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Abstract. 
Semiconductor Quantum dots (QDs) have generated extensive interest for biological and clinical applications.  These applications arise from their unique properties, such as high brightness, long-term stability, simultaneous detection of multiple signals, tunable emission spectra.  However, high-quality QDs, whether single or core-shell QDs, are most commonly synthesized in organic solution and surface-stabilized with hydrophobic organic ligands and thus lack intrinsic aqueous solubility.  For biological applications, very often it is necessary to make the QDs dispersible in water and therefore to modify the QD surfaces with various bifunctional surface ligands or caps to promote solubility in aqueous media.  Well-defined methods have been developed for QD surface modification to impart biocompatibility to these systems.  In this review, we summarize the recent progress and strategies of QDs surface modification for potential cancer diagnostic and therapeutic applications. In addition, the question that arose from QD surface modification, such as impact of size increase of QD bioconjugates after surface-functionalization or surface modification on photophysical properties of QDs, are also discussed.


1. Introduction
Cancer is one of the most serious health threats worldwide, with an estimated 12.7 million new cases and 7.6 million cancer deaths in 2008 [1]. Cancer is greatly feared due to the widespread occurrence of this disease, its high death rate, and recurrence after treatment. The application of nanotechnology in medicine has provided an unprecedented opportunity for addressing many of the current challenges in the diagnosis and treatment of cancer [2, 3]. 
Semiconductor quantum dots (QDs) have great potential in biomedical fields, due to their excellent optical properties. QDs exhibit discrete size-dependent energy levels. As the size of the nanocrystal increases, the energy gap decreases, yielding a size-dependent rainbow of colors. By varying the size and the composition of the QDs, light wavelengths from the ultraviolet to the infrared range can be achieved, so that they enable simultaneous examination of multiple molecules and events [4]. QDs have unique optical spectra compared to organic fluorophores. Organic dyes typically have narrow absorption spectra, which mean that they can only be excited within a narrow window of wavelengths. Furthermore, organic dyes have asymmetric emission spectra broadened by a red tail. In contrast, QDs have broad absorption spectra, enabling excitation by a wide range of wavelengths, and their emission spectra are symmetric and narrow. Consequently, multicolor nanocrystals of different sizes can be excited by a single wavelength shorter than their emission wavelengths, with minimum signal overlap. QDs are also relatively stable light emitters owing to their inorganic composition, making them less susceptible to photobleaching than organic dye molecules [5, 6]. The unique optical properties of QDs make them appealing as in vivo and in vitro fluorophores in various biological and medical applications, such as diagnosis and therapy of cancer [7–11].
QDs are usually utilized as either core-only or core-shell structures [12]. Core-shell nanoparticles are more desirable for biological applications as the core being passivated by the shell (usually a wider band-gap material), which improves fluorescent properties and prevents leaching. Core-shell QDs are typically synthesized from various semiconductor materials which can provide access to a full range of potential emission wavelengths. High-quality QDs, whether single or core-shell structures, are most commonly synthesized in organic solution and surface-stabilized with hydrophobic organic ligands and thus lack intrinsic aqueous solubility. For biological applications, it is necessary to alter the QDs so that they become dispersible in water, and therefore to modify the QDs surface with various bifunctional surface ligands or caps to promote solubility in aqueous media [4, 13–16]. Also, the attachment of biological molecules to the QD surface needs to provide the desired specific biorecognition and/or targeting properties. In some cases, the QD surface ligands must accomplish this mission by providing unique functional groups, such as carboxyls or amines, for the multistep covalent chemical coupling of biomolecules. Therefore, surface modification is vital for QDs in biological applications. In this paper, we summarize the recent progress and strategies in QDs surface modification for cancer diagnostics and therapeutics related applications: (1) the growth of additional layer, for instance a silica shell, around the nanoparticles, through surface silanization; (2) the exchange of hydrophobic surfactant molecules with bifunctional molecules; (3) coating of QD surfaces with amphiphilic polymers, phospholipid micelles, or microspheres. Moreover, the questions that arose from QD surface modification, such as the impact size increase of QD bioconjugates after surface functionalization or surface modification on photophysical properties of QDs, are also discussed. 
2. Silanization
In order to render QDs more effective and also more biocompatible for potential cancer diagnostics and therapeutic-related biomedical applications, one of the most preferred approaches is to introduce a silica shell covering the QDs [17, 18]. This approach is also called surface silanization [6, 19]. The first step of this process involves exchanging the surface ligand with a thiol-derived silane, such as mercaptopropyltris(methyloxy)silane (MPS). The trimethoxysilane groups can be cross-linked by the formation of siloxane bonds. During further silica shell growth, other types of silicon can be added to render a different charge and provide functional groups on the surface (Figure 1) [4]. Those most frequently used are aminopropylsilanes (APS), phosphosilanes, and polyethylene glycol (PEG)-silane [19, 20]. Because the silica shells are highly cross-linked, silanized QDs are extremely stable. Silanization is preferred also because it is less toxic in comparison with other ligands [21, 22]. Most reports of silica coated systems are limited up to the cytotoxicity evaluation [23–25]. For example, for in vivo applications, these materials have to travel through body fluids such as like blood. In that sense, the materials have to satisfy the mandatory criteria such as basic haemocompatibility [26]. 


	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
		
		
			
		
			
		
			
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
				
				
					
				
			
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
			
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
		
		
		
		
		
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
	


	
		
	
	
		
	
	
		
	
	
		
	
	
		
		
	
	
		
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
		
		
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
		
	
	
		
	
	
		
			
			
			
			
			
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	

Figure 1: Surface silanization sketch of TOPO-capped CdSeZnS core/shell particles by mercaptopropyltris(methyloxy)silane (MPS). The diagram was adapted from [4].


A number of reports have been devoted to silica coating of colloidal nanoparticles by aqueous classical methods such as Stöber synthesis methodology [27–29], silicate water-glass methodology [30, 31], and the methodology using sodium of silane coupling agents [32]. Recently, many new approaches have been explored. Based on classical methods, Guerrero-Martínez et al. [30] developed three different synthetic strategies, including: (i) the use of water-in-oil (W/O) micro-emulsions to coat nanoparticles such as metal colloids, magnetic nanoparticles, and semiconductor nanocrystals, (ii) silica coating of polymeric aggregates, surfactant vesicles, and polymer/surfactant stabilized inorganic nanoparticles, and (iii) assembly of silica colloids on nano- and microparticles by various physiosorption strategies (Figure 2). Although many groups have also successfully prepared silica-coated core-shell QDs, the various types of surface-silanized QDs still could be divided into three classes, such as single QDs, core-shell QDs, and multiple-layered QDs being coated by silica shell.
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Figure 2: Three synthetic approaches of silica coated nanomaterials. (a) W/O microemulsion method, (b) silica coating the polymers or surfactants, (c) silica nanoparticles self-assembled onto nanomaterials.


Firstly, Chen et al. [33] synthesized CdTe QDs coated with silica particles and the particles surface was further functionalized covalently with α-fetoprotein antibody, anti-AFP (secondary antibodies denoted Ab2). This work presents a novel strategy for ultrasensitive detection of biomarkers based on CdTe quantum dot. The enhanced detection of biomarkers based on single QD-functionalized silica nanosphere labels was achieved by an increase in CdTe QDs loading per sandwiched immunoreaction. Tan et al. [34] utilized silica functionalized PbSe QDs on two different cell lines for cytotoxic studies and found that the silica-coated PbSe QDs were much less cytotoxic than the polymer coated PbSe QDs, which were used for comparison. 
More interestingly, Selvan et al. [35] employed Igepal as a nonionic surfactant and synthesized 20~30 nm silica-coated CdSe/ZnS/SiO2 QDs via a reverse microemulsion. The QDs displayed comparable quantum yields to CdSe/ZnS QDs, but were much less toxic than organic-coated water-soluble QDs. Also, Bruchez et al. [6] extended the CdSe/CdS/SiO2 core-shell systems by adding a third layer of silica to labeled 3T3 mouse fibroblast cells. Furthermore, Durgadas et al. [26] reported CuSe/ZnS/Silica QDs, which were conjugated with an anticancer drug and labeled HepG2 and C6 glioma cancer cells. They also pointed out that the improvement of the core/shell/shell QD synthesis would expand the applications of QDs in disease site targeting and cellular labeling.
Finally, Yi et al. [36] and Selvan et al. [37] encapsulated QDs and magnetic nanoparticles (MPs) in a silica shell using a reverse microemulsion synthesis. The resulting MPs (γ-Fe2O3)-QDs (CdSe)/SiO2 nanocomposite particles present a unique combination of magnetic and optical properties. Their nonporous silica shell facilitated their surface modification for bioconjugation in various biomedical applications. For example, the synthesis of multifunctional nanoparticles, in which both QDs and magnetic particles were coated with silica, was used for live cell imaging of human liver cancer cells (HepG2), mouse fibroblast cells (NIH-3T3), and the protein detection.
 In general, these silica-coated core-shell nanostructured architectures are fascinating hybrid materials that combine various types of cores with silica that possess superior stability and little toxicity. In addition, the careful control over the thickness of the silica shell can provide sensitive tuning of the response to light and magnetic information. Silica-coated systems also could be beneficial for electronic and biosensing applications.
3. Ligand Exchange
Among the strategies that have been used to stabilize core or core-shell nanocrystals in aqueous solutions, the most common approach is to exchange the hydrophobic surfactant molecules with bifunctional molecules, which are hydrophilic on one end and hydrophobic on the other end. Because these bifunctional molecules replace the hydrophobic surfactants, this process is called ligand exchange [19]. Among the bifunctional molecules, thiols (–SH) are used as anchoring groups to bind to the QDs surface, while carboxyl (–COOH) groups are used as the hydrophilic ends. Numerous examples of QD surface ligand exchange with using bifunctional biorelevant molecules such as cysteine, mercaptosuccinic acid, and glutathione have provided finished materials with opportunities for biomedical applications [38]. 
3.1. Cysteine
Liu et al. [39] developed a compact cysteine coating on a highly robust CdSe/ZnCdS QD to form water-soluble QDs via ligand exchange. These QDs were biologically compatible, extraordinarily compact, highly fluorescent, and easily functionalized nanocrystals for in vivo targeted imaging. Choi et al. [40] also coated CdSe/ZnS QDs with cysteine by ligand exchange and precisely defined the requirements for renal filtration and urinary excretion of inorganic, metal-containing nanoparticles. They reported that the hydrodynamic diameter (HD) was smaller than 5.5 nm, which was beneficial for rapid and efficient urinary excretion and elimination of QDs from the body. This study provided a foundation for the design and development of biotargeting nanoparticles for biomedical applications [41, 42].
3.2. Mercaptosuccinic Acid
Yong et al. [43] functionalized the InP/ZnS QDs with mercaptosuccinic acid to render them highly dispersible in aqueous media and allowed specific in vitro targeting of pancreatic cancer cell lines. This work has suggested the immense potential of InP/ZnS QDs as safe and efficient non-cadmium-based optical imaging nanoprobes for the early detection of cancer. 
3.3. Polyethylene Glycol
Choi et al. [44] coated InAs/ZnS QDs with various chain length of polyethylene glycol (PEG). They found that increasing the PEG chain length from 2 to 22 units not only resulted in changes in hydradynamic diameter, but also resulted in better targeting to the liver, kidney, pancreas, and lymph nodes. 
3.4. Mercaptoacetic Acid
Yu et al. [45] synthesized mercaptoacetic acid (MAA) coated CdSe/ZnS QDs via ligand exchange and linked QDs to alphafetoprotein (AFP) antibodies for specific binding with AFP. They archived specific fluorescence detection with the QD-anti-AFP in nude mice xenocrafted with cancer. The fluorescence results demonstrated that QD-Anti-AFP fluorescent spectral and lifetimes had not varied much from that of the original QDs. Moreover, QD-Anti-AFP had exhibited higher fluorescence efficiencies than QDs under two-photon excitation.
3.5. Glutathione
Tiwari et al. [46] used glutathione to coat CdSe/CdZnS QDs (GSH-QDs) and anti-HER2 antibodies to conjugate QDs (HER2Ab-QDs) using different coupling agents (EDC(1-ethyl-3-(3-dimethyl-aminopropyl)carbodiimide)/sulfo-NHS(3-sulfo-N-hydroxy-succinimide sodium salt), iminothiolane/sulfo-SMCC(sulfosuccinimidyl-trans-4-(N-maleimidomethyl)cyclohexane-1-carboxylate), and sulfo-SMCC). These fluorescent probes have great potential for the precise determination of HER2 status among breast cancer patients at the cellular levels.
3.6. Ligand Exchange with Other Molecules
QDs functionalized with polyamidoamine (PAMAM) [47–49] and polyisoprene [38] have shown great potential for applications in cancer targeting and molecular imaging, such as gastric cancer cells. The resulting water-soluble QDs have shown fluorescence quantum efficiencies in the 40 to 50% range and extraordinary fluorescence stability in biological environments after cross-linking of the ligand shell. 
Although many biological applications of QDs have been achieved by using bifunctional molecules to render QDs water soluble, this approach can often negatively alter the chemical and physical states of the QDs surface and cause a dramatic decrease in the quantum efficiency. For example, Jin et al. [50] modified the surfaces of hydrophobic CdSeTe/CdS QDs with GSH in a tetrahydrofuran-water solution and these QDs exhibited quantum yields of only 22%. Moreover, the stability of the QDs has not been well understood under in vivo conditions. The long-term stability of the QDs depends on the bond between the thiol group and the QD surface, which can be weak with oxidation. Consequently, the thiol-based molecules can become cleaved from the QD surface, causing the QDs to aggregate and precipitate from solution.

4. Amphiphilic Polymer Coatings
Instead of exchanging the hydrophobic surfactant, the QDs in this case are coated with a cross-linked amphiphilic polymer. The hydrophobic part of the amphiphile is designed to interact with the hydrophobic chains of the surface ligands, and the hydrophilic component (most commonly in the form of carboxyl groups or polyethylene glycol chains) provides water solubility and chemical functionality. 
The CdSe/ZnS QDs [58, 59], after being coated by PEG(poly(ethylene glycol)), were conjugated with monoclonal anti-EGFR (epidermal growth factor receptor) antibodies (cetuximab) through two long-chain heterobifunctional linkers, sulfo-LC-SPDP(sulfosuccinimidyl 6-[3′-(2-pyridyldithio)propionamido]hexanoate) and sulfo-SMCC(sulfosuccinimidyl-trans-4- (N-maleimidomethyl)cyclohexane-1-carboxylate). The cellular imaging experiments using the QD-cetuximab conjugates showed a clear endocytosis pathway, which was evidenced by the colocalization of the QD-cetuximab conjugates with dye-labeled transferrin. These results suggest that the QD-cetuximab conjugates as an imaging modality for tumor EGFR overexpression can be expected to provide important information on the expression levels of EGFR among cancer cells. Such applications include in vitro assays, cellular imaging, and in vivo imaging applications.
During amphiphilic polymerization coating process, a cross-linking treatment is often performed. Although not always necessary, the cross-linking reactions are thought to increase the stability of the polymeric shell of the QDs. Hydrolysis of the remaining anhydride groups transfers the polymer-coated QDs to the water phase. This treatment also provides a large number of carboxylic units, which can be used for further derivatization. Although there are relatively few literature examples of QDs coated with amphiphilic polymers, the methods based on hydrophobic interactions between the QD ligands and polymer functionalities have already addressed many problems related to undesired ligand exchange reactions.
5. Micellar Phospholipid Coatings
The encapsulation of QDs within phospholipid micelles is attractive for several reasons [60–62]: firstly, the encapsulation step does not alter the surface, secondly, the optical properties of the QDs are retained, and thirdly, the micelles have highly dense surfaces, which prevents nonspecific adsorption so that the supramolecular architecture is maintained by local hydrophobic interactions.
Dubertret et al. [63] encapsulated individual CdSe/ZnS QDs in phospholipid block copolymer micelles and demonstrated both in vitro and in vivo imaging. When conjugated to DNA, the nanocrystal-micelles acted as in vitro fluorescent probes to hybridize to specific complementary sequences. In comparison with other systems, they simultaneously provided efficient fluorescence, a great reduction in photobleaching, colloidal stability in various biological environments, and low nonspecific adsorption. Hu et al. [64] also reported alloyed CdTe1−xSex/CdS  QDs encapsulated within PEG-grafted phospholipid micelles. For tumor-specific delivery in vivo, the micelle-encapsulated QDs were conjugated with a cyclic arginine-glycine-aspartic acid (cRGD) peptide, which targeted the α vβ 3 integrins that are overexpressed in angiogenic tumor vasculatures. Their work had demonstrated that these QDs provide a promising theranostic, nanosized platform for both cancer imaging and therapy. Erogbogbo et al. [65] reported that silicon QDs and iron oxide nanoparticles were coencapsulated by phospholipid-polyethylene glycol (DSPE-PEG) micelles. Their luminescence stability in a prostate cancer microenvironment was demonstrated in vivo. Many groups also have synthesized lipid-coated nanoparticles and used them in cellular and in vivo imaging [66–70]. The encapsulation of QDs by phospholipid micelles provides more opportunities for utilizing QDs in biological applications.
6. Microsphere/Microbead Coatings
Incorporating QDs in microspheres is of interest for both fundamental studies on light-matter interactions [71] and practical applications, such as semiconductor microlasing [72] and biological tags [6]. This dot-in-a-dot structure confines electrons and photons in all three dimensions. The spontaneous emission was enhanced from that of regular QDs because the QDs were embedded within the microcavities [73].
Methods to incorporate QDs into microbeads include the following approaches [74]. The first approach involves the dispersion of commercially available or synthesized microbeads and QDs in a solvent/nonsolvent mixture is chosen to cause the partial swelling of microbeads. QDs that are dispersed in the solution penetrate into the microbeads and, as the solvent is removed, are captured in the subsurface region of the microbeads. The second method utilizes a layer-by-layer strategy to adsorb QDs consecutively onto oppositely charged microbeads. In this scheme, QDs are electrostatically bound to the surfaces of the microspheres. The third approach involves the growth of a silica/QD shell around preformed silica spheres. Finally, the fourth approach involves loading QDs into polymer microbeads through emulsion and suspension polymerization. With these methods described above, various QDs can be incorporated into microspheres/microbeads and are further directed to more biomedical applications such as diagnostics (Table 1). 
Table 1: QD/microbead hybrid material preparation methods and their characteristics and biomedical applications.
	

	Approaches	QDs	Characteristics or applications
	

	 	 	(1) Bead identification accuracies as high as 99.99%
	 	
								(a) CdSe/ZnS [51]	(2) The coding and target signals of DNA hybridization at the single-bead level
	
								QDs are absorbed into the subsurface region of microbeads, as the solvent is removed	 	(1) Both single- and dual-color codes were also obtained
	 	
								 (b) CdSeTe [52]	
								(2) Good detection sensitivity and low cytotoxicity on suspension immunoassay for goat antimouse IgG on the xMAP platform
	

	QDs are electrostatically bound to the surfaces of the microspheres, using layer-by-layer strategy	(a) CdTe [53]	More flexibility for creating QD-beads in biomedicine applications (sensing, immunoassay, encoding, and diagnostic) 
	(b) CdTe [54]	Cytotoxicity reductions 
	

	QDs grow around preformed silica spheres	CdSe, CdSe/ZnS, or CdSe/ZnSe/ZnS [55]	A comparatively stable and noncytotoxic intracellular delivery
	

	QDs are incorporated into polymer microbeads through emulsion and suspension polymerization	(a) CdSe/ZnS [56]	Good detection sensitivity of rabbit IgG molecules onto the surfaces of the microbeads-QDs 
	(b) 
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 [57]	High-throughput multiplexed biomolecular immunoassay for human IgG detection 
	



7. Summary and Future Challenges
The rapid development of nanotechnology has given the new hope in the early detection and potentially treatment of cancer. Much basic work on the engineering of QD surfaces and creating QD bioconjugates with control over all relevant properties has been accomplished. In spite of this, there are still many questions that remain unanswered. For example, size of a conjugate is also one crucial aspect. Although the sizes of QDs are comparable to those of large proteins, it is important to note that the surface-functionalization and further conjugation of biomolecules can increase the sizes of QD bioconjugates. Such large sizes may limit access to intracellular organelles and alter the intrinsic activity of any attached proteins. Therefore, developing surface functionalization techniques that maintain a small overall size is highly desirable. Additionally, during exchange between hydrophobic surfactant molecules and bifunctional molecules, the long-term stability of the QDs become more dependent on thiol- and metal bonds, which are relatively weak. The real-world applications of thiol-capped core-shell QDs are therefore rather limited. All of these considerations would hinder the application of QDs in biomedical applications. Therefore, the development of an effective approach for QD surface functionalization still remains a challenge for this technology.
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