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ABSTRACT: Quantum dots (QDs) are highly fluorescent nanoscale crystals with size-
dependent emission spectra. Due to their excellent photophysical properties, QDs are a
promising alternative to organic fluorescent dyes and fluorescent proteins for cell
targeting, imaging, and drug delivery. For biomedical applications, QDs should be
chemically modified to be stable in aqueous solutions and tagged with the recognition
molecules or drugs. Here, we review surface modification approaches to, and strategies
for, conjugation of bioactive molecules with QDs. There are a variety of methods of QD
surface modification and QD incorporation into larger delivery systems that yield
fluorescent nanocarriers from 10 nm to several micrometers. Conjugates of QDs with
peptides, proteins, antibodies, oligonucleotides, and small molecules have been used for
fluorescent targeting, tracking, and imaging both in vitro and in vivo. Due to an extremely
high stability to photobleaching, QDs were used for long-term visualization. QD
applications pave the way for new generations of ultrasensitive detection, diagnostic
systems, as well as drug delivery approaches, combining accurate targeting, delivery, and
imaging in a single assay.

1. INTRODUCTION

Quantum dots (QDs) are highly fluorescent inorganic
semiconductor nanocrystals with a diameter ranging from 2
to 10 nm.1 QDs may consist of a semiconductor core (CdSe,
CdS, CdTe, InP, InAs, or PbSe) alone or a core and a shell.
The shell (e.g., ZnS) protects the core from oxidation and
enhances the quantum yield.2 The photoluminescent parame-
ters of QDs are tunable, and their emission wavelengths depend
(nonlinearly) on their size (Figure 1), which is controlled by
the duration of nanocrystal growth in solution.
In recent years, QDs have been increasingly widely used in

cell targeting, imaging, and drug delivery due to their unique
optical and physicochemical properties. Although organic
fluorescent dyes and fluorescent proteins are more traditionally
used for bioimaging applications, they are substantially inferior
to QDs in terms of their photophysical properties: QDs have
broad excitation spectra; narrow, sharp emission spectra with
an approximately Gaussian shape (Figure 1a,b); and large
Stocks shifts (>100 nm). These spectral properties offer great
opportunities for multiplexed analysis and multicolor imaging:3

a single light source can excite many colors of QDs
simultaneously, and the emission peaks can be distinguished
with high resolution. QDs are nearly 20 times brighter and
thousands of times more stable against photobleaching than
organic dyes are.4,5 The high brightness of QD fluorescence is a
result of high molar adsorption coefficients (several times

higher than for fluorescent dyes and proteins) combined with a
high quantum yield (Table 1). Another advantage of QDs is
their extremely long luminescence lifetimes, which allows QDs
to be distinguished from other fluorophores in FLIM analyses.
In our previous study, we demonstrated an extremely high
resistance of QDs to photobleaching in a model of cell labeling
with QD−antibody conjugates. QD bioconjugates have been
found to be 4200-, 2600-, and 420-fold more resistant to
photobleaching than fluorescein isothiocyanate, phycoerythrin,
and AlexaFluor488 bioconjugates, respectively (Figure 1c).5

QDs can be prepared by means of high-temperature
inorganic or aqueous synthesis. In addition, biosynthesis of
semiconductor QDs by living systems, including yeast,6 fungi,7

bacteria,8,9 and even earthworms,10 has been reported.
Although it is already possible to control the QD size by
choosing the biosynthesis conditions and synthesize QDs with
quantum yields up to 33%,6 the method has not been adjusted
for preparative production. Inorganic synthesis, which is more
widely used, results in hydrophobic water-insoluble QDs.
However, biological and medical applications require QDs that
are highly water-soluble, biocompatible, and functionalized with
biomolecules and/or drugs. The development of efficient
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strategies for surface functionalization and bioconjugation
remains an important challenge. A number of solubilization
and functionalization strategies have been proposed. For
example, QDs are incorporated into a liposome phospholipid
bilayer,11,12 loaded into liposomes,13 or bound to the liposome
surface14 to obtain fluorescent labels for in vivo and in vitro

imaging.15 Another approach to QD solubilization is coating of
QDs with hydrophilic ligands, amphiphilic polymers, or silica.
Organic polymer shells are formed out of homo- and
copolymers, and hyperbranched polymers.16 Usually, encapsu-
lation of QDs into polymers or lipids considerably increases the
particle size (from 20 nm to several micrometers), which limits
their biological applications. However, other solubilization
approaches, such as the ligand exchange strategy, use small
molecules instead of polymers or lipids to obtain stable QDs
with a hydrodynamic diameter <9 nm.17 Compact biocompat-
ible QDs with a high fluorescence intensity are excellent
candidates for a number of in vivo and in vitro studies. Current
and prospective biological and medical applications of QD
conjugates with biomolecules include their use for cell
labeling,18 single-molecule tracking,19 deep-tissue and tumor
imaging,20 biosensing,21 flow cytometry,22 photodynamic
therapy,23 and targeted drug delivery.24 QDs fluorescing in
the NIR and IR regions can be synthesized (Table 1);
therefore, they are suitable for NIR imaging. Large two-photon
action cross sections (Table 1), substantially exceeding those of
fluorescent dyes, make QDs very promising probes for two-
photon imaging. In our view, QDs two-photon-excited and
emitting in the NIR region are of great interest for in vivo
imaging.
In this Review, we describe recent achievements in QD

research and applications. The first part deals with the strategies
of solubilization and stabilization of QDs in aqueous solutions
under physiological conditions. The second part considers
approaches to the functionalization of QDs with biological
molecules. The third part describes a wide variety of QD
bioconjugates and their implications for bioimaging, biosensing,
and drug delivery.

2. QUANTUM DOT SURFACE MODIFICATION
STRATEGIES

For current biological applications of QDs, it is important to
choose an appropriate strategy for solubilization and stabiliza-
tion of QDs in aqueous solutions under physiological
conditions. There are two main approaches to the surface
modification of QDs based on (i) hydrophobic interaction of
amphiphilic molecules with QDs and (ii) interaction of polar
groups of the coating molecules with the QD surface (the
ligand exchange strategy). The applicability of a particular
strategy is determined not only by the task at hand, but also by
the chemical properties of QDs, which depend on the method
of their synthesis.

2.1. Coating of Quantum Dots with Amphiphilic
Molecules. Widely used high-temperature methods of QD
synthesis employing surfactants, such as tri-n-octylphosphine
(TOP), tri-n-octylphosphine oxide (TOPO),25 and octadecyl-
amine,26 as stabilizing agents yield water-insoluble QDs with a
hydrophobic surfactant layer on the surface protecting
nanocrystals from oxidization. To make these QDs suitable
for biomedical applications, their surface should be modified
with polar surface-active compounds, which both makes them
water-soluble and stable in aqueous solutions and provides
functional groups for subsequent conjugation with biomole-
cules. It is important to choose the appropriate protocol for
QD-surface modification that would not impair the photo-
physical properties of the nanocrystals. For example, some
solubilization techniques may lead to a decrease in the QD
quantum yield.27

Figure 1. Photophysical properties of quantum dots (QDs). (a)
Absorption spectrum (black line, left scale) and fluorescence spectrum
(red line, right scale) of Alexa 594 labeled DNA (1 mM), and
fluorescence spectrum of the MPA-capped CdSe/ZnS core/shell QD
(blue line, right scale). Reprinted from Zhou, D., Piper, J. D., Abell, C.,
Klenerman, D., Kang, D. J., and Ying, L. (2005) Fluorescence
resonance energy transfer between a quantum dot donor and a dye
acceptor attached to DNA. Chem. Commun. (Camb.) 14, 4807−4809,
Copyright 2005 with permission from Elsevier. (b) Size-tunable
fluorescence spectra of CdSe QDs. Adapted from Sukhanova, A., and
Nabiev, I. Fluorescent nanocrystal-encoded microbeads for multi-
plexed cancer imaging and diagnosis. Crit. Rev. Oncol. Hemat. 68, 39−
59, Copyright 2008, with permission from Elsevier. (c) Time-
dependent photobleaching curves of antibody conjugates with
fluorescent nanocrystals, AlexaFluor488, R-Phycoerythrin, and FITC.
Adapted from Sukhanova, A., Devy, J., Venteo, L., Kaplan, H.,
Artemyev, M., Oleinikov, V., Klinov, D., Pluot, M., Cohen, J. H., and
Nabiev, I. (2004) Biocompatible fluorescent nanocrystals for
immunolabeling of membrane proteins and cells. Anal. Biochem. 324,
60−67. Copyright 2004, with permission from Elsevier.
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QDs may be coated with the amphiphilic graft and block
copolymers.28−30 When the polymer is added to the solution of
QDs coated with hydrophobic surfactants (TOP, TOPO), the
hydrophobic chains of the polymer intercalate between the
surfactant molecules, while the hydrophilic groups are exposed
on the surface, thereby stabilizing QDs in the aqueous
environment (Figure 2a). Polymers on the surface of QDs

may be additionally cross-linked to increase the nanoparticle
stability. Generally, the procedure of solubilization consists of
dissolving the amphiphilic polymer and QDs in a nonpolar
solvent, such as chloroform, evaporating the organic solvent
from the mixture, and adding an aqueous buffer solution.31 The
following parameters are known to influence the colloidal
stability of polymer-coated QDs: (i) the number of exposed

Table 1. Specific Characteristics of Quantum Dots As Advanced Nanophotonic Probes: (a) Advantages and Limitations of
Quantum Dots As Fluorescent Probes in Bioimaging Applications; (b) Optical Properties of Quantum Dots in Comparison
with Fluorescent Dyes and Fluorescent Proteinsa

aSome parts of (b) are adapted by permission from Macmillan Publishers Ltd.: Resch-Genger, U., Grabolle, M., Cavaliere-Jaricot, S., Nitschke, R.,
and Nann, T. Quantum dots versus organic dyes as fluorescent labels. (2008) Nat. Methods 5, 763−775, copyright 2008.
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charged groups in the QD-coating polymer; (ii) the ratio
between the hydrophobic and hydrophilic moieties in the
polymer and the length and the number of hydrophobic chains
per polymer molecule; (iii) the molecular weight of the
polymer, and (iv) the polymer to QD ratio. In each particular
experiment, a number of systematic studies on QD−polymer
interactions should be performed in order to determine the
optimal conditions for QD solubilization.32,33

QDs have been successfully coated with small amphiphilic
molecules, such as phospholipids34 and calixarenes,35,36 using
the approach described above. Introduction of poly(ethylene
glycol) (PEG) increases the circulation time of phospholipid

micelles, which is particularly important in biodistribution
studies using QDs as contrast agents37 or drug delivery vehicles.

2.2. Water-Solubilization of QDs Using Thiol- or
Amine-Containing Ligands. The coating of QDs with
amphiphilic molecules and the so-called ligand exchange
strategy differ from each other in the nature of the interactions
involved. In the former case, the coating occurs through
hydrophobic interactions of the nonpolar parts of amphiphilic
molecules with TOPO on the surface of QDs. In the latter case,
QDs are directly bound with coating molecules, usually thiol-
or amine-containing compounds. Both strategies have advan-
tages and disadvantages. The direct attachment of thiol-
containing molecules to QDs, instead of the bulky TOPO/
polymer coating, yields much smaller nanoparticles. This is
essential for many applications: e.g., the particle size may
dramatically affect the biodistribution and pharmacokinetics in
vivo,38,39 as well as the efficiency of FRET-based assays, which
are highly sensitive to the donor−acceptor distance.40

However, replacement of hydrophobic ligands with hydrophilic
molecules and subsequent transfer of QDs from a nonpolar
environment to a polar one often leads to a decrease in the
quantum yield.41

Small thiol-containing molecules42−46 are most frequently
used for solubilization of QDs (Figure 2). In order to modify
QDs with thiol-containing compounds, the surface surfactant
layer (e.g., TOPO for CdSe/ZnS QDs) should be removed.
Then, QDs are capped with thiol-containing molecules in such
a way that the thiol groups, which have a very high affinity for
the ZnS shell of QDs, replace surfactant molecules on the QD
surface. This approach is known as the ligand exchange
strategy.5,47 The second method for binding thiol-containing
compounds to the surface of QDs is direct synthesis of QDs in
water in the presence of thiol capping ligands as stabilizers.48,49

The synthesis occurs at room temperature and provides water-
soluble, bright nanoparticles.45 Microwave-assisted synthesis in
water in the presence of thioacids is also a promising method
yielding QDs with a high quantum yield.50,51

The main disadvantage of this method is that thiol-capped
QDs are unstable because of photoinduced dimerization of
thiol groups on the particle surface. An increase in the number
of chelating groups per molecule can improve the stability of
QDs in water. Dihydrolipoic acid, which contains two thiol
groups, has appeared to be a more stable alternative because of
a higher affinity of dithiol-containing molecules for the QD
surface compared to monothiol-containing compounds.52

Recently, tridentate ligands53 and multidentate thiolated
ligands54 were suggested as more effective stabilizing agents,
ensuring a higher stability of the resultant QDs. Introduction of
additional hydrophilic moieties, e.g., carboxylic acid groups,
into a chelating molecule55 may also enhance the stability of the
resultant water-soluble QDs. Thus, one of the ways to improve
the stability of QDs could be to increase both the number of
thiol groups and the hydrophilicity of the moieties exposed on
the QD surface. For example, QDs capped with multivalent
thiol polymer ligands based on poly(maleic anhydride)
homopolymer grafted with PEG chains are characterized by
long-term stability, high quantum yield, resistance to photo-
bleaching, and small hydrodynamic size. The use of such a
compact coating of the QD surface instead of the bulky
amphiphilic polymer ensured a significantly higher FRET
efficiency.40 In our previous study,17 we engineered compact
and very stable QDs with a hydrodynamic diameter of <9 nm
covered with PEG-based low-molecular-weight polymers

Figure 2. Quantum dot surface modification strategies. (a) Coating of
quantum dots (QDs) with amphiphilic molecules (amphiphilic
polymers, small molecules, and lipids). The aliphatic moieties of
amphiphilic molecules intercalate between TOPO molecules on the
surface of QDs, and hydrophilic moieties solubilize QDs in the
aqueous solution. (b) Capping compounds for surface modification
through ligand exchange. Thiol- or amine-containing compounds
replace TOPO and chelate the QD surface, providing QD solubility in
water.
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containing a thiol group, an aliphatic segment, and a
hydrophilic PEG segment. These molecules formed a self-
assembled inner monolayer on the QD surface solubilized with
PEG chains containing an OH, NH2, or COOH terminal
group. By varying the ratio between these groups on the surface
of capped QDs, it was possible to obtain QDs with a desired
surface charge that were capable of conjugating with antibodies,
thus providing ultrasmall diagnostic nanoprobes with the
minimum possible nonspecific binding to cells and tissues.
PEG derivatives not only are used for nanoparticle solubiliza-
tion,56,57 but also may serve as linkers for conjugation of
biomolecules, drugs, or fluorophores with nanoparticles of
different types, including QDs.58,59

Charged groups on the nanoparticle surface coating can bind
oppositely charged molecules of biological fluids, including
blood, if nanoparticles are administered in vivo. This may result
in an undesirable immune response and rapid elimination of
QDs from the circulation.60 In addition, charged groups on the
surface may cause nonspecific binding in the course of
immunofluorescent labeling of cells and tissues.17 Hydrophilic
and uncharged PEG chains attached to the surface of QDs
ensure colloidal stability and biocompatibility and prevent
undesirable interactions. Modification of the QD surface with
PEG chains with terminal functional groups, such as amino
groups, allows subsequent immobilization of biomolecules.
PEG chains functionalized at both ends may also serve as cross-
linkers: e.g., amine-PEG-amine or carboxyl-PEG-carboxyl
added, in the presence of 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide (EDC), to glutathione-coated QDs (with both
carboxyl and amino groups on the surface) cross-link the
coating and improve the colloidal stability of QDs.26

An alternative to using thiols as capping agents is the
attachment of bidentate dithiocarbamate moieties61 and amine-
containing molecules, which, like thiols, also form quite strong
bonds with the nanoparticle surface (Figure 2). Smith et al.62

proposed an approach to the fabrication of stable polymer-
coated QDs using multifunctional multidentate polymer ligands
containing both thiol and amino groups for attachment to the
QD surface and an additional carboxyl group for nanoparticle
solubilization. The multidentate polymer ligands introduced by
replacing thioglycerol on the QD surface have been found to
provide a more compact coating compared to the traditional
amphiphilic polymers. Branched amino-functionalized poly-
mers are also of interest. For example, coating with hyper-
branched polyethylenimine (PEI) efficiently transfers QDs
from nonpolar solvents to water. Due to a high positive charge,
PEI-coated QDs easily penetrate through the cell membrane.
However, PEI has been found to enhance photooxidation of
QDs63 and to be highly cytotoxic. Grafted PEG segments
reduce the cytotoxicity of PEI and have a strong effect on the
intracellular pathways of internalized QDs.64

Silica shells around QDs have been shown to be extremely
effective for stabilization of QDs and their bioconjugation. For
example, a silica shell prevents the leakage of toxic ions and the
flocculation of particles and helps to maintain the photo-
luminescence. Introduction of additional thiol, amine, phos-
phate, carboxylate, or PEG functional groups into the silica shell
provides a better control of the conjugation process.65 In
comparison with other solubilization methods, silica encapsu-
lation results in more stable but significantly larger particles, at
least tens of nanometers to several micrometers in diameter.
In addition to the above approaches to solubilization and

functionalization of the QD surface, a number of combined

approaches involving silica and polymer capping have been
suggested.66 For example, there is a three-step procedure based
on silanization of QDs followed by grafting the hydrophilic
silica surface with long-chain hydrocarbons. The hydrophobic
surface of QDs can also be made hydrophilic by attaching
amphiphilic lipid−PEG molecules. This synergistic combina-
tion yields QDs with a significantly increased resistance to
aggressive chemicals, including strong acids, fluorescing in a
wide range of pH.58

3. PRINCIPLES OF COVALENT AND NONCOVALENT
BINDING OF BIOMOLECULES TO THE SURFACE OF
FUNCTIONALIZED QUANTUM DOTS

Exceptional brightness and photostability of QDs have made
them excellent fluorescent labels for cell targeting and
bioimaging. For biological applications, QDs are often
conjugated with specific ligands, such as peptides, proteins,
nucleic acids, and low-molecular-weight biorecognition ligands.
Primarily, the surface of QDs should be modified by
introduction of the functional groups necessary for bioconju-
gation. Although there are a wide variety of strategies for
conjugating QDs with biomolecules, all of them should meet
some general requirements:

(i) Degradation of the natural activity of biomolecules in the
process of conjugation should be minimized.

(ii) The obtained conjugates should be stable under
physiological conditions and have a long shelf life.

(iii) Conjugation of biomolecules should be highly oriented:
the binding sites of the recognition molecules should face
outward so that they could bind their respective antigens
contained in the solution. The quantity of the
recognition molecules on the surface of a nanoparticle
should be controlled.67

There are two main approaches to immobilization of
biomolecules on the QD surface: covalent linkage and
noncovalent binding. Noncovalent binding is determined by
hydrophobic, electrostatic, or affinity interactions between
biomolecules and the QD surface; covalent linkage is obtained
via different bioconjugation techniques using activated func-
tional groups at the surface of QDs. In addition, molecular
adapters, such as avidin and biotin, covalently attached to
biomolecules and/or to the QD surface are widely used for
conjugation.

3.1. Noncovalent Coupling of Quantum Dots and
Biomolecules. Water-soluble QDs containing charged groups
on the surface readily interact with oppositely charged
biomolecules. However, these interactions are difficult to
control; the coupling is not oriented and often leads to a
decrease in the activity of the coupled biomolecules. For
example, association of proteins with a charged surface of
nanoparticles influences the protein secondary structure, which
may alter their enzymatic activity.68 Many factors, such as pH,
ionic strength, and the presence of competing molecules or
chelating agents, have been found to affect the electrostatic
coupling between QDs and biomolecules.
A well-known method of electrostatic coupling of proteins

with QDs is self-assembly on negatively charged QDs due to
the natural positive surface charge of the protein69,70 or high
positive charges of some protein domains, such as the leucine
zipper at the C-terminus of recombinant proteins.71 Interaction
of positively charged histidine residues (in polyhistidine-tag
motifs of proteins) with dihydrolipoic acid-capped QDs is also
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an efficient technique for QD−protein coupling.72 This method
significantly reduces the overall size of the bioconjugates. The
size of peptide−QD conjugates can also be reduced by using
only the relevant fragments of antibodies (Abs) or short
peptides with attached His-tags that adequately mimic the
behavior of a full-size protein.73 Another approach to QD−
protein coupling is based on metal-affinity coordination of His-
tag motifs to zinc ions on the shell of the CdSe/ZnS core/shell
nanocrystals.74−76 Almost any protein engineered to express an
oligoHis or leucine zipper sequence at its C-terminus could be
used to form high-affinity complexes with QDs. Unlike covalent
linkage, this method usually results in protein−QD dispersions
with little or no particle aggregation. An alternative conjugation
approach using an amphiphilic peptide has been proposed by
Pinaud et al.77 The peptide was composed of a hydrophobic
adhesive domain consisting of multiple cysteines and hydro-
phobic 3-cyclohexylalanine residues and a negatively charged
hydrophilic domain. Cys repeats in the adhesive domain acted
as surface ligands binding to the ZnS shell of the CdSe/ZnS
nanoparticles. The hydrophobic 3-cyclohexylalanine residues
around the cysteines facilitated the replacement of TOPO on
the QD surface. The hydrophilic domain, which ensures water
solubility of the QDs, can be modified to include binding
sequences, e.g., biotin and other peptide sequences. Not only
peptides, but also oligonucleotides with a thiol functionality at
the 5′- or 3′-end, have been successfully immobilized on QDs
with the use of the same types of interactions. The complexes
have been prepared through replacement of 3-mercaptopro-
pionic acid capping QDs with thiol-functionalized oligonucleo-
tides.78

3.2. Use of Molecular Adaptors for Coupling
Biomolecules with Quantum Dots. Self-assembling molec-
ular adaptors are molecules capable of specific noncovalent
interactions with each other. A high specificity and strong
binding capacity of molecular adaptors have made them
efficient and widely used tools for bioconjugation.
The approach that uses avidin−biotin systems for coupling of

biomolecules with QDs is based on the molecular recognition
mechanism. The small molecule of biotin is specifically
recognized by the protein receptor avidin with a dissociation
constant of about 10−15 M. This system is widely used in
biological applications; a large variety of biomolecules and
synthetic polymers modified with biotin and avidin (as well as
streptavidin and neutravidin) are commercially available. QD−
Ab complexes of this type may be designed in the form of a
ternary affine system (a streptavidin-conjugated QD, biotiny-
lated secondary antibodies, and primary antibodies) or a double
system (biotinylated antibodies and a streptavidin-conjugated
QD).79 Avidin has been covalently linked to fluorescent
nanoparticles containing carboxyl groups on the surface with
the use of EDC.80 Alternatively, streptavidin with a
polyhistidine tag has been bound to QDs via metal-affinity
interactions.81 It should be noted that, since endogenous biotin
(also known as vitamin H) is common in mammalian tissues
and may interfere with biotinylated conjugates, streptavidin−
biotin systems may be unsuitable for in vivo applications.
The barnase−barstar system, initially developed for Ab

multimerization,82 is used for bioconjugation along with the
streptavidin−biotin system. The bacterial ribonuclease barnase
and its natural inhibitor barstar are small proteins (12 and 10
kDa, respectively) with an extremely high mutual affinity
comparable with the affinity of streptavidin−biotin interaction.
Unlike biotin, which is not a peptide, barnase and barstar may

be fused with proteins and antibodies by genetic engineering
methods. Complexes of QDs with recombinant antitumor
antibodies have been constructed using the barnase−barstar
system.82,83

Molecular adaptor proteins (proteins A, G, and A/G)
attached to the QD surface through a leucine zipper or histidine
tag84,85 may specifically bind immunoglobulins of different
types. This is the easiest way to construct oriented functional
QD−Ab complexes for imaging applications. The approach
does not require any modification of antibodies.86 QD
complexes with antibodies may be prepared using a more
complex linker consisting of a molecular adaptor protein and a
second protein used as a purification tool.87 Protein G modified
with the leucine zipper acts as a molecular adaptor to connect a
QD with immunoglobulines (Ig), whereas maltose-binding
protein, also connected with QD via the leucine zipper, serves
as a purification tool for separating the QD−IgG conjugate
from excess IgG by means of affinity chromatography.

3.3. Covalent Linkage of Biomolecules with Quantum
Dots. Covalently linked QD bioconjugates are usually obtained
using the standard protein conjugation techniques. The most
common method of covalent linkage involves the binding of
primary amines of the biomolecules to EDC-activated
carboxylic acid groups on the surface of QDs. The reactive
intermediate o-acylisourea, formed through the activation of
carboxylic acids, tends to rapidly hydrolyze in aqueous
solutions; therefore, a large excess of EDC is usually added
to the reaction mixture. This drawback may be overcome by
conversion of the unstable o-acylisourea intermediate into a
more stable N-hydroxysuccinimide (NHS) ester, sulfonated
NHS ester, or (sulfo)fluorophenyl ester intermediate.88 The
advantage of this method for protein conjugation is that
proteins contain at least one primary amine and do not need
additional chemical modifications before conjugation. On the
other hand, polypeptides usually have more than one primary
amine or carboxylic group; hence, undesirable cross-linking and
aggregation may occur. Carbodiimide techniques have been
used for conjugation of QDs with proteins, peptides,
antibodies, and oligonucleotides. For example, for preparation
of an oligonucleotide−QD conjugate, an amine-modified
oligonucleotide was added to QDs capped with EDC-activated
mercaptoacetic acid.89 It is important that a modified
oligonucleotide, unlike most proteins, contains a single amino
group; therefore, this technique allows the orientation of the
attached biomolecules on the QD surface to be controlled and
excludes the formation of aggregates. Attempts at conjugation
of antibodies via primary amino groups usually result in the loss
of antigen-binding capacity due to engaging the amino groups
of the lysine residues that are close to the antigen recognition
site.86 Conjugation of QD via thiol groups of biomolecules is
more selective and prevents cross-linking and other side
reactions. Due to homogeneous orientation of antibodies on
the QD surface, this approach results in nanoprobes with a
higher specificity than EDC-mediated random conjugation
does. In this technique, disulfide bonds of antibodies are
reduced using dithiothreitol or 2-mercaptoethylamine. The
resultant active fragments of full-size Abs readily interact with
maleimide-, pyridyl disulfide-, or iodacetyl-activated QDs to
form a covalent bond.90 It has been shown that conjugation
through thiol groups of reduced Abs may preserve the integrity
of the Ab active site in the case of mild reduction only.
Reducing the disulfide bonds of antibodies by dithiothrietol at
standard conditions (20 mM) results in light chain (25 kDa),
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heavy chain (50 kDa), and partially cleaved heavy−light chain
(75 kDa) fragments (Figure 3), with only the 75 kDa heavy−

light chain fragments retaining the functional activity.
Heterobifunctional NHS−maleimide cross-linker-based con-
jugation of all these fragments to QDs strongly limits the
number of functional capture molecules in a nanoprobe and
their capacity for binding the target. To solve this problem,
Mahmoud et al. have developed an advanced procedure for
partial reduction of antibodies using 2-mercaptoethanol-amine-
HCl or low concentrations of dithiothreitol (0.075 mM).
Under these reaction conditions, the disulfide bonds between
the heavy chains are reduced, with the disulfide bonds between
the heavy and light chains remaining intact, which results in a
high yield of functionally active 75 kDa fragments.91 These
active fragments of the Ab molecule are conjugated to the QD
surface using an NHS−maleimide cross-linker (such as SMCC)
in an oriented manner to ensure functional activity of the

conjugate. The resultant probe has been found to be as much as
26 times more sensitive than the QD−Ab probes prepared by
the standard method, where the number of functionally active
heavy−light chain fragments attached to a QD is much smaller
due to nonselective reduction.
A new approach of bioorthogonal click-chemistry has been

intensively developed in recent years. The main ideology of
bioorthogonal reactions is that they do not affect the functional
groups that are common for biomolecules, such as amino,
carboxyl, thiol, and hydroxyl groups, and do not normally occur
in living organisms. The chemical groups involved in
bioorthogonal reactions rapidly and selectively react with one
another. The main stages of these reactions are Staudiger
ligation and cycloaddition reactions. Huisgen 1,3-dipolar
cycloaddition (Figure 4a), a click chemistry reaction also
known as copper-catalyzed azide alkyne cycloaddition
(CuAAC), is a reaction between an alkyne and an azide
resulting in triazole linkage. In the presence of Cu(I) salts,

Figure 3. Strategy of reduction antibody (RA) with reducing agent
and conjugation of reduced antibodies with QDs. After the disulfide
bond cleavage according to different reduction protocols, the
fragments that can result include light chain fragment (1), heavy
chain fragment (2), and partially cleaved heavy−light chain fragment
(3). For structure 3, only the disulfide bonds of the antibody’s hinge
region (HR) are cleaved. Of all fragments only heavy−light chain
fragment retains its functional activity. The conjugation of the SMCC-
activated QDs with fragments (3) generates nanoprobes with highly
improved functionality of ligand-specific recognition and binding.
Reprinted from Mahmoud, W., Rousserie, G., Reveil, B., Tabary, T.,
Millot, J. M., Artemyev, M., Oleinikov, V. A., Cohen, J. H., Nabiev, I.,
and Sukhanova, A. (2011) Advanced procedures for labeling of
antibodies with quantum dots. Anal. Biochem. 416, 180−185,
Copyright 2011, with permission from Elsevier.

Figure 4. Bioorthogonal chemistry approach. Adapted with permission
from Algar, W. R., Prasuhn, D. E., Stewart, M. H., Jennings, T. L.,
Blanco-Canosa, J. B., Dawson, P. E., and Medintz, I. L. (2011) The
controlled display of biomolecules on nanoparticles: a challenge suited
to bioorthogonal chemistry. Bioconjugate Chem. 22, 825−858.
Copyright 2011 American Chemical Society. (a) Copper-catalyzed
azide alkyne cycloaddition, the reaction between an alkyne and azide
that results in a triazole linkage. (b) Copper-free azide−alkyne
cycloaddition, which is promoted by the cycle’s strain of cyclooctyne
instead of using Cu(I) as a catalyst. (c) (i) Modification of epidermal
growth factor (EGF) with NHS-activated tetrazine derivative. (ii)
Direct labeling of cells with preformed nonbornene-coated QDs
(green circles). For direct labeling, the norbornene coated QDs were
previously coupled with modified EGF and the resulting conjugates
were added to cells. (iii) In situ conjugation of norbornene-coated
QDs to tetrazine-functionalized EGF, overexpressed on the surface of
human skin cancer cells.
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which catalyze the reaction, the cycloaddition proceeds just
within minutes at room temperature.92 However, in the case of
QD functionalization, strong inhibition of QD luminescence
has been observed in the presence of copper ions.93,94 For this
reason, copper-catalyzed reactions cannot be used for QD
bioconjugation. The research group headed by Bertozzi was the
first to suggest copper-free modification of 1,3-dipolar cyclo-
addition (Figure 4b), known as copper-free click chemistry.92

Instead of copper, the reaction of azide alkyne cycloaddition is
promoted by the cycle strain in the cyclooctyne molecule
(strain-promoted alkyne−azide cycloaddition), and the reaction
proceeds very quickly without a catalyst.
The advantages of bioorthogonal reactions over traditional

conjugation methods are their rapid kinetics and tolerance to
functional groups abundant in cells. Therefore, it is possible to
perform the conjugation directly in living systems with high
specificity. Over the past few years, there has been growing
interest in bioorthogonal chemistry, and a number of studies
have used this approach for bioconjugation applications, such as
development of drug delivery systems,95 nanoparticle bio-
conjugation,96 and conjugation of QDs with DNA97 and
monoclonal Abs.98 Cyclooctyne-functionalized QDs have been
used as labeling agents for in vivo imaging of the metabolic
incorporation of azide-modified sialic acids into cell membrane
glycoconjugates,99 and vice versa, cyclooctyne-modified trans-
ferrin has been attached to azide-modified water-soluble CdSe/
ZnS QDs.100 The method preserves the protein function intact
and maintains the high fluorescence quantum yields and
colloidal stability of the QDs. The conjugates have been
successfully used for labeling HeLa cells overexpressing
transferrin receptors on their surface.100 Another cycloaddition
reaction is inverse-electron-demand Diels−Alder cycloaddition
involving tetrazine and strained alkenes. This method has been
applied to targeting norbornene-coated QDs to live cancer cells

labeled with tetrazine-modified epidermal growth factor (Figure
4c).101

It should be noted that, although a number of techniques
have been developed for QD functionalization and bioconju-
gation, most of them are more complicated than the
corresponding techniques for organic fluorescent dyes. Since
QDs are colloidal nanoparticles, whose properties differ from
those of small molecules, the stability of QDs under the same
conditions depends on their composition and size, the coating
material, and the success of bioconjugation. Unlike organic dyes
containing only a single functional group for labeling, QDs
usually contain more than one such group, which may result in
multivalent targeting. To solve this problem, several strategies
for controlling the number of functional ligands on the
nanoparticle surface have been proposed. For example, a
large polymer chain modified with a controlled number of
biotin moieties was used for nanoparticle coating, so that, for
geometric reasons, only one polymer is bound to each
nanoparticle.102 Alternatively, free-radical polymerization was
performed on the nanoparticle surface, resulting in a single
moiety of interest per nanoparticle.103 Another strategy is to
perform fractionation in order to separate conjugates with
desired numbers of ligands per nanoparticle. Metal ion affinity
chromatography104 and gel electrophoretic fractionation105

have been used to produce conjugates containing specific
numbers of DNA,106 PEG,105 and streptavidin107 molecules.
Thus, although bioconjugation of QDs still remains a

nontrivial task, a significant progress has been made in
developing various methods of biomolecule labeling with
QDs.86 To date, conjugates of QDs with monoclonal Abs
and streptavidin and kits for labeling monoclonal Abs by means
of both traditional EDC-mediated coupling and the novel
technique of site-specific click-coupling are commercially
available.

Table 2. Conjugates of QDs with Peptides and Antibodies, and Their Composition and Applications

type of
conjugate conjugated molecule

technique for preparation of QD
conjugate application of QD conjugate ref

QD−IgG anti-HER2 covalent conjugation targeting of fixed and live cancer cells 120,
141,
142

in vivo delivery of QD−anti-HER2 conjugates into tumors of mice

anti-EGFR covalent conjugation in vivo imaging and immunohistochemical analysis of tumors 143
anti-lamin A IgG conjugation via an adaptor molecule

(protein A)
imaging platform for multicolor, multicycle fluorescent cell
staining using five different QD−Ab conjugates in a cycle

123
anti-HSP90 IgG
anti-Ki-67 IgG
anti-Cox-4 IgG
anti-b-tubulin IgG

QD−
scFv

anti-HER1/EGFR scFv conjugation via adaptor molecules
(the barnase−barstar system)

targeting of cultured cancer cells 126
anti-HER2/neu scFv
anti-GRP78 scFv covalent conjugation detection of GRP78 protein in both live and fixed cancer cells 128

treatment of breast tumor in an in vivo xenograft model
QD−
sdAb

anti-HER2 sdAb covalent conjugation detection of HER2 biomarker in lung and breast cancer cells 121
anti-CEA sdAb covalent conjugation flow cytometry quantitative discrimination of CEA-positive and

CEA-negative tumor cells
17, 131

immunofluorescence staining of CEA in histological samples of
human appendix and colon carcinoma

QD−
peptide

arginine-rich cell-penetrating
peptide SR9

noncovalent interactions SR9- and HR9-mediated intracellular delivery of QDs 139, 140

histidine- and arginine-rich cell-
penetrating peptide HR9

organelle-targeting peptides electrostatic adsorption nuclear and mitochondrial targeting with QDs 14
RGD and RAD peptides covalent conjugation in vivo tumor-targeted fluorescence imaging using NIR-emitting

QDs
144
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4. QUANTUM DOT BIOCONJUGATES FOR DIAGNOSIS
AND IMAGING

Fluorescent proteins and organic fluorophores are extensively
used in many bioimaging and biosensing investigations.
However, their fluorescence is relatively weak and unstable,
which precludes the use of intense photon beams for excitation
and limits the possibility of long-term studies. QDs have several
advantages over fluorescent proteins and other organic
fluorophores (Table 1): their fluorescence lifetimes, brightness,
and photostability are much higher, allowing long-term
observation; unique spectral properties of QDs (broad
excitation spectra and large Stockes shifts) make it easy to
perform multicolor imaging using a single excitation light
source. However, the main problem still limiting QD
applications in living systems is their toxicity.108−110 In brief,
QD toxicity may be related to both their composition, the
chemistry of the capping material, and their size. However,
along with an ever-increasing number of reports on QDs
toxicity,111−115 there is extensive research aimed at obtaining
nontoxic QDs,116−118 which can be safely used for biomedical
applications. For example, silicon QDs represent a promising
biocompatible alternative to toxic heavy-metal-based QDs.
Recent studies in animal models have demonstrated no signs of
toxicity as judged by the animal behavior, body mass, or blood
composition, even at high intravenous doses of silicon QDs.
Though biocompatible, silicon is not biodegradable and tends
to accumulate in organs and cause adverse effects in livers of
mice several months after treatment.110 However, no adverse
effects have been found in monkeys in long-term investigations,
which gives grounds to presume that such QDs could be safe
for humans and approved for clinical use in the near future.
Using covalent and noncovalent linkage techniques described

above, QDs can be conjugated to a wide variety of
biomolecules, including peptides, proteins, antibodies, oligonu-
cleotides, and polysaccharides, as well as low-molecular-weight
drugs. Here, we describe some examples and prospects of the
use of such bioconjugates for diagnosis, imaging, and drug
delivery.
4.1. Conjugates of QDs with Peptides, Proteins, and

Antibodies. QD−Ab conjugates are of growing interest today,
especially in terms of immunofluorescent staining of cells and
tissues. Since the first application of QDs to specific staining of
fixed cells in 1998,119 plenty of tumor-associated antigens, such
as HER2, EGFR, and CEA, have been detected on cultured
cancer cells,120 as well as fixed cells,121 and tissue specimens,122

by using QD−Ab conjugates (Table 2). Generally, QD−Ab
conjugates or a combination of QD−streptavidin (QD−avidin)
with biotinylated antibodies are used for labeling antigens
expressed on the cell membrane. Most authors report that QD-
based immunostaining has a higher detection sensitivity than
conventional clinical techniques. Moreover, due to their unique
spectral properties (the broad excitation spectrum allows
simultaneous excitation of QDs with different emission colors),
QDs can be excellent probes for multiplexed analysis123 in
immunohisto- and immunocytochemistry performed by means
of epifluorescence or confocal microscopy. For example,
simultaneous identification of several subtypes of breast cancer
cells124 and low-abundance (about 1%) types of cells125 in
biopsy specimens has been reported. The size of the probe used
for targeting may affect the accessibility of epitopes and the
depth of the probe penetration into tissue. Ideally, a diagnostic
nanoprobe should not exceed 15 nm in size and should contain

high-affinity homogeneously oriented capture molecules on its
surface. The use of full-size monoclonal Abs is limited by
complicated techniques of their conjugation with nanoparticles,
as well as their poor penetration into tissues and slow blood
clearance when they are used for targeting and imaging. Various
forms of smaller Ab fragments have been suggested recently as
good alternatives. For example, single-chain variable fragments
(scFv) have been conjugated to QDs to obtain compact
nanoprobes for cell targeting and imaging126−128 (Table 2).
Single-domain antibodies (sdAbs, so-called nanobodies) with a
molecular weight of about 13 kDa, which is 12 times smaller
than conventional IgG antibodies, are the smallest possible
naturally occurring antigen-binding fragments known. They are
derived from the unique heavy-chain antibodies of camelids
(llamas and camels) and sharks with the use of molecular
engineering techniques. Conjugation of sdAbs with QDs results
in a compact probe that can be used for targeting, imaging, and
flow cytometry.17,129,130

In our previous studies,17,131 we developed compact
conjugates of QDs and single-domain antibodies with a
cysteine residue specifically integrated into the C-terminal
region of antibodies using genetic engineering. Covalent linkage
through the SH group of the cysteine residue resulted in highly
oriented conjugates, with all antigen-binding sites facing the
outside. We found that immunostaining with these compact
oriented probes had a higher detection sensitivity compared to
conventional clinical techniques. The conjugates turned out to
be promising probes for immunolabeling of CEA in tissue
specimens.
Due to their high brightness and photostability, QDs appear

to be a promising tool for imaging and tracking of individual
membrane receptors132 and intracellular proteins133 at the
single-particle level. Conjugates of QDs with antibodies and
other proteins make it possible to track the dynamics of
integrins134 and receptors135 (such as EGFR,136 and tyrosine
kinase receptor137) on the surface of living cells (Tables 2, 3).
QD-mediated intracellular labeling and tracking represents a

more complicated task than labeling of plasma membrane
proteins. Attachment of guide molecules, such as guide
antibodies and translocation peptides,138 can mediate the
intracellular delivery of QDs. Most of these molecules contain
positively charged motifs, which facilitate interaction with the
negatively charged cell membrane. For example, cell-penetrat-
ing peptides containing a positively charged histidine- and
arginine-rich motifs have been used to facilitate the cellular
uptake of QDs.139,140 Furthermore, QDs conjugated with
organelle-targeting peptides have been used for labeling
mitochondria and nuclei.14 Due to the high photostability of
QDs, it is possible to observe individual QDs for minutes or
even hours and, hence, to track them through all stages of their
delivery. For example, in vivo delivery of QD−anti-HER2
antibody conjugates has been tracked from their circulation in
blood to their binding to HER2, internalization, and movement
from the cell membrane to the perinuclear region.141

QDs conjugated with tissue-specific biomarkers are also used
for in vivo imaging and targeted delivery. Nonconjugated QDs
have been proven to passively accumulate in tumors due to an
enhanced permeability and the retention (EPR) effect. For
targeted tumor delivery, a number of guide molecules, such as
antitumor antibodies (anti-HER2142 and anti-EGFR143) and
tumor targeting peptides (arginine−glycine−aspartic acid
(RGD), arginine−alanine−aspartic acid (RAD),144,145 and
folic acid146), are commonly used (Tables 2, 3). The efficiency
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of deep-tissue in vivo imaging may be considerably improved
using QDs emitting in the near-infrared region (NIR).
Specifically, NIR imaging is usually performed in “transparent
optical windows” in the ranges of 700−900 and 1000−1350
nm, where tissue absorbance is low. Another benefit of QDs is
large two-photon absorption cross sections and, hence, the
capacity for simultaneous absorption of two photons and
subsequent transition to an excited state. The QD absorption
cross-section may exceed 104 Goeppert-Mayer units (GM),
which is several orders of magnitude larger than those of
conventional fluorescent dyes and fluorescent proteins.147 This
makes QDs the best fluorescent label to be used for
multiphoton imaging.131

4.2. Conjugates of QDs with RNA and DNA. DNA and
short interfering RNA (siRNA) represent an important
laboratory tool for probing gene functions and hold great
potential for treatment of many human diseases. However, the
major trouble for clinical applications of gene-based therapeu-
tics is related to the difficulty of safely and effectively
introducing them into cells of interest. Therefore, development
of effective nonviral gene delivery methods preserving the
stability of nucleic acids, delivering them specifically to the
desired tissue, and facilitating their cellular uptake are of current
interest.
Gene delivery vehicles, such as liposomes, cationic polymers,

and nanoparticles, are under investigation as nonviral vectors
for gene delivery. For intracellular plasmid trafficking and better
understanding of the critical steps of the transfection process,
DNA or RNA are commonly labeled with fluorescent dyes.
QDs may be delivered to cells by various methods, such as
mechanical transfection techniques (electroporation and micro-
injection), receptor-mediated endocytosis using guide mole-
cules (antibodies and cell-penetrating peptides), and non-
specific endocytosis. Therefore, QDs themselves may serve as
effective nonviral gene vectors that combine two functionalities,
delivery and real-time visualization.
Endosomal escape remains the main challenge for QD

intracellular delivery and restricts quantitate intracellular
labeling. Most techniques for QD delivery involve some form
of endocytosis as the critical step yielding QDs encapsulated in
vesicles. As a result, QDs and biorecognition molecules are
screened from the intracellular environment and eventually
aggregate in the acidic lysosomal environment. Some
mechanical techniques that do not involve endocytosis or
vesicle encapsulation, such as electroporation,148 microinjec-
tion,149 and mechanical disruption of the cell membrane with
glass beads or by needle scratching,150 have been used to
overcome endosomal escape upon QD delivery. Other
strategies are aimed at ensuring fast escape from endocytic
organelles after cell internalization.151 Some types of QD
coatings containing multivalent amine groups, the so-called
“proton sponges”, have been found to destabilize endosome
membrane and facilitate the release from endosomal vesicles.152

A number of peptides, such as pH-sensitive peptides disrupting
membranes at acidic pH and cell-penetrating peptides, have
also been shown to stimulate endosomal escape.153,154

Like polypeptides, DNA and siRNA may be attached to the
surface of QDs through covalent or electrostatic interactions.
Alternatively, DNA/siRNA and QDs can be coloaded into
larger drug-delivery systems, such as micelles and polymer
particles. The resulting nanoprobes are used both for in vitro
intracellular delivery and tracking155 and for in vivo gene
delivery156 (Table 3).

QDs have been used for long-term intracellular and
intranuclear tracking of plasmid DNA, since they produce a
highly stable fluorescent signal suitable for 24 h time-lapse
confocal imaging. For this purpose, plasmid DNA was
covalently conjugated to QDs. The tagged DNA remained
functional, serving as a template for gene transcription upon
entering the nucleus: after transfection into cells, these QD−
DNA conjugates were capable of expressing the reporter
protein, namely, enhanced green fluorescent protein.157

Aptamers are single-stranded oligonucleotides that can bind
to various targets similarly to antibodies, but they have several
advantages, such as a small size and low immunogenicy; in
addition, they are easy to synthesize. QD−aptamer conjugates
have been used for labeling and tracking of individual targets:
nucleolin, mucin, the extracellular matrix protein tenascin-C,158

and insulin receptors in the plasma membrane,159 as well as
angeogenin tracking in living cell during the angiogenesis, from
bonding to the cell membrane and internalization to local-
ization in lysosomes.160

Delivery of QD−RNAs into cells has also been described.
Chen et al. were the first to codeliver QDs and siRNA using
cationic liposomes in order to trace siRNA in vitro.161 Later, a
number of approaches without using liposomes were proposed;
for this purpose, QD−siRNA particles were formed through
covalent conjugation of siRNA to the surface of QDs162 or
formation of polyelectrolyte complexes (so-called nano-
plexes163) of siRNA with positively charged QDs coated with
polyethylenimine,164 amine-functionalized PEG,165 and L-
arginine.166 Yezhelyev et al. developed QDs coated with a
proton-absorbing polymer containing both carboxylic and
tertiary amino groups (proton sponges) for efficient siRNA
delivery into the cell and subsequent release from intracellular
vesicles.167 In addition to a significant improvement in gene
silencing efficiency, the cellular toxicity of QD−siRNA particles
turned out to be five to six times lower compared to the existing
transfection agents.
Of special importance is that coattachment of two or more

different biorecognition molecules to a single QD results in a
multifunctional particle with synergetic efficiency. For example,
Derfus et al. proposed a multifunctional nanoparticle based on
QD targeted with both tumor-homing peptides and siRNA for
improved delivery.168 Jung et al. demonstrated that modifica-
tion of QD−siRNA with two functional peptides, RGD and
HIV-Tat, improved selective cell internalization as compared to
the modification with RGD alone.162 In that study, two
different specific linkers were used for the attachment of siRNA
to QDs, a linker with reversible disulfide linkage ensuring fast
release of siRNA upon entering the cell and a more robust
linker enabling the evaluation of the cellular uptake and
localization of the siRNA within the cellular compartments.
Introduction of cell-specific biorecognition molecules ensures

cell-type-specific delivery. This approach is aimed at inhibiting
genes in a cell-specific manner, which is a prerequisite for
development of chemotherapies. For example, multifunctional
conjugate of a QD, an antisense oligonucleotide, and peptide
p160 (with specificity for MCF-7 breast cancer cells) designed
for real-time tracking of cellular delivery in the target MCF-7
cell line decreases the expression rate of folate receptor α.169

5. CONCLUSION
QDs have a number of advantages over fluorescent dyes and
proteins due to their superior photophysical and spectral
properties. Their high photostability and the tunability of their
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optical characteristics up to the far-infrared region make QDs
an attractive tool for deep-tissue, long-term imaging. Recent
progress in QD surface chemistry and bioconjugation
techniques has made it possible to attach almost any
biomolecule of interest to the QD surface. To summarize, we
consider the following issues to be particularly important for
the development and applications of QD bioconjugates:

• Due to their unique spectral properties, QD-based
bioconjugates are promising fluorescent probes for
fluorescent labeling, especially for multiplexed analysis.
Despite a number of breakthrough studies on QDs, most
commercial kits and fluorescent probes are still based on
conventional fluorophores. It may be expected that QD-
based systems for multiplexed analysis of panels of
biomarkers will be widely used for routine clinical ex vivo
diagnostics in the near future.

• QD toxicity is a complex issue; it depends on a number
of factors, including the QD chemical composition, size,
charge, and surface chemistry. It is obvious that QDs
cannot be safely used in vivo until the problem of their
toxicity is solved. An ideal solubilization strategy should
reduce QD toxicity and undesirable nonspecific QD
uptake by living tissues and scavenging by the
reticuloendothelial system. Nontoxic fluorescent nano-
crystals that do not contain heavy metals are being
developed as a credible alternative.

• Being colloidal fluorescent nanoparticles, QDs may serve
as dual-function tools for simultaneous delivery of
biomolecules and visualization. Attachment of multiple
specific biofunctionalities (such as antibodies, peptides,
and nucleic acids) to the surface of QDs allows a “magic
tool” to be created for site-specific delivery and
simultaneous tracking.
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(8) Gallardo, C., Monraś, J. P., Plaza, D. O., Collao, B., Saona, L. A.,
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et al. (2014) Low-temperature biosynthesis of fluorescent semi-
conductor nanoparticles (CdS) by oxidative stress resistant Antarctic
bacteria. J. Biotechnol. 187, 108−115.
(9) Pawar, V., Kumar, A. R., Zinjarde, S., and Gosavi, S. (2013)
Bioinspired inimitable cadmium telluride quantum dots for bioimaging
purposes. J. Nanosci. Nanotechnol. 13, 3826−3831.
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