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Luminescent semiconductor nanocrystals, also known as quantum dots (QDs), have advanced the

fields of molecular diagnostics and nanotherapeutics. Much of the initial progress for QDs in biology

and medicine has focused on developing new biosensing formats to push the limit of detection

sensitivity. Nevertheless, QDs can be more than passive bio-probes or labels for biological imaging and

cellular studies. The high surface-to-volume ratio of QDs enables the construction of a ‘‘smart’’

multifunctional nanoplatform, where the QDs serve not only as an imaging agent but also

a nanoscaffold catering for therapeutic and diagnostic (theranostic) modalities. This mini review

highlights the emerging applications of functionalized QDs as fluorescence contrast agents for imaging

or as nanoscale vehicles for delivery of therapeutics, with special attention paid to the promise and

challenges towards QD-based theranostics.
Introduction

Emergence of novel nanoparticles, namely colloidal particles of

5–50 nm in diameter, such as semiconductor nanocrystal and

metallic nanoparticles, has fundamentally changed the bio-

analytical measurement landscape.1–4 Luminescent semi-

conductor nanocrystals, colloquially known as quantum dots

(QDs), stand among the research tools in chemistry, physics, and

biology as one of the most exciting developments. These inor-

ganic fluorescent nanocrystals typically comprise periodic groups

of II–VI (e.g. CdSe and CdTe) or III–V (e.g. InP and InAs) semi-

conductor materials. As a photon of proper energy impinges

a semiconductor, exciting an electron from the valence band into

the conduction band, it generates an electron–hole pair (or

exciton) that is weakly bound by Coulomb forces. For semi-

conductor nanocrystals with all three dimensions less than the

Bohr exciton radius (typically a few nanometres), their energy

levels are quantized (due to quantum-confinement effect,

henceforth named quantum dots), and the spacing of which can

be controlled by the crystal sizes.5,6 This effect leads to the

superior optical properties of QDs, such as narrow, symmetric

and size-tunable emission spectra, and broad excitation spectra,

rendering them particularly valuable for multicolor fluorescent

applications. Other commonly discussed benefits of QDs over

organic fluorophores or fluorescent proteins include stronger

fluorescence (�10–100 times brighter) and higher fluorescence

stability against photobleaching (�100–1000 times more

stable),7,8 which facilitate the long-term monitoring of intermo-

lecular and intramolecular interactions in live cells and organ-

isms. Consequently, since the first demonstration of colloidal

quantum dots for biological labeling in 1998,9,10 subsequent

innovations have centered on the exploration of QDs for

biomedical applications.
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Synthesis and surface modification of quantum dots

Among the array of synthetic routes devised for the preparation

of quantum dots (reviewed in refs. 8,11–16), the predominant

approach is to coat a CdSe core with a ZnS layer to obtain the

best crystalline quality and monodispersity. Passivation by the

ZnS layer protects the core from oxidation, reduces toxicity by

preventing the CdSe from leaching out to the surrounding

solutions, and also enhances the photoluminescence yield.

However, the ZnS-coated QDs are only soluble in nonpolar

organic solvents. Due to the aqueous nature of the biological

environment, altering the QD surface properties from hydro-

phobic to hydrophilic becomes an essential step for QDs to be

useful in biological applications. Although the synthesis of QDs

has been performed directly in aqueous solution, the products of

the aqueous schemes are largely polydispersed and rarely match

the quality of those synthesized through high-temperature routes

with hydrophobic organic solvent/ligand mixtures.7,17,18

Furthermore, inorganic materials such as QDs have little to no

innate biological specificity. They must rely on conjugation with

biological molecules such as aptamers,19 antibodies,20 oligonu-

cleotides,21 peptides,22–25 folates,26 and small molecule ligands to

gain biological affinity.27 After much effort to alter the properties

of QDs, such as stability, monodispersity, crystallinity, solu-

bility, and biocompatibility,9,20,28–30 QDs have evolved from an

interesting curiosity to a widely used research tool for diagnos-

tics, cell and molecular biology studies, and in vivo bioimag-

ing.11,12,31

QD-based multiplexed biosensing and FRET

Quantum dots have become popular fluorescent cellular probes

for light microscopy (LM), again because of their unique optical

and physical properties. Notably, their electron-dense semi-

conductor cores can be directly imaged by electron microscopy

(EM) even without any contrasting treatment.32 Collectively,

their distinct size, shape and elemental fingerprint facilitate

multilabeling for correlative microscopy with LM and EM.33 A

widely adopted mechanism of QD-based fluorescence biosensing
This journal is ª The Royal Society of Chemistry 2010
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is through QD-mediated F€orster Resonance Energy Transfer

(FRET). Since the first theoretical predication and experimental

demonstration,34,35 respectable progress has been made in the

past few years on the use of QD-FRET based biosensors,36,37

particularly on bioanalysis (nucleic acids, proteins, and immu-

noassays) and intracellular sensing. QDs possess several unique

optical properties over organic fluorophores that can benefit

FRET configurations, including broad absorption, size-depen-

dent narrow emission and strong resistance to photobleaching.

Their emission spectra are usually fairly symmetric and narrow

(typically 10–20 FWHM), tunable across a wide range by

changing the size and composition of the QD core, once again

due to the quantum confinement effect. When paired with an

organic fluorophore, crosstalk, the spectrum overlap between the

donor and acceptor emissions, can be effectively minimized.

Meanwhile, the QD absorption has an increased probability at

higher energies, resulting in a broader absorption over the entire

spectral range extending from the characteristic emission band to

the UV band. This feature enables the use of UV-range excita-

tion, lessening the possibility of direct-acceptor excitation.

Perhaps more importantly, excitation at a single wavelength can

excite multiple QDs to emit in non-overlapping, narrow spectral

ranges that can still be discriminated. This renders QDs well

suited towards multicolor applications38,39 and even mulitiplexed

FRET, which would be particularly valuable for cellular inter-

actions involving multiple entities or events.
Nanoparticle-mediated cellular responses

Despite the tremendous therapeutic potential of nanoparticles in

medicine, the fundamental information regarding the physico-

chemical interaction between nanoparticles and cells (i.e.

membrane surfaces, endosomal compartments, cytoplasm, and

other organelles) is relatively limited (recently reviewed in

ref. 40). Cellular uptake of nanoparticles is modulated by size,41

shape and angle of curvature,42–44 effective surface charge (zeta-

potential) and surface functionalization.45 For example, gold
Fig. 1 (a) Schematic representation of a multimodal QD, where the QD serv

multiple functional modalities, such as a targeting ligand (peptide, antibody, o

the cell-penetrating ligand can then be exposed, allowing the multifunctional

stimuli (pH, temperature, or enzyme), allowing subsequent intracellular relea

theranostic process in the human body may include: (1) escape from the clea

marrow), allowing longer blood circulation time, (2) accumulate in the patho

leaving minimum damage to the cell, (4) overcome the delivery barriers, leadin

optical or magnetic), allowing for real-time monitoring of the treatment, whi

This journal is ª The Royal Society of Chemistry 2010
nanoparticles45 and QD conjugates46 exhibit different cell-

membrane penetration and cytotoxicity characteristics depend-

ing on the types of ligand on their surfaces. It would be valuable

to investigate whether there exists an intrinsic generalized

correlation between the physicochemical properties of nano-

particles and cellular responses. Otherwise, findings for a partic-

ular nanomaterial, such as gold nanoparticles (currently the most

studied because of their ease of synthesis and characterization),

may be irrelevant for other types of nanomaterials (such as QDs),

or even invalid for the same nanomaterial that is produced

through a different synthetic route. For instance, why does the

cytotoxicity of gold nanoparticles differ with size and surface

decoration?42,47 A better understanding of nanoparticle-mediated

cellular responses, therefore, would assist nanoparticle design by

providing insights on the uptake kinetics and intracellular

behavior to complement the readout of therapeutic efficacy or

marker gene expression levels.
Scope of this mini review

Theranostics, a term coined for combining diagnostics and

therapeutics, integrates real-time evaluation with delivery of

a medication. QDs excel in imaging applications; they may also

serve as particulate delivery vehicles if the biocompatibility issue

can be managed. Such multifunctional nanoparticles offer

synergistic advantages over any single-modal nanoparticle

alone.48–51 Through surface immobilization of ligands and

conjugation of ‘‘drugs’’ on QD one can construct an ‘‘all-in-one’’

multifunctional nanoplatform that features targeting, ther-

apeuctic and imaging modalities. Multifunctional QDs therefore

may have the potential to meet the requirements of a theranostic

system, which ideally, should possess a number of the following

characteristics (Fig. 1): (a) accumulate in the pathological zone,

targeting specific cell types, (b) penetrate the cells efficiently, with

minimal cytotoxicity, (c) overcome the intracellular delivery

barriers, allowing efficient intracellular trafficking, (d) respond to

local stimuli, releasing the therapeutic agents, and (e) bear
es as both a diagnostic agent (imaging) and a nanoscaffold to incorporate

r protein) and a therapeutic agent. Upon interacting with the target cell,

QD to enter the cell. Stimuli-sensitive antennae may be triggered by local

se of the drug from the drug-loaded vesicle. (b) Requirements of an ideal

rance of reticuloendothelial system (RES, mainly liver, spleen, and bone

logical zone, targeting specific cell types, (3) penetrate the cell efficiently,

g to efficient intracellular release, and (5) bear a diagnostic agent (imaging,

le maintaining minimum toxicity to the healthy cells.

Nanoscale, 2010, 2, 60–68 | 61
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a diagnostic agent (optical or magnetic), allowing for real-time

monitoring of the treatment. Current success of QD-based

theranostics remains at the stage of ex vivo, due to the challenges

of navigating the biological barriers in vivo and imaging deep

tissues. With respect to multifunctional nanoparticles con-

structed on metallic and magnetic nanoplatforms constructed

from various types of nanoparticles, the readers are referred to

two recent reviews.52,53 In this mini review, we explore specifically

whether multifunctional QDs would be able to tackle the chal-

lenges in theranostics. We will begin with coverage of QDs

carrying single-function modalities, paying special attention to

the emerging application of QDs for drug and gene delivery. We

will then describe the integration of multiple-function modalities

in highlighted examples to illustrate the potential and challenges

of QD-based theranostics for future nanomedicine.
Quantum dots in diagnostics and therapeutics

Cell-specific targeting and subsequent uptake

Amidst substantial progress in in vitro diagnostics,54 QD bio-

conjugates have emerged as imaging probes for recognition of

specific cell types, tissues and organelles11,13,14,55,56 that are poised

for or being exploited in clinical translation,57 especially for

cancer research and therapy. The interaction of drug-carrying

vehicles with the cell membrane and subsequent penetration is

the primary requisite for a successful diagnostic and therapeutic

process, where the diseased cells are firstly located, following by

subsequent cellular uptake and release of therapeutic agent to the

cytosol or nucleus of cells.58,59 Static immunostaining of cellular

targets with QDs was firstly demonstrated by Wu in 2003 and

shown to be both brighter and more photostable than compa-

rable organic fluorophores without non-specific labeling.28

Akerman et al. reported the use of QD–peptide conjugates to

specifically target the tumor tissues in live cells.22 Although the

QD signal was not detected in vivo, in vitro histological results

revealed that QD–peptide targeted tumor vasculatures in mice

and PEG-coating reduced the reticuloendothelial clearance.

Inspired by the in vitro success, Gao et al.20 developed an ABC

triblock copolymer-coated QD probe to target and image pros-

tate cancer in vivo. The tumor site could be actively probed by the

antibody-conjugated QDs and imaged in living animals, after

proper signal post-processing. Because the large size and

immunogenicity of antibodies may affect their pharmacological

behavior, small ligands, such as peptides23 and aptamesr,19 were

engaged to conjugate QDs for similar purposes. It is worthwhile

noting that the capability of acquiring multiple biomarkers on

the surface renders QD conjugates advantageous with improved

binding affinities for the receptors on the cells, due to the poly-

valency effect.22,60,61

Cellular uptake of exogenous material generally occurs

through internalization mechanisms including phagocytosis,

macropinocytosis, receptor-mediated endocytosis, and clathrin-

and caveolin-independent endocytosis.62 In Parak et al.’s study,

undecorated QDs were adopted as an alternative marker over

gold nanoparticles for phagokinetic tracking to monitor cell

motility as a potential assay for cancer metastasis,63 where QDs

were passively uptaken via non-specific endocytosis along the

migratory pathway of human mammary epithelial tumor cells.
62 | Nanoscale, 2010, 2, 60–68
Delivery assisted by transfection agent (liposome, micelle or

polymer) or ligand-modification on the QDs is usually more

specific and efficient than non-specific endocytosis alone.64,65 A

general observation is that the endocytosed QDs are often

trapped in endosomes and lysosomes, visualized as punctate

fluorescence staining, hence limiting their delivery to the cytosol,

as shown in Fig. 2(a) and (b). The aggregation, more problem-

atically, prevents their entry into the nucleus. It also generates

undesirable background noise and complicates subsequent

analysis or single-molecule studies.

Physical approaches, such as microinjection,30 electro-

poration,64,66 and via the recently developed ‘‘membrane-pene-

trating needles’’67 have been applied to deliver QDs into cells.

Electroporation, applying a short and intense electric pulse to

reversibly permeabilize the cell membrane, allows extracellular

molecules to enter cells.68 Aggregation of QDs was observed in

the cytosol,64 presumably due to the electric field inducing

complexation between cell membrane and the QD conjugates,

the aggregated complexes then internalized subsequently after

membrane resealing. Empirical optimization of the electrical

pulse and field strength parameters is generally required for

optimal delivery to assorted cell types. Microinjection allows

QDs to be directly delivered to the cytoplasm or even nucleus of

individual cells, and to bypass the endosome/lysosome, thus

avoiding enzymatic degradation.30 In a recent report, Yum and

co-workers developed a membrane-penetrating nanoneedle,

capable of delivering monodispersed QDs into specific cells, as

shown in Fig. 3(a).67 Monodispersed QDs can be identified at the

single-molecule level, having single QDs distinguished from the

aggregates through the blinking phenomenon (intermittent

fluorescence).10 The ability to deliver controlled amounts of QDs

with spatial and temporal precision is particularly useful for

single-molecule studies. However, in addition to the low effi-

ciency and labor-intensive procedures, as in the case of micro-

injection, physical delivery typically requires delicate

instrumentation and optimization for different cell lines, and

possibly induces irreversible damage to the cells.

QD conjugates internalized through different mechanisms

(endocytosis, receptor-mediated endocytosis, electroporation or

microinjection) usually lead to concomitant variation in the

resulting patterns of cellular labeling (Fig. 2).65 Recently, QDs

trafficking, even without bioconjugation, were found to be

phenotype-dependent in the model of PC3 cells.69 As shown in

Fig. 3(b), unlabeled QDs were found aggregated throughout the

cytoplasm, as previously observed along the endosomal pathway

(Fig. 2).63 Surprisingly, a single clump of QDs was localized

around the perinuclear region of PC3-PSMA cells. From

a diagnostics point of view, cancer-cell phenotype can easily be

pinpointed by this contrasting pattern of QD labeling, although

investigations on different cancer cell types would be necessary to

establish the robustness and generality of this phenomenon prior

to clinical translation. Perhaps one of the most important tasks

regarding cellular delivery of QDs is a better understanding of

the internalization mechanisms.46 It would be of particular

interest to correlate the internalization and delivery mechanisms

with the chemical (e.g. surface coating, length of spacer and

density of coating) and physical (e.g. size, surface charge) prop-

erties of the QD conjugates against assorted cell-types. A clearer

mechanistic understanding of intracellular delivery would
This journal is ª The Royal Society of Chemistry 2010

http://dx.doi.org/10.1039/b9nr00178f


Fig. 2 Cellular internalization of QD conjugates by chemical/biological and physical approaches. (a) Unconjugated QDs typically are uptaken via non-

specific endocytosis, resulting in aggregation in the cytosol, shown as punctate fluorescence staining.63 (b) Delivery assisted by transfection agent

(liposome, micelle or polymer) or ligand-modification on the QDs is usually more specific and efficient than non-specific endocytosis alone.64 (c) The

electrical field in electroporation temporarily permeabilizes the cell membrane, allowing the QD conjugates to be delivered directly into the cells to

achieve high gene expression. However, aggregations are still observed in the endolysosomes and cytosol for both transfection agent and electroporation

assisted deliveries.64 (d) Microinjection or needle penetration, allows QDs to be delivered directly into the cytoplasm or even nucleus, and bypass the

endosome/lysosome, thus avoiding enzymatic degradation.64 QD conjugates delivered through different approaches result in contrasting patterns in cell

labeling. Figures reprinted with permission from Wiley-VCH Verlag GmbH & Co.
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facilitate the rational design of ‘‘ideal’’ functionalized QDs,

where one may optimize the number of conjugates per QD, the

arrangement of different functional modalities, and their binding

strength to the QD nanoscaffold, towards controlled thera-

nostics.
Intracellular drug/gene trafficking

Synthetic gene or drug delivery systems with increasing effec-

tiveness are constantly being reported.70,71 However, one major

remaining challenge is the real-time and long-term imaging of the

payload transport and release, which may reveal critical delivery

barriers. Organic fluorophores are commonly used for this

purpose. However, they are susceptible to photobleaching and

cannot be effectively applied to time-lapse studies of intracellular

drug/gene trafficking.8,72 To this end, functionalized QDs were

employed as intracellular tracers of plasmid DNA (pDNA)

delivery.73 Ho et al. developed a QD-FRET system to investigate

the structural composition and dynamic behavior of polymeric

DNA nanocomplexes intracellularly.74 As shown in Fig. 4(a), the

FRET system is constructed upon complexation between pDNA

and cationic polymers; the complex coacervation brings the

donor (605QD, labeled on the pDNA) and acceptor (Cy5,

functionalized on the polymer) into a close proximity, resulting
This journal is ª The Royal Society of Chemistry 2010
in efficient FRET.21 The high signal-to-noise ratio offered by

QD-FRET allows characterization of single nanocomplexes, and

also provides a convenient method to intracellularly track the

polymeric DNA nanocomplexes over time and digitally monitor

their unpacking behavior with conventional or confocal

microscopy. From quantitative image-based analysis, distribu-

tions of released plasmid within the endo/lysosomal, cytosolic,

and nuclear compartments form the basis for constructing

a three-compartment first-order kinetics model. The unpacking

kinetics for the chitosan, polyethylenimine, and poly-

phosphoramidate DNA nanoparticles (polyplexes) correlates

well with transfection efficiencies. The study illustrates that QD-

FRET-enabled detection of polyplex stability combined with

image-based quantification is a valuable method for studying

mechanisms involved in polyplex unpacking and trafficking

within live cells.75 Further incorporation of two-step FRET,

shown in Fig. 4(b), where the QD is paired with an additional

nuclear dye (ND) on the pDNA, serves as a novel approach to

study both polyplex dissociation and DNA degradation in

a simultaneous and non-invasive manner.76 The integration of

single-particle FRET provides valuable insight to the heteroge-

neity of nanocomplexes, enabling elucidation of structure-func-

tion relationship, which would facilitate the optimization of gene

carrier characteristics such as molecular weight, charge density,
Nanoscale, 2010, 2, 60–68 | 63
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Fig. 3 Cellular delivery of QDs. (a) Monodispered QDs can be delivered

by microinjection. The single nature of QDs can be validated by the

blinking phenomenon.67 The ability to deliver controlled amounts of QDs

with spatial and temporal precision is particularly useful for single-

molecule studies. (b) The labeling pattern of QDs is phenotype-depen-

dent. Unlabeled QDs are found aggregated throughout the cytoplasm in

the PC3 cells, as previously observed along the endosomal pathway.

Strikingly, a single clump of QDs is localized around the perinuclear

region of PC3-PSMA cells.69 As a result, cancer phenotypes can easily be

identified by the contrasting labeling pattern of QDs. Figures reprinted

with permission from the American Chemistry Society and Wiley-VCH

Verlag GmbH & Co.
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and chemical composition. Although the labeled polyplexes were

found to be similar to their unlabeled counterparts in physical

properties, their transfection efficiency was relatively low

compared to the reported value, presumably due to the large size

of the DNA nanocomplexes (typically�100–200 nm)42 and the

aggregation observed around the perinuclear region.74,75

RNAi-based gene silencing harnesses an endogenous

cellular regulatory mechanism in which small interfering RNAs

(siRNAs < 30 bp) bind to and mediate the destruction of specific

mRNA molecules. The gene silencing thus greatly relies on

a well-designed siRNAs, with high accessibility and affinity to

the complementary site of the target mRNA. It is thus necessary

to visualize the transport and release of siRNA from the carrier

for optimization. In this regard, QDs were introduced as

a traceable marker to shed light on the siRNA delivery, shown in

Fig. 4(c).31 The report described the co-transfection of QD/

siRNA with the well-developed liposome system (Lipofectamine

2000).31 However, chloroquine, an anti-malarial drug is required

as a lysosomotropic agent to facilitate the endosomal escape,77

limiting its in vivo applications. Subsequently, Tan and co-

workers ameliorated the transfection system with a non-viral

vector, chitosan polyplexes, doped with QDs as a siRNA

tracking system.78 Recently, Gao’s group developed both the

proton-sponge-coated and Amphipol-modified QDs80 to further

enhance the delivery efficiency. Amphipols, comprised of

a strongly hydrophilic backbone, are able to graft to the

hydrophobic chains of transmembrane proteins, making them
64 | Nanoscale, 2010, 2, 60–68
soluble in their native form.81 Thus, Amphipol-mediated delivery

permits better integrity of the cell membrane when compared to

micelle-based delivery. Similarly, siRNA/QDs were ferried into

the cytoplasm through Amphipol-mediated delivery, where

Amphipol not only serves a gene carrier but also protects siRNA

from enzymatic degradation. Single QDs could be observed

when complexed with Amphipols and siRNA in vitro, presum-

ably due to the shorter strand of siRNA when compared with

pDNA.74,75 The individually distinct QD is of particular interest

for single-molecule studies, whereas the compactness of the

siRNA/QD complex is of greater importance towards efficient

delivery. However, QD aggregates were observed after endo-

somal escape, probably due to replacement of siRNA by other

anionic biomolecules, resulting in non-specific interactions

among QDs. Although the proton-sponge coating was found to

enhance the gene silencing activity by 10–20 fold,79 the mecha-

nism for this improvement is unclear. Current siRNA/QD

delivery systems only allow monitoring of the siRNA delivery

when the siRNA and QD are not separated. An additional

imaging modality would better elucidate the delivery barriers of

siRNA.

To aid pharmacokinetic and pharmacodynamic evaluations,

Manabe et al. have proposed a QD–drug tracer system,82 where

QDs were conjugated with Catrophil, an anti-hypertensive drug.

The concentration of QD–captrophil in plasma decreased

exponentially, yielding a half-life comparable to that of uncon-

jugated captrophil. However, the QD–captrophil conjugates

showed weaker activity than the unconjugated captrophil in

reducing the blood pressure of hypertensive rats. The decrease in

efficacy was attributed to the non-specific uptake by macro-

phages and endothelia cells. Further investigation would be

required to ascertain that the therapeutic effect did not stem from

the detached captrophil.
QD-based theranostics?

Multimodal quantum dots for simultaneous diagnostics and

therapeutics

Perhaps the most successful demonstration towards developing

QD-based theranostics, to our knowledge, is the QD–

aptamer(Apt)–doxorubicin(Dox) conjugate, shortened as QD–

Apt(Dox), presented by Bagalkot et. al. for synchronous cancer

imaging and traceable drug delivery.83 The targeting modality,

RNA aptamer, was functionalized onto the diagnostic modality

(QDs) to pinpoint the prostate-specific membrane antigen

(PSMA) expressed in LNCaP cells. The therapeutic modality,

doxorubicin (Dox), a widely used anthracycline drug, was

intercalated into the aptamer. The sensing of drug loading and

release relies on the bi-FRET (dual donor–quencher) design, as

illustrated in Fig. 5(a): (1) in the drug-loading state: both QD and

Dox fluorescence were turned ‘‘OFF’’, because the QD fluores-

cence was quenched by the Dox, and the Dox fluorescence was in

turned quenched by the aptamer, (2) in the drug-release state: the

Dox was released from the QD–Apt complex, thus turning both

QD and Dox fluorescence back ‘‘ON’’, and (3) during drug

transport: the Dox fluorescence was traced. This multifunctional

QD was demonstrated in vitro to enhance the therapeutic speci-

ficity against the targeted LNCaP cells compared to non-specific
This journal is ª The Royal Society of Chemistry 2010
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Fig. 4 QD conjugates/complexes for intracellular gene trafficking. (a) QD-FRET system: QDs, as an energy donor, are conjugated onto the plasmid

DNA (pDNA), whereas Cy5, the energy acceptor, is functionalized on the cationic polymer. The FRET-mediated Cy5 emission upon complex coac-

ervation provides a digital indicator of the interaction between pDNA and the polymer. Consequently, the FRET signal is abrogated when DNA is

released into the cytosol.74,75 (b) Two-step FRET system: the two-step energy transfer is constructed from the QD donor to the first acceptor, nuclear dye

(ND, energy transfer E12), as a relay donor to the second acceptor, Cy5 (energy transfer E23). Similar to the one step QD-FRET system, the ‘‘OFF’’

signal from Cy5 (from E23) signifies the DNA escape. Moreover, dual-labeled pDNA provides an additional dimension after the DNA unpacks from the

complexes, allowing simultaneous detection of DNA release and degradation, during gene delivery.76 (c) siRNA tracking system: siRNA/QDs complexes

are generated with surface modified QDs (proton-sponge coating79 or Amphipol80) or transfection agent (polymers55 or Lipofatamine23) encapsulated

QDs, to trace siRNA delivery.
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PC3 cells. The release and transport of the drug can be followed

by the Dox fluorescence, but it remains unclear whether the

retained Dox fluorescence is due to physical dissociation from

the conjugate or the enzymatic degradation of the aptamer.

Although it may require further optimization prior to in vivo

application, this work presents an exciting advance in the field. It

is also worthy to note that the QD–liposome (QD–L) system may

constitute another multifunctional platform for imaging and

therapy, exemplified in Fig. 5(b). QDs are typically incorporated

into the bilayer membrane,84–86 or functionalized onto a lipo-

some,87 forming a QD–lipid vesicle. Liposomes have long been

used as a nonviral drug and gene carrier. The combination of

liposomes and QDs reduces the cytotoxicity of the QDs
This journal is ª The Royal Society of Chemistry 2010
in vivo,85,86 while the labeling specificity remains comparable to

other approaches.85–88 We envisage that liposomes and other

well-developed polymeric gene carriers may also assist multi-

functional QDs towards the ultimate goal of theranostics.
Summary and challenges

In summary, quantum dots (QDs) have proven themselves as

a powerful imaging agent for in vivo and in vitro applications. As

applications of QDs in delivery of therapeutics emerge, the

potential of multifunctional QDs serving as theranostic agents

moves closer towards reality. Progress so far has paved the way

towards the lofty objective of building an ‘‘all-in-one’’
Nanoscale, 2010, 2, 60–68 | 65
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Fig. 5 Possible constructs of multifunctional QDs for theranostics: (a) QD–aptamer(Apt)–doxorubicin(Dox) conjugate, shortened as QD–Apt(Dox), is

presented for synchronous cancer imaging and traceable drug delivery towards QD-based theranostics. The targeting modality, RNA aptamer, is

functionalized onto the diagnostic modality (QDs) to probe the cancer cells. The therapeutic modality, doxorubicin (Dox), is intercalated into the

aptamer. The sensing of drug loading and release relies on the bi-FRET (dual donor–quencher) design. In the drug-loading state: both QD and Dox

fluorescence are turned ‘‘OFF’’, since the QD fluorescence is quenched by the Dox and the Dox fluorescence is in turn quenched by the aptamer. In the

drug release state: the Dox is released from the QD–Apt complex, turning both QD and Dox fluorescence back ‘‘ON’’. During drug transport: the Dox

fluorescence was used as a tracable dye. (Figure adapted from ref. 83). (b) Representation of an idealized nanoplatform of an ‘‘all-in-one’’ workstation.

Multiply functionalized QDs may constitute an integrated nanoplatform, for example, able to target the tumor, transport/release the drug payload, and

image the therapeutic response simultaneously. The QD–liposome (QD–L) system, although not experimentally demonstrated yet, is envisaged as

a potential candidate towards QD-based therapeutics. In the current QD–L system, QDs are typically incorporated into the bilayer membrane, or

functionalized onto a liposome, forming a QD–lipid vesicle. Liposomes have proved to be excellent drug and gene carriers. Integration of QD–L with

other targeting ligands and therapeutic agents may achieve the goal of theranostics.
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personalized medical workstation. However, significant chal-

lenges abound. The major and lingering concern for QDs

remains their inherent cytotoxicity. Surface oxidation and

leaching-out of heavy metal ions from the core remains

a threat.89,90 Short term in vitro cytotoxicity assays are inade-

quate to assess their toxicity because the coating might erode

only after prolonged biological exposure. The toxicity has

a strong dependency on the physicochemical properties of QDs,

such as size, surface charge and surface coating materials, in

addition to the dosage of QDs and the duration of exposure.91

In vivo studies are paramount to define the biocompatibility of

QDs and their conjugates.92–94 One also has to be aware that

modifications to reduce cytotoxicity may also compromise the

functionality of the QDs. For example, PEG-ylation may

improve aqueous dispersion, prevent aggregation, and in some

cases, enhance the optical properties of QDs, but it will also

significantly reduce cellular uptake.95 We must correlate the QD-

mediated cellular responses with the physicochemical properties

of QDs to advance the field. While much effort has centered on
66 | Nanoscale, 2010, 2, 60–68
optimization of the suface modifications of CdSe QDs, alterna-

tive approaches to synthesize more biological- and environ-

mentally-friendly QDs, such as silicon-based QDs,96 should be

pursued. Nontoxic QDs may hold the key to the future of QD-

based theranostics. The main challenge is whether their photo-

physical properties, solubilities and biocompatibilities can match

those of group II–VI or III–V QDs in biological fluids.

The utility of QDs as a tag for imaging, while indisputably

superior in the optical realm, does raise question on relevance

and potential interference.97 The additional mass of QDs added

to a biomolecule may alter their diffusivity. The QDs might also

perturb the native conformation of a protein. Efforts to

synthesize QD conjugates with a thinner coating, and hence

reducing the overall size, would somewhat alleviate the concern.

Smaller QDs with comparable photophysical properties would

also benefit the QD-FRET construct by enhancing the energy-

transfer efficiency.98 Another fertile research direction that might

advance QD-based theranostics, is microfluidics-based synthesis.

High-quality QDs with respect to uniform composition and size
This journal is ª The Royal Society of Chemistry 2010
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control is of critical importance. Microfluidic microreactors offer

advantages in enhanced heat/mass transfer, low power/sample

consumption, low production cost, high throughput synthesis

and screening, and parallel sample processing. Previous studies

have shown that microfluidics is capable of generating uniform

microenvironments (microreactors, microcapillary, continuous

or segmented microfluidics)99–102 for monodispersed and cus-

tomizable nanoparticle synthesis.103–105 When collectively

advances in making well-controlled, multifunctional, relatively

non-toxic QD conjugates become a reality, so will QD-based

theranostics. The rewards of nanomedicine call for such effort.
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