically, QDs as a novel type of fluorescent nanomaterial for biomedical sensing and imaging have been highlighted and discussed. The functionalization of QDs with a variety of biomolecules (e.g., antibodies, peptides, and nucleic acids) provides opportunities for applying them to biomedical research. In comparison with conventional fluorescent proteins or organic fluorophores, QDs possess many advantages such as tunable broad excitation, narrow emission spectra, and high resistance to photobleaching. Moreover, the integration of QDs with high-volume nano-carriers (e.g., mesoporous silica nanoparticles, liposome, and polymeric micelles) may establish a multifunctional system for targeted drug delivery, clinical diagnosis, and cancer therapy.
Although many studies have been devoted to illuminating the long-term toxicity and fate of QDs in various cellular and animal models, the toxicity assessment of QDs still remains controversial. These studies have still been continued during the past few years, especially regarding the distribution and degradation of QDs in nonhuman primates. The behavior and toxicity of biocompatible QDs in vitro and in vivo should be systematically analyzed and comprehensively evaluated before their further clinical applications. Even though there is a long road for the utilization of biocompatible QDs, particularly in human body, we believe that the rapid development of biotechnology and nanotechnology will transfer biocompatible QDs forward to the real clinical applications in the near future.
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Figure captions
Fig. 1. Variation trend of the number of QDs publications on index journals according to ISI Web of Science.
Fig. 2. Fluorescent QDs are extensively used for biosensing, bioimaging, and drug delivery.
Fig. 3. The UV-vis absorption and fluorescence spectra of CdSe QDs obtained by Peng at different heating time: 3, 5, 7, 10, 14, 20, 25, and 30 min (Esteve-Turrillas and Abad-Fuentes 2013).

Fig. 4. Top: (a) UV-vis absorption and (b) fluorescence spectra of three-sized aqueous QDs, maximum luminescent wavelength are 535 nm, 605 nm, and 685 nm, respectively. (c) representative dynamic light scattering histogram of the above three-sized aqueous QDs. Middle: (d)-(f) their corresponding TEM images (Su et al. 2011b). Bottom: the schematic surface characteristics of three kinds of thiol-modified QDs: CdTe, CdTe/CdS core–shell, and CdTe/CdS/ZnS core–shell–shell synthesized in aqueous media. Only twelve thiol molecules are provided on the QDs surface for easier comprehension (Su et al. 2009).

Fig. 5. Schematic diagrams of various QD probes for sensing application. Top: QDs are generally stabilized ionically with a monolayer of hydrophilic thiols in solution; Middle: QDs conjugated with streptavidin can be easily bound to different biotinylated molecules with high bioaffinity; Bottom: QDs are employed to detect the existence of biomolecules by using comprehensive probes, which integrate energy acceptors or donors (Smith et al. 2008).
Fig. 6. (a) Schematic of two-step QDs-FRET. The QD donors excite stepwise energy transfer (E12) to nuclear dye (ND), which acts as the first acceptor for energy transfer to the second acceptor Cy5 (E23). (b) Plasmid DNA (pDNA) is double-labeled with ND and QDs to form nanocomplexes before complexation with Cy5-labeled polymer. Three different states of pDNA: (I) condensed, (II) released, and (III) degraded, are distinguished by ND and Cy5 emissions and computed by E12 and E23 efficiencies (Chen et al. 2009).
Fig. 7. Laser confocal scanning microscopy images of αυβ3-positive MDA-MB-231 cells (a) and αυβ3-negative MCF-7 cells (b) after incubation with 675 nm emitting QDs-micelle composites (λex = 488 nm) (Deng et al. 2013b).
Fig. 8. (a) and (b) Confocal fluorescent images of K562 cells infected with PI dye (red) and quantum nanospheres (green). (c) Photostability comparison of PI dye (red) and quantum nanospheres (green) (He et al. 2011a).
Fig. 9. In vivo biodistribution of (a) aqQDs535, (b) aqQDs605, and (c) aqQDs685 at time interval points after QDs injection (Su et al. 2011b).
Fig. 10. Dynamic distributions of NIR QDs in nude mice bearing (a) αυβ3-positive MDA-MB-231 tumor and (b) αυβ3-negtive MCF-7 tumor monitored by the in vivo NIR fluorescence imaging system, respectively. (c) Corresponding curves of tumor-to-normal tissue ratios of NIR QDs in αυβ3-positive MDA-MB-231 and αυβ3-negtive MCF-7 tumor-bearing nude mice (Deng et al. 2013b).
Fig. 11. Top: the schematic overview of cellular mechanisms in cells treated with Cd-containing QDs. Bottom: the QDs-triggered impairments of the mitochondria, nucleus, and plasma membrane (Lovrić et al. 2005; Winnik and Maysinger 2013).
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