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Abstract: Forster resonance energy transfer (FRET) may be regarded as a “smart”
technology in the design of fluorescence probes for biological sensing and imaging.
Recently, a variety of nanoparticles that include quantum dots, gold nanoparticles,
polymer, mesoporous silica nanoparticles and upconversion nanoparticles have been
employed to modulate FRET. Researchers have developed a number of “visible” and
“activatable” FRET probes sensitive to specific changes in the biological environment that
are especially attractive from the biomedical point of view. This article reviews recent
progress in bringing these nanoparticle-modulated energy transfer schemes to fruition for
applications in biosensing, molecular imaging and drug delivery.
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1. Introduction

Forster resonance energy transfer (FRET) is a process in which energy is transferred from an
excited donor to an acceptor molecule, leading to a reduction in the donor’s fluorescence emission and
an increase in the acceptor’s fluorescence emission intensities. Since the energy transfer efficiency is
distance dependent, it can only occur over distances smaller than a critical radius, known as the Forster
radius. FRET is therefore suitable for studying the distance between two molecules or two neighboring
sites on a specific macromolecule, such as can be found during protein conformational change [1,2],
protein interaction and enzyme activity [3—7].

Recently, a number of studies have incorporated nanoparticles into the design of the FRET system.
Nanoparticles, such as quantum dots (QD), gold nanoparticles (AuNP) and upconversion nanoparticles
(UCNP), possess unusual optical properties and can act either as a donor or a quencher, thereby
enhancing FRET performance and providing flexibility in the selection of excitation wavelength. Some
nanoparticles, like mesoporous silica nanoparticles (MSNs), have a different topological domain for
separating donor and acceptor molecules, while others, like polymer-based nanoparticles, are able to
self-degrade and thereby quench or de-quench the conveyed fluorophore. Such nanoplatforms can
extend the utility and efficiency of FRET-based probes in exploring biological systems. In this review,
we present the current status of nanoparticle-based energy transfer systems that use FRET for
biosensing, molecular imaging and drug release profiling. More specifically, particle-dependent
reviews on nanoparticle-mediated FRET can be found in recent literature [8—15].

2. Applications in Biosensing

FRET is recognized as a sensitive and reliable analytical technique, widely used in biological
assays [16,17]. FRET is a more informative technique than simple fluorescence in such work, as it is
very sensitive to nanoscale changes in distance between donor/acceptor moieties [18]. In FRET, the
excitation energy of the donor’s electron is transferred to that of the acceptor’s via an induced-dipole
movement interaction [19]. To improve FRET efficiency and analytical performance, considerable
effort is expended upon the search for new energy donor/acceptor pairs. Traditional FRET organic
dyes, as well as newer nanomaterials, like semiconductor-based QDs, rare-earth doped nanocrystals
and AuNPs, can be used as FRET donors or acceptors, offering stronger FRET signals and more
flexible sensing platforms in bioanalysis [20].

2.1. Quantum Dot-Based Biosensing

QDs serve as a great candidate for nanosensors in biological application, as they have many
advantages over traditional/organic FRET pairs that include: high photostability, great emission
intensity and significant resistance to photobleaching [21-24]. The large extinction coefficients and
wide range of absorption wavelengths of QDs allow excitation of different emission wavelength QDs
by a single excitation source, and QDs have precise, size-tunable emission wavelengths, determined by
their quantum mechanical behaviors [23,24]. As a result of these characteristics, QDs are ideally
suitable for long-term biosensors in tracking multiple bio-molecules. In addition to being directly used
as fluorescent labels, QDs have been wildly exploited as efficient FRET donors for a wide variety of
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FRET acceptors. Their broad absorption and narrow emission spectra allow single-wavelength excitation
of multiple donors and can avoid crosstalk with acceptor fluorophores. In addition, the spectral overlap
between donors and acceptors can be adjusted by tuning the particle size during synthesis. QDs can also
be coupled to multiple acceptor fluorophores for higher efficiency in energy transfer and can act as the
support structure for biomolecules for imaging purposes or to simplify assay design.

QDs have been used for biosensing applications employing a diverse array of energy transfer
designs of single-step FRET systems (Figure 1A). For DNA detection, Leong’s group developed a
single-step quantum dot-mediated FRET system to investigate the structural composition and
dynamic behavior of plasmid DNA hybrid nanostructure in vitro [25]. Song et al. designed a
positively-charged, compact QD-DNA complex for the detection of nucleic acids [26]. Such QD-DNA
probes have the capability to detect the 200 nm H5N1 influenza virus oligonucleotide. Chen’s group
developed a QD-aptamer (QD-apt) beacon that acts by folding-induced dissociation of a DNA
intercalating dye, BOBO-3—demonstrated with label-free thrombin detection [27]. When mixed with
a thrombin sample, the QD-apt beacon, BOBO-3 is competed away from the beacon, due to
target-induced aptamer folding, leading to a decrease in QD FRET-mediated BOBO-3 emission—to
quantify thrombin concentration.

Figure 1. (A) Single-step FRET-based QD biosensors designed to probe DNA degradation.
(B)The two-step QD-FRET system includes the first energy transfer from QD to Dye 1 in
polymeric matrix and then the second energy transfer from Dye 1 to DNA-labeling Dye 2;
(C) The FRET between ssDNA-UCNPs and GO for ATP sensing; (D) The enzyme-responsive
multicolor gold nanobeacon for multiplex detection of endonuclease activity.
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Conventional assays for detection of endonuclease activity and inhibition, by gel electrophoresis
and chromatography, are time-consuming, laborious, insensitive and costly. Recently, Huang et al.
combined the high specificity of DNA cleavage reactions with the benefits of QDs (and ultrahigh
quenching abilities of inter- and intra-molecular quenchers), to develop highly sensitive and specific
nanoprobes for multiplexed detection of endonucleases [28]. Initially, the aminated QDs were
conjugated with two sets of DNA substrates carrying quenchers, through direct assembly and DNA
hybridization. When the nanoprobes were exposed to the targeted endonucleases, fluorescence was
recovered via specific DNA cleavages, with the DNA fragments being released from the QD’s surface,
along with the fluorescence quenchers. Thus, endonuclease activity was quantified simply by
monitoring the change in the fluorescence intensity. Detection limits for EcoRI and BamHI, using two
different emission wavelength QDs, were at least 100-times more sensitive than traditional gel
electrophoresis and chromatography approaches.

Beyond single-step donor-acceptor configurations, interest in incorporating QDs within multistep,
biomolecularly-assembled FRET relays has grown [29-31]. Leong et al. demonstrated a two-step
FRET system, which was constructed with a QD donor to the first acceptor of a nuclear dye (ND) (first
energy transfer, E12) and the ND serving as a relay donor to the second acceptor CyS5 (second energy
transfer, E23) [32,33] (see Figure 1A). When the nanocomplex begins to unpack and release intact
pDNA, the E23 was off, thereby diminishing the emission of Cy5. With the intrinsic degradation of
free pDNA, E12 ended. Thus, by monitoring the combinations of FRET-mediated emission from the
ND and CyS5 with this two-step QD-FRET system, both polyplex dissociation and pDNA degradation
within cells were sensed, simultaneously. For DNA hybridization detection, Rogach’s group has
fabricated a hybrid nanostructure of CdTe conjugated polymers that exploits the broadband light
harvesting and the FRET donor characteristics of QDs [34]. The conjugated polymer not only serves as a
light harvesting antenna—to enhance the emission of QDs (the first-level FRET)—but also provides a
positive-charged surface to enable negatively-charged dye-labeled DNA interaction This second-level
FRET process, from QD to IRD700-labeled (an infrared fluorescence dye) DNA probe, provides a sensing
platform to discriminate between complementary and non-complementary DNA. DNA hybridization was
then quantified by the ratio of fluorescence intensity of IRD700 dye to that of QD.

Boeneman et al. have used QDs to function as potent initial FRET donors in a four-step FRET
cascade along the length of DNA wires decorated with a series of fluorescent dye acceptors [35]. They
conjugated multiple copies of DNA hybridized with four sequentially arranged acceptor dyes on the
central QD, and demonstrated four consecutive energy transfers via both steady-state and time-resolved
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spectroscopic monitoring. However, achieving additional consecutive energy transfers has proven
exceedingly difficult to obtain, even with the employment of QDs as optimal initial donors—generally due
to the limited absorption capabilities of acceptor dyes. Given the advantages of using QDs as either an
acceptor or a donor, it follows that QDs are best suited for use as intermediaries in FRET relay, where
it can simultaneously function in both roles and enhance both energy transfer steps. However, the role
of QDs as energy conveying intermediaries in FRET relays remains largely unexplored.

More recently, Algar et al. expanded the role QDs can play in FRET by demonstrating that QDs
can function simultaneously as acceptors and donors within time-gated FRET relays [36]. Their
bimolecular assemblies of Tb>*-complex-to-QD-to-Alexa Fluor 647 (A647) fluorescent dye provides a
multistep FRET relay that includes the progressive time-gated Tb sensitization of the QDs via FRET
step 1 (FRET1) and subsequent QD-to-A647 energy transfer via FRET step 2 (FRET2). Time-gating is
essential to the observation of FRET1 and the subsequent energy relay via FRET2. Their time-gated
photoluminescence (PL) lifetime measurements of both the Tb and its neighboring QD indicated that
the Tb-to-QD FRET]1 efficiency was ca. 94%—95%, equivalent to QD-to-A647 FRET2 efficiency.
They demonstrated the utility of incorporating QDs into this type of time-gated energy transfer
configuration in prototypical bioassays, for the monitoring of protease activity and nucleic acid
hybridization. In this system, the Tb-to-QD FRET1 pathway sensitized time-gated PL and the QD-to-A647
FRET?2 pathway provided a ratiometric, analytical signal, whose magnitude was proportional to the degree
of biorecognition.

2.2. Rare-Earth-Doped Upconversion Nanoparticle-Based Biosensing

Organic dyes and QDs, however, do have some drawbacks in in vitro or in vivo FRET assays, due
to the presence of strong autofluorescence signals that arise from cell and biomolecules at shorter
wavelengths—a shortcoming less significant with UCNPs. UCNPs, display the unique property of
converting low-energy NIR light to visible or hi gh-energy UV light. This process is based on
sequential multiphoton absorption and energy transfer involving real, metastable, long-lived states [37].
The intra-particle energy transfer between two doping lanthanide ions, each in its excited state, leads to
a shortening of wavelength emission. Depending on the particular lanthanide ion dopants employed,
UCNPs typically function as energy donors and can provide a tunable emission that is compatible with
a variety of acceptors that are commonly used in energy transfer nanocomposites for FRET-based
biological/biomedical applications [38—43]. The use of UCNPs as donors can greatly improve the
sensitivity and efficiency of FRET assays, since most biological materials do not absorb significant
amounts of NIR light and the longer wavelength excitation circumvents the autofluorescence that arises at
shorter wavelength excitation, the latter enhanced by the extremely narrow emission bands of lanthanide
ions, spectrally separating biological background fluorescence from direct acceptor excitation.

Li’s group developed an upconversion biosensor based on the FRET between bioconjugated UCNPs
and AuNPs; the first example of using the FRET techniques for a bioassay based on UCNPs [44]. In this
work, they exploited the fact that the emission band of the biotinylated NaYF4:Yb, Er UCNPs overlaps
well with the absorption band of the biotinylated AuNPs, thereby quenching fluorescence when both
nanoparticles are in close proximity to one another. Consequently, they were able to conduct
quantitative analysis of local avidin concentration, since the luminescence excited by NIR light
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was gradually quenched with increasing amounts of avidin. However, as Rantanen et al. have
demonstrated [41], it is quite difficult to find an effective quencher to entirely quench the fluorescence
of UCNPs, because only the emitters (rare earth ions) at or near the surface of UCNPs can be
quenched. In previous studies, only AuNPs have been successfully employed as UCNP quenchers,
with fluorescence quenching efficiencies of up to 80% [44,45].

Recently, graphite based structures with sp” electronic hybrid orbitals and large conjugate planes
have exhibited superquenching of fluorescence, and several FRET sensors have been developed
employing graphene or graphene oxide as energy acceptors [46—52]. Liu et al. demonstrated, for
the first time, that graphene oxide (GO) can act as an ultrahighly efficient quencher for
ssDNA-functionalized UCNPs with which they constructed an extraordinarily sensitive and specific
FRET-based biosensing platform successfully [53]. Since ssDNA can be strongly adsorbed onto the
surface of GO via the strong n—7 stacking effect between nucleobases of ssSDNA and sp” atoms of GO,
the highly efficient fluorescence quenching of ssDNA-UCNPs can be considered as the direct
consequence of efficient FRET between UCNPs and GO. Adenosine triphosphate (ATP) was selected
as a proof-of-concept target to test the feasibility (see Figure 1B) and performance of a UCNPs-GO
FRET pair-based biosensing platform. The observed sensitivity was more than two orders of
magnitude higher than the detection limits of ATP in conventional assays (typically ~10 um). Most
recently, Wu et al. presented a new aptasensor for mycotoxins based on multiplexed FRET between
multicolor BaYFs:Yb Er/Tm UCNPs as donors and GO as effective acceptors. Using this construct,
they were able to detect two types of mycotoxins simultaneously and, in doing so, open up a new field
of FRET system applications for a variety of targets [54]. Similar to the aforementioned UCNPs-GO
FRET assay, Wang’s group developed the novel aptamer biosensor based on FRET using UCNPs and
carbon nanoparticles (CNPs) as the energy donor-acceptor pairs [55]. They argued that the size of
zero-dimensional CNPs is more comparable with biomolecules than two-dimensional graphene
(or graphene oxide)—with a relatively large plane and fluorescence quenching ability to be expected,
due to the sp” electronic structure’s similarity with that of graphene.

2.3. Gold Nanoparticle-Based Biosensing

AuNPs are excellent FRET-based quenchers because of their large extinction coefficients and broad
energy absorption bandwidth in the visible range. Fluorescence quenching-based turn-on assay is one
of the most important applications of FRET-based techniques. In this system, the fluorescence of the
donor can be effectively quenched by the acceptor in the absence of the assay target. The quenched
fluorescence is “turned-on” upon the addition of targets, with the restored fluorescence intensity being
proportional to the concentration of targets. The most typical application of AuNPs in FRET-based
assays is the labeling of molecular beacons [18]. Molecular beacons are hairpin shaped molecules
bearing an internally quenched fluorophore, whose fluorescence is restored when they bind to a target
nucleic acid—the action of which separates the fluorophore from the quencher. For example, a novel
molecular beacon, developed by Xu and Hepel, based its detection of glutathione (GSH) and cysteine
(Cys) upon Hg*"-induced self-hybridization of the beacon strand [56]. In their system, they situated a
fluorophore and a quencher at the ends of the stem that contained a T-T mismatch for complexation of
a Hg”" cation. In a very selective coordination of Hg*" to GSH/Cys, the fluorophore/quencher distance



Int. J. Mol. Sci. 2012, 13 16604

increases concomitantly with the dehybridization and dissociation of the beacon stem T-Hg*'-T, due to
extraction of Hg”" ions, thereby switching the molecular beacon on. This approach enables a wide
concentration range of functionality (4 to 200 nm), with detection limits of 4.1 nm for GSH
and 4.2 nm for Cys.

Huang’s group reported a highly sensitive and selective assay based on an enzyme-responsive
multicolor gold nanobeacon for the multiplex detection of endonucleases [57] (see Figure 1C).
Initially, each of three hairpin DNA reporters was labeled with a fluorescent dye that responds to one
of three different endonucleases, co-assembled at the surface of AuNPs (15 nm). Fluorescence
quenching occurred due to the nanosurface energy-transfer (NSET) effect, as this assembly brings the
dyes into very close proximity with AuNPs. Upon binding with the target endonucleases, specific
DNA cleavages occur in the nanobeacon, following with DNA fragments being released from the
surface of AuNPs along with the fluorescence dye. Thus, measurement of fluorescence recovery
provided the basis for a quantitative measurement of endonuclease activity.

Other groups have employed AuNP-based FRET monitors for the detection of DNA hybridization
and protein with varying of the DNA length [58—61]. Cheng ef al. investigated the size and distance
dependence of fluorescence near gold nanoparticles in a homogeneous DNA assay, leading to their
proposal of a sensitive DNA probe [60]. In this system, a closed hairpin resulted in the contact of
fluorophores and AuNPs, leading to an efficient energy transfer (i.e., fluorescence quenching). Upon
DNA hybridization, the DNA stretches, thereby restoring fluorescence. The size and distance
dependences were not empirically studied and, thus, inferred via finite difference time domain (FDTD)
simulations and the Gersten-Nitzan model. Based upon these experimental and numerical studies,
Ceng et al. reported over 96.8% quenching efficiency for all particle sizes and optimal fluorescence
using 100 nm AuNPs with 35 bp DNA strands. This is the first study of the quantum efficiency and
enhancement factor in the GNP-DNA-dye homogeneous system with AuNPs larger than 20 nm in
diameter. The thorough investigations and methodology developed by them has helped establish a
database for homogeneous DNA sensing.

Bovine serum albumin (BSA) bioconjugate nanoparticles are of great importance because of their
potential applications in biomedicine and, more importantly, as biosensors. Bioconjugate nanoparticles
have been used as an efficacious approach for increasing colloidal stability [61,62] and enhancing
biocompatibility in a variety of nanoparticle systems [63—65]. Recently, the interactions of AuNPs and
bovine serum albumin-gold nanoconjugates (BSA-AuNPs) with CdSe QDs were investigated by
Mandal’s group [66]. They employed steady-state and time-resolved fluorescence spectroscopic
techniques to analyze fluorescence quenching of QDs based on FRET in the presence of BSA-AuNPs.
However, they observed that in the presence of only AuNPs, the fluorescence quenching of QDs is
primarily static in nature. They postulated that QDs and AuNPs, being separated by short distances in
the bionanoconjugate system, facilitated energy transfer, rather than the formation of ground-state
complexes in which GNPs directly contact QDs. The effect of QDs on the conformation of
BSA-GNPs was also examined and analyzed (by circular dichroism spectra), indicating that the
secondary structure of the bionanoconjugate undergoes marginal changes. This type of interaction
between QDs and GNPs in a protein-conjugate provided a new insight for design and the development
of FRET-based bionanosensors.
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3. Application of Molecular Imaging

When confronted with injury, disease or even therapeutic intervention, dramatic local and systemic
changes (e.g., changes in pH, oxygenation, enzyme activity, efc.) in the human body’s
microenvironments occur. Knowledge of where and to what extent the microenvironment has deviated
from its norm can be of significant clinical relevance. To detect and image these changes in vivo, a
number of “smart” nanoprobes have recently been developed [67,68]. Nanoparticle-based fluorescence
probes have been widely used as optical contrast agents for a variety of biological applications that
include bioimaging and diagnostics. Nanomaterials, like QDs, can have spectacular optical properties,
such as high quantum yield and a tunable narrow emission band, that suggest their being excellent
energy donors in FRET-based imaging probes. Polymer-based nanomaterials, by comparison, have
relatively larger loading capacities and the ability to self-degrade, whereby they can quench/de-quench
contained fluorophores. And as noted earlier, UCNPs, unique to converting longer wavelength NIR
light to shorter wavelength UV or visible light, circumvent one of the primary impediments
encountered with biomaterials: their strong autofluorescence for wavelengths less than 600 nm. In the
following paragraphs, we will focus on progress made in the developments of subsets ofnano-based
FRET probes known as “activatable” or “smart”; in contrast to agents that achieve very high
target-to-background signal ratios compared to conventional “always on” imaging agents and enable
imaging intracellular targets.

3.1. Quantum Dot-Based Molecular Imaging

QDs have high quantum yields and tunable narrow emission bands of QD, making them especially
attractive as efficient energy donors in FRET-based probes. In recent reports, FRET between quantum
dots and organic fluorophores has been exploited to yield constructs suited to imaging of a wide
array of fundamental biological processes, as well as to create biosensors [68—70]. In the majority of
these studies, the organic fluorophores were adsorbed onto the surface of QDs via proteins, peptides
or polymers. Numerous investigators have also incorporated QD-based FRET technology in their
attempt to track and quantify enzyme activity [3—7], protein conformation change [1,2] and DNA
condensation/decondensation status [71]. In the following, we summarize QD-based molecular
imaging probe developments that utilize FRET to sense in vitro/in vivo biological mechanisms.

Enzymes play key roles in physiology and pathology. The detection and quantitative measurement
of enzyme/substrate interactions within living cells are of critical importance to our understanding of
cell physiology and pathophysiology. Among the plethora of enzyme types, a number of them are
proteolytic enzymes that degrade specific peptide sequences located on/within proteins. This
sequence-specific recognition and cleavage has been successfully applied to design the bimodal “on”
and “off” QD-based FRET beacon. Kim ef al. developed a proteolytic-activated FRET pair for sensing
the activity of MMP-7, a protease involved in the degradation of extracellular matrix during cancer cell
metastasis. In their molecular beacon, The MMP-7 cleavable peptide sequence RPLALWRSK was
incorporated between QDs and the fluorescence molecular dye TAMRA. While the PL intensity of the
donor QD is quenched by TAMRA dyes, the addition of MMP-7 causes cleavage of the peptide
substrate, which results in recovery of the PL of the QDs and a simultaneous decrease in TAMRA light
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emission [7]. Kim et al. employed an AuNP as a quencher for this FRET probe in a multiplexed assay
system of MMPs and their inhibitors, measuring the energy transfer between QDs and AuNP. In this
system, while the PL of donor QDs that had been immobilized on a surface was quenched via the
presence of proximal AuNPs (energy acceptor), the protease activity caused modulation in the
efficiency of the energy transfer between the acceptor and donor, thus enabling protease assay. In
comparison to the QD-dye system, the conjugate of the QD-AuNP not only gave rise to the higher
energy transfer efficiency, but also permitted it, with the use of different sizes (thus, a different
wavelength emission) of QDs, multiplexed assay with MMP, caspase and thrombin. Such multiplexing
arises from the broad absorption spectra of AuNPs and the narrow emission spectra of QDs: a single
AuNP could be used as a common energy acceptor from several different size/wavelength QDs [5].
QD-based FRET probes have also been successfully employed in cell-based visual assays for
protease-targeted, anti-retroviral drug discovery. Song et al. demonstrated a QD-peptide probe that was
prepared via simple one-step electrostatic conjugation for detecting HIV-1 protease (HIV-1 PR)
activity in living cells in vitro with picomole sensitivity [4]. Like protease activity, kinase activity has
also been studied using QD-FRET probes. Kinases are of critical importance in cell signaling
and cancer biology for the recognition and phosphorylation of specific proteins. Ghadiali and
his co-workers demonstrated that self-assembled peptide-quantum dot conjugates can serve as
surrogate substrates in a simple homogeneous assay for protein kinase activity. In their work,
fluorophore-labeled antibodies were able to bind to the QD-peptide only if the kinase phosphorylated
on the peptide [72].

QD-based FRET probes can also be used for real-time biodynamics imaging. Imaging of the change
in pH within live cells is crucial to our understanding and quantification of cellular metabolism,
disease and response to therapy. FRET pairs comprised of a QD donor and pH-sensitive fluorescence
protein (FP) acceptor have been developed, wherein the environmental sensitivity of the acceptor
fluorophore modulates the emission intensity of the donor. Dennis et al. proved that the QD-based
ratiometric pH sensor yields dramatic improvements in imaging sensitivity and photostability
compared to BCECF, the most widely used fluorescent dye for pH imaging. They also found that
FRET between the QD and FP modulates the FP/QD emission ratio, exhibiting a 12-fold change
between pH 6 and 8—well suited for visualization of the acidification of endosomes in living
cells [73]. Cytotoxic entities, such as fluoride ions (F ), can be detected within living cells by the
QD-based FRET systems. A high sensitivity and selectivity fluoride ion (F ) nanoprobe has been
developed based upon the FRET between QDs and AuNPs through the formation of cyclic esters
between phenyl boronic acid and the diol. In the presence of F , the boronate ester (a “hard acid’’)
strongly reacts with F (a “hard base”), converting the boronate ester into trifluoro borate. This
conversion, which causes results in the cleavage of the QD-AuNP linker, results in the fluorescence
recovery of the quenched QDs. With its low 50 nm detection limit of the F and low cytotoxicity, this
nanoprobe provides a viable alternative to current practices for the detection of F in biological and
environmental samples [74,75].

The dynamic, intracellular status of living cells, such as lipid exchange or DNA condensation,
can also be monitored by the QD-based FRET [71,76] (Figure 2). Skajaa’s group developed a
QD-HDL FRET probe labeled with the near-infrared dye Cy5.5. They used this construct to
investigate lipid-exchange dynamics, cellular interactions and nanoparticle disassembly (Figure 2A),
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demonstrating a methodology to follow lipid exchange between HDL and other lipidic nanoparticles,
and confirming the stabilizing features of the apoA-I [76]. Shaheen et al. established a technique for
imaging the nuclear condensation/decondensation status of pDNA in nuclear subdomains using FRET
between QD-labeled pDNA (as donor) and rhodamine-labeled polycations (as acceptor) (Figure 2B).
FRET strengthened when pDNA and polycation molecules were tightly bound and decreased as
donor/acceptor separation grew. pDNA in the condensation/decondensation status in heterochromatin
or euchromatin were quantified based on the pixel area of the signals derived from the QD
and rhodamine [71].

Figure 2. (A) Schematic representation of the lipid-exchange between CyS5.5-labeled lipids
of QD-HDL-Cy5.5 and lipids of the cell membrane, as well as its effect on FRET;
(B) Quantitative analysis of the condensation/decondensation status of pDNA by FRET
between QD-labeled pDNA and rhodamine-labeled DMAE-ss-PRX.
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Distance and orientation between FRET pairs significantly affect the efficiency of energy transfer.
Boeneman’s group designed a QD-based FRET probe to specifically examine the factors that influence
FRET energy transfer efficiency. They compared the architecture that results from using two common
self-assembly chemistries for the attachment of DNA to QDs: (1) polyhistidine peptide-DNA assembly
onto QD surfaces and (2) biotinylated DNA attachment to streptavidin-coated QDs. Complementary
dye-labeled DNAs were hybridized to different positions on the DNA in each QD configuration, and
QD/dye (donor/acceptor) separation distances were probed with FRET. The DNA modified with the
polyhistidine self-assembles onto QDs, with its structure extended out from the QD-PEG surface, as
predicted in numerical studies. By contrast, the random orientation of streptavidin on the surfaces of
QDs resulted in DNA with a wide variety of possible orientations relative to the QD that cannot be
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controlled during self-assembly. These findings suggest that selection of attachment chemistry
between FRET pairs strongly influences the resulting composite architecture [77].

3.2. Polymer-Based Molecular Imaging

Spatial and/or temporal information about the endocytosis status is of tremendous utility in the
development of drugs. Toward this end, Krishnan’s group recently developed an intracellular pH
imaging technique that employs DNA nanomachines, termed “I-switches” (Figure 3). I-switches are
nucleotide assemblies that switch between rational molecular conformations in response to external
stimuli. The combination of pH-responsive nucleotide assemblies and multiple color fluorophores
enables pH-triggered FRET within living cells. With I-switches, spatial and temporal pH changes
associated with endosome maturation can be detected and imaged. The fine performance of [-switches
inside live cells holds great potential for them in diagnostics and targeted therapies [78]. In these
studies, [-switches have also been used to monitor in vivo endosomal maturation in receptor-mediated
endocytosis (Figure 3A—C). Krishnan’s group employed the transparent nematode Caenorhabditis
elegans to map spatiotemporal pH changes associated with receptor-mediated endocytosis in
wild-type, as well as mutant, worms. Figure 3D shows the wild-type Caenorhabditis elegans labeled
withl-switches compared with the in vitro (black) and in vivo (Red) pH calibration curves
(Figure 3E). The I-switch demonstrated autonomous function within the organismal milieu in a variety
of genetic backgrounds [79].

More recently, designers of polymer-based FRET nanoprobes for molecular imaging have
shifted their operations towards NIR wavelengths, largely for in vivo applications [80]. Wagh et al.
report the rational design of FRET-based polymeric nanoparticles for NIR and FRET imaging.
The particles were assembled from diblock copolymers, which were also encapsulated with
both the donor, 1,1-dioctadecyl-3,3,3,3-tetramethylindodicarbocyanine (DiD), and the acceptor,
1,1-dioctadecyl-3,3,3,3-tetramethylindotricarbocyanine (DiR), fluorophores. This FRET system
generates a large Stokes shift (>100 nm) and, thus, can reduce background autofluorescence in
live animals.

3.3. Rare-Earth-Doped Upconversion Nanoparticle-Based Molecular Imaging

Upconversion nanoparticles (UCNP) have become the prominent FRET materials for biological
imaging, especially for the in vivo imaging system [81-88]. Owing to the intense visible emission from
these nanoparticles under near-infrared excitation, the latter of which is less harmful to biological
samples and has greater sample penetration depths than conventional ultraviolet excitation, enhances
their prospects as luminescent stains in bioimaging. In addition to their small physical dimensions and
biocompatibility, UCNPs can be easily coupled to proteins or other biological macromolecules and
used to sense/target specific molecules in small animal models of human disease. Xiong’s group
developed cRGD-UCNP constructs and injected them into athymic nude mice bearing subcutaneous
U87MG tumors overexpressing ava3 integrin. The progress of cRGD-UCNP tumor targeting was
monitored by in vivo imaging, with the majority of nanoplatforms reaching their goal by 4 h
post-injection. Of particular note is that in vivo imaging showed great contrast (signal-to-noise ratio ~24)
between the tumor and background [86].
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Figure 3. The “I-switch” DNA nanomachine recapitulates its pH-sensing properties in vivo.
(A) the structure and working of an I-switch; (B) I-switch uptake in coelomocytes
postinjection in C. elegans; (C) Stages in endosomal maturation of receptor-mediated
endocytosis of a ligand; (D) donor channel, acceptor channel and respective pseudocolor
D/A images of wild-type coelomocytes labeled with I-switch and clamped at pH 5 and 7.
Scale bar, 10 im; (E) pH calibration curve of I-switch in vivo (red trace)
and in vitro (black trace) showing normalized D/A ratios versus pH. Error bars
indicate s.e.m. (n = 25 cells, >50 endosomes). Figures reproduced with permission from
Macmillan Publishers [79].
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A chromophoric ruthenium complex-assembled nanophosphor (N719-UCNPs) has been developed
as a highly selective water-soluble probe for upconversion luminescence sensing and bioimaging of
intracellular mercury ions by Li and his co-works [87]. The design strategy of Hg*'-selective
chromophoric upconversion nanosystem N719-UCNPs is based on the Hg’" modulating energy
transfer degree from upconversion luminescence (UCL) emission of the nanophosphor to the
absorbance of the complex N719. Using the ratiometric upconversion luminescence as the detection
signal, the detection limit of Hg*" for this nanoprobe in water was only 1.95 ppb, lower than the
maximum level (2 ppb) of Hg”" in drinking water set by the United States EPA. Importantly,
N719-UCNPs have also proven capable of monitoring changes in the distribution of Hg”" in living
cells by UCL bioimaging. More recently, Cheng et al. developed multicolor in vivo imaging of UCNPs
with emissions tuned by luminescence resonance energy transfer (LRET) [88] (Figure 4A). In this
platform, several types of organic fluorescent dye and quencher molecules are physically attached to
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the surface of PEGylated UCNPs via hydrophobic interactions. The formed supramolecular UCNP dye
complexes show tuned visible emission spectra owing to the LRET from nanoparticles to the organic
dyes under near-infrared (NIR) excitation and can be well separated in multicolor imaging after
spectral decovolution/unmixing (Figure 4B). In vivo five-color upconversion luminescence imaging
using UCNPs and dye-loaded UCNPs have been successfully used in proof-of-concept animal
experiments via spectral deconvolution (Figure 4C)—providing a facile and flexible method to
modulate the upconversion luminescence (UCL) spectra of UCNPs for in vivo multicolor UCL imaging.

Figure 4. UCNP-based LRET system. (A) A scheme of the UCNP-LRET system; the
hydrophobic layer between the inorganic nanoparticle surface and the external PEG
coating allows adsorption of organic dye molecules on UCNPs; (B) Multicolor UCL
images of three UCNP-dye complexes and a mixture of the three. The images were
obtained using a Maestro in vivo imaging system after spectral unmixing; (C) In vivo
multicolor UCL images of a nude mouse subcutaneously injected with five colors of
UCNPs solutions. Merge-UCL (left) and white light (right). Figures reproduced with
permission from The American Chemical Society [88].

UCNP1/TQ1

4. Application in Dynamic Monitoring Drug Releasing

Nanoparticle-formed drug delivery systems (DDSs) have been of considerable interest in the recent
years because of their great potential to improve the efficacy of the delivery of traditional small
molecular drugs [89]. Consequently, a wide variety of DDSs have been developed in a number of
different formulations that include liposomes, micelles, gelatin and inorganic nanoparticles [90-95].
Polymeric nanoparticles can encapsulate drugs and release them in a regulated fashion through surface
erosion of the nanoparticles, diffusion of the drug through the polymer matrix or swelling followed by
diffusion [96-98]. The rigid matrix of inorganic nanoparticles, however, does not generally allow for
encapsulation and subsequent release of active molecules for conventional drug delivery. Instead,
drug molecules can be linked to, or combined with, nanoparticles for targeted delivery [99-103].
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For “smart” stimulation-responsive release of drugs, scientists design a variety of “switch” linkages
that can be activated by external stimuli, such as light (trans-cis molecules) [104], pH value
(hydrazone) [105], redox (disulfide bonding) [106] or enzyme response [107]. To evaluate the
therapeutic benefit of these various DDSs, one needs to monitor drug release from the delivery system
in vivo, or, at minimal, in living cells. Especially interesting and informative is the potential of
obtaining an in vivo drug release status in real-time from nano DDS via FRET mechanisms, owing to
the high spatial content of such signals. Our review the recent advances in the dynamic monitoring of
drug release of nano DDSs will thus focus on their use of FRET techniques.

In recent years, a number of “theranostic” nanoparticles comprised of targeted dual diagnostic and
therapeutic moieties [108—115]. Contrast enhancement arises from the inclusion of optical or
radioactive species that either emit signals spontaneously or upon excitation by an external source. To
monitor the dynamics of therapeutic drug release, environmentally-induced changes in the physical or
chemical interaction between signal source and therapeutic payload could be used. In the case of using
FRET techniques to monitor drug release, several conditions must be satisfied in the preparation of
nano DDS: (i) Two different but spectrally compatible fluorophores are incorporated into the core of
nano DDSs to serve the energy donor and acceptor. Because FRET interactions are very sensitive to
donor-acceptor separation distance, FRET will occur only in DDSs in which carriers are in intimate
contact with donor/acceptor pairs; (ii)) One of FRET-pair fluorophores must be discharged from the
carrier with the drug and diffuse outwards, while the nanoparticle carriers break down upon external
stimuli. Such a scenario increases the average distance between the donors and acceptors and, thus,
decreases the FRET signal. In the next few paragraphs, we discuss recent developments in the
application of FRET to monitor drug release from organic and inorganic nano DDS.

4.1. Quantum Dot-Based Drug Delivery System

QD-based drug delivery systems have a few general attributes in common: (i) the nanoparticle
surface is functionalized with targeting ligands for specific delivery; (ii) the drug molecules are
released at tumor cells after being triggered externally or by local environmental factors; and (iii) the
surface of QDs are covered with a long-lasting biocompatible polymer to prevent immune attack,
premature excretion and to prolong circulation. Owing to these characteristics, QDs provide a versatile
platform for engineering traceable drug delivery systems with the potential for improving
pharmacological treatment of cancers. QDs also have a great photostability and resistance of
photobleaching, as compared to conventional organic fluorophores. Therefore, numerous investigators
have sought to use QD as the drug carrier and to monitor the dynamics of drug release from QDs using
FRET (Figure 5A) [116,117]. Indeed, QDs have been wildly popular as efficient FRET donors because
of their photoluminescence characterized with broad absorption and narrow emission (minimal spectral
cross-talk) that makes the selection of the acceptor easy.
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Figure 5. FRET monitoring of drug release from a variety of DDS, including (A) quantum
dot-, (B) quantum dot-lipid, (C) polymer-, and (D) mesoporous silica-based delivery systems.
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Bagalkot’s group has developed QD-based theranostics for simultaneous imaging and therapeutic
application [118]. Multifunctional QDs were conjugated with targeting RNA aptamers that recognize
the extracellular domain of the prostate-specific membrane antigen, enabling preferential targeting and
imaging of prostate cancer cells (LNCaP). Instead of just targeting, the double-stranded RNA aptamer
was additionally used to intercalate anticancer drugs doxorubicin (Dox) into the cancer cell’s DNA for
therapeutic activity. In this bi-FRET (dual donor/quencher) system, the QD fluorescence was quenched
by Dox and the fluorescence of Dox was quenched by the RNA aptamers. While the Dox was loading,
both QD and Dox fluorescence were turned “OFF” through bi-FRET. When the QD-Apt complex was
treated with prostate cancer cells and Dox was gradually released, both QD and Dox fluorescence
switched to “on”. This multifunctional QD-Apt-Dox delivered Dox to LNCaP cells much more
efficiently than non-targeted PC3 prostate cancer cells, with the efficacy of Dox delivery monitored by
FRET simultaneously.

QDs have also been employed with more complex bio-molecules, such as short interfering RNA
(siRNA) [119-122]. QDs, appropriately surface-functionalized with cationic moieties, make ideal
siRNA carriers, as they not only engender these gene therapy drugs with physiological stability and
target specificity, but also with the ability to be optically tracked. Lee and his co-workers reported a
siRNA/QD-PEI complex for the analysis of intracellular siRNA uptake, as well as the quantitative
evaluation of siRNA unpacking from the cationic QD carriers by FRET analysis [123]. The authors
used flow cytometry to study the FRET interactions between cyanine dye labeled siRNA (Cy5-siRNA)
and cationic QD carriers. QD-PEI was further modified with a protein transduction domain (PTD)
from protein transduction domain peptide (Hph-1). The siRNA/QD-PEI complexes with and without
Hph-1 exhibit different unpacking kinetics of Cy5-siRNA and intracellular uptake—demonstrating that
siRNA/QD-PEI complexes can be utilized for intracellular trafficking of siRNA release to maximize
the silencing of targets.

Polymers, such as liposomes, or polysaccharides have been widely used to construct hybrid vesicles
in which QDs are typically incorporated into the lipid/carbohydrate to enable fluorescence tracking.
QD-liposomes (QD-L) have been developed as a theranostic DDS for the encapsulation of Dox
or other water-soluble drug molecules (Figure 5B) [124-126]. Weng et al. incorporated
covalently-conjugated hydrophilic, polymer-functionalized QDs into the outer layer of liposomes with
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the polyethylene glycol chains coating and then loaded Dox into the core of the vesicles [127]. Tian et al.
designed drug-loaded QD-L-Dox hybrid vesicles as theranostic platforms [128]. A hydrophilic
fluorescence dye (carboxyfluorescein) was encapsulated within the internal aqueous phase of the
QD-L hybrids. This QD-L-Dox hybrid was used to measure the difference in kinetics of drug release in
the buffer and serum, a difference that depended on the type of lipid used in hybrid synthesis.
DSPC-type QD-L hybrids have shown the highest stability of all formulations studied, with minimal
carboxyfluorescein leakage and no change in size over a period of three weeks. Noteworthy is the fact
that Dox was loaded into QD-L hybrids using simple osmotic gradient techniques, with at least 97%
loading efficiency. Changes in the fluorescence (emission) spectrum of Dox were simultaneously
observed as Dox was released from the QD-L-Dox hybrid vesicles. Overall, the drug-loaded QD-L-Dox
hybrid vesicles provide a promising multifunctional delivery vector capable of transporting
combinations of therapeutic and diagnostic moieties. Gopalakrishnan et al. also developed a hybrid
QD-L system and used the fluorescence correlation spectroscopy (FCS) to monitor the diffusion of
QDs as their conveying liposome fused with the targeted cell’s plasma membrane [124]. The diffusion
of QDs in the plasma membrane and in the lipid bilayer was nearly identical, but that of QDs in small
unilamellar vesicle solution showed much slower diffusion.

Wu et al. reported polysaccharide-based hybrid nanogels that can form the functional building
blocks of a single nanoparticle system capable of optical pH-sensing, cancer cell imaging and
controlled drug release [129]. These hybrid nanogels were developed by in situ immobilization of
CdSe QDs within the interior of dual responsive (pH and temperature) hydroxypropylcellulose-poly
(acrylic acid) (HPC-PAA) semi-interpenetrating polymer networks. The HPC-PAA-CdSe hybrid
nanogels combine to form a strong trap emission at 741 nm—to sense the physicochemical
environment in a pH-dependent manner. On the other hand, a visible excitonic emission at 592 nm can
be used for mouse melanoma B16F10 cell imaging. The hybrid nanogels also provide excellent
stability as a drug carrier for a model anticancer drug, temozolomide. They offered a pH-triggered
sustained-release of the drug molecules in the gel network.

4.2. Polymer-Based Drug Delivery System

Chen et al. developed a polymer-based micelle for drug delivery that revealed the release of
hydrophobic molecules by FRET [130]. The dual-labeled polymeric micelles were prepared using
fluorescently-labeled copolymers that assembled in solution around hydrophobic fluorescent probes
that consequently comprised the micelle’s core—under the assumption that the cellular uptake of core
hydrophobic probes would be much faster than that of labeled micelle copolymers. Both lipophilic
tracers of Dil and DiO dyes were loaded into monomethoxy poly(ethylene glycol)-block-poly(D,
L-lactic acid) micelles to form FRET pairs (Figure 5C). Real-time tracking of micellar release of core
hydrophobic probes into the extracellular space was accomplished by FRET imaging and
spectroscopy. FRET efficiency calculations revealed that polymeric micelle release of hydrophobic
molecules took place via a membrane-mediated transport mechanism. Chen et al. also observed a
decrease in the FRET signal of plasma membranes when studying the latter’s interactions with
paclitaxel-loaded polymeric micelles. From these observations, they proposed that the fast release of
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hydrophobic molecules from micelle core into lipid membrane was bridged/facilitated by the
high-density poly(ethylene glycol) (PEG) of the micelle’s shell.

Sung’s group developed pH-responsive, Dox-loaded NPs made of N-palmitoyl chitosan bearing a
Cy5 moiety (Cy5-NPCS) [131]. Caveolae-mediated endocytosis provided the means by which these
NPCS NPs were taken up by cells with drug release induced via chitosan breakdown in the acidic
endosome/lysosome. By monitoring changes in the FRET signal, they observed that the Dox
fluorescence first appeared in the cytosol of cells, while the NPs remained in (slightly acidic)
early endosomes. As time passed, and more Dox was released, they observed NPs in late
endosomes/lysosomes. Subsequent FRET measurements demonstrated Dox accumulation in the nuclei,
with significant cytotoxicity. Such real-time mapping of NP fate with respect to their intracellular
localization and drug release is crucial for the rational design of drug carriers.

Chen’s group fabricated multifunctional magnetic nanocarriers for synchronous cancer therapy and
sensing [132]. These nanocarriers were synthesized by coupling Dox to adipic, dihydrazide-grafted
gum arabic-modified, magnetic nanoparticles (ADH-GAMNP) via pH-sensitive hydrazone bonds.
Their ADH-GAMNP-Dox exhibited pH-triggered release of Dox in acidic environments of pH 5.0.
The fluorescence of Dox was initially self-quenched via intimate conjugation to GAMNP. Monitoring
changes in the fluorescence intensity of Dox-ADH-GAMNP revealed a time and pH-dependent
release of Dox.

4.3. Mesoporous Silica Nanoparticle-Based Drug Delivery System

Our group has recently developed and evaluated pH-sensitive mesoporous silica nanoparticles
(MSNs) for the controlled release of anticancer chemotherapeutics (Figure 5D) [133]. MSNs were
synthesized with large pore diameters (~5—7 nm), incorporated the fluorescence dye Atto-647 within
their frameworks and had pH-sensitive linkers conjugated onto their nanochannel surfaces via
hydrazone bonds. The pH-sensitive linkers for the attachment of Dox possessed hydrazone bonds that
were cleavable at endosomal pH. In this configuration, Dox served as the FRET donor and Atto-647,
within the MSN’s silica framework, served as the FRET acceptor. To verify the pH-sensitive release of
Dox from Atto-647-MSN-hydrazone-Dox, we employed fluorescence spectroscopy and imaging.
When Dox remained encapsulated within Atto-647-MSN-hydrazone-Dox, two emission maximal
peaks were observed upon excitation of Dox fluorescence at 440 nm: one at 580 nm from Dox alone
and the other at 670 nm from Atto-647 that arose from FRET from proximal Dox. Following release of
Dox from nanoparticles at pH 4.5, the emission spectra of specimens excited at 440 nm indicated the
decrease of fluorescence intensity of both Dox and Atto-647. It was due to the decrease of Dox
concentration serving as FRET donor in pH 4.5 acidic buffer. We thereby successfully observed the
time-course of pH-responsive release of Dox form our MSNs via measuring changes in FRET.

5. Conclusion

In the past decade, remarkable progress has been made in developing nanoparticle-based FRET
systems for biosensing, molecular imaging and drug release profiling applications. In this review, we
have largely focused upon the utilization of inorganic nanomaterials in the FRET system, such as
quantum dots, upconversion nanoparticles, gold nanoparticles and mesoporous silica nanoparticles.
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But, we have also discussed a few of the more successful polymer-based organic materials for
completeness, as well. For their successful application to biological systems, both in vitro and in vivo,
nanoparticle-based FRET probes generally need: (1) strong fluorescence intensity donors, whose
emission spectra have significant overlap with the absorption bands of the FRET-pair acceptors’;
(2) high stability in the environments in which they operate; (3) intrinsic biocompatibility and/or
excretability to minimize adverse local/systemic reactions; and (4) very high targeting specificity, to
enhance contrast. If their recent history is any indication of their near future, we can expect to see
nanoparticle-based FRET probe development and application accelerating, with their becoming a
fundamental tool in biomarker design and drug discovery.

References

1.  Krukenberg, K.A.; Street, T.O.; Lavery, L.A.; Agard, D.A. Conformational dynamics of the
molecular chaperone Hsp90. Q. Rev. Biophys. 2011, 44, 229-255.

2. Krusinski, T.; Ozyhar, A.; Dobryszycki, P. Dual FRET assay for detecting receptor protein
interaction with DNA. Nucl. Acids Res. 2010, 38, e108.

3. Boeneman, K.; Mei, B.C.; Dennis, A.M.; Bao, G.; Deschamps, J.R.; Mattoussi, H.; Medintz, I.L.
Sensing caspase 3 activity with quantum dot-fluorescent protein assemblies. J. Am. Chem. Soc.
2009, /31, 3828-3829.

4.  Choi, Y.; Lee, J.; Kim, K.; Kim, H.; Sommer, P.; Song, R. Fluorogenic assay and live cell
imaging of HIV-1 protease activity using acid-stable quantum dot-peptide complex.
Chem. Commun. 2010, 46, 9146-9148.

5. Kim, Y.P.; Oh, Y.H.; Oh, E.; Ko, S.; Han, M.K.; Kim, H.S. Energy transfer-based multiplexed
assay of proteases by using gold nanoparticle and quantum dot conjugates on a surface.
Anal. Chem. 2008, 80, 4634—4641.

6. Kimura, R.H.; Steenblock, E.R.; Camarero, J.A. Development of a cell-based fluorescence
resonance energy transfer reporter for Bacillus anthracis lethal factor protease. Anal. Biochem.
2007, 369, 60-70.

7. Kim, Y.P.; Oh, Y.H.; Oh, E.; Kim, H.-S. Chip-based protease assay using fluorescence resonance
energy transfer between quantum dots and fluorophores. Biochip J. 2007, 1, 228-233.

8.  Sahoo, H. Foster resonace energy transfer—A spectroscopic nanoruler: Principle and application.
J. Photochem. Photobiol. C: Photochem. Rev. 2011, 12, 20-30.

9. Clegg, RM. Forster resonance energy transfer—FRET what is it, why do it, and how it’s done.
Lab. Tech. Biochem. Mol. Biol. 2009, 33, 1-57.

10. Liu, C.P.; Cheng, S.H.; Chen, N.T.; Lo, L.W. Intra/inter-particle energy transfer of luminescence
nanocrystals for biomedical applications. J. Nanomater. 2012, 2012, doi:10.1155/2012/706134.

11. Kim, G.B.; Kim, Y.P. Analysis of protease activity using quantum dots and resonance energy
transfer. Theranostics 2012, 2, 127-138.

12. Jares-Erijman, E.A.; Jovin, T.M. Imaging molecular interactions in living cells by FRET
microscopy. Curr. Opin. Chem. Biol. 2006, 10, 409—416.

13. Jares-Erijman, E.A.; Jovin, T.M. FRET imaging. Nat. Biotechnol. 2003, 21, 1387—1395.



Int. J. Mol. Sci. 2012, 13 16616

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.
24.

25.

26.

27.

28.

29.

30.

31.

Sapsford, K.E.; Berti, L.; Medintz, I.L. Materials for fluorescence resonance energy transfer analysis:
Beyond traditional donor-acceptor combinations. Angew. Chem. Int. Ed. 2006, 45, 4562—4588.
Verma, P.K.; Pala, S.K. Ultrafast resonance energy transfer in bio-molecular systems. Eur. Phys.
J. D 2010, 60, 137-156.

Hildebrandt, N.; Charbonniere, L.J.; Beck, M.; Ziessel, R.F.; Lohmannsroben, H.G. Quantum
dots as efficient energy acceptors in a time-resolved fluoroimmunoassay. Angew. Chem. 20085,
117,7784-7788.

Schuler, B.; Eaton, W.A. Protein folding studied by single-molecule FRET. Curr. Opin. Struct.
Biol. 2008, 18, 16-26.

Hillisch, A.; Lorenz, M.; Diekmann, S. Recent advances in FRET: Distance determination in
protein—DNA complexes. Curr. Opin. Struct. Biol. 2001, 11, 201-207.

Boisselier, E.; Astruc, D. Gold nanoparticles in nanomedicine: Preparations, imaging,
diagnostics, therapies and toxicity. Chem. Soc. Rev. 2009, 38, 1759-1782.

Dubertret, B.; Calame, M.; Libchaber, A.J. Single-mismatch detection using gold-quenched
fluorescent oligonucleotides. Nat. Biotechnol. 2001, 19, 365-370.

Zhang, Y.; Wang, T.-H. Quantum dot enabled molecular sensing and diagnostics. Theranostics
2012, 2, 631-654.

Bruchez, M., Jr.; Moronne, M.; Gin, P.; Weiss, S.; Alivisatos, A.P. Semiconductor nanocrystals
as fluorescent biological labels. Science 1998, 281, 2013-2016.

Reiss, P.; Protiere, M.; Li, L. Core/shell semiconductor nanocrystals. Small 2009, 5, 154-168.
Resch-Genger, U.; Grabolle, M.; Cavaliere-Jaricot, S.; Nitschke, R.; Nann, T. Quantum dots
versus organic dyes as fluorescent labels. Nat. Methods 2008, 5, 763—-775.

Ho, Y.P.; Chen, H.H.; Leong, K.W.; Wang, T.H. Evaluating the intracellular stability and
unpacking of DNA nanocomplexes by quantum dots-FRET. J. Control. Release 2006, 116, 83—89.
Lee, J.; Choi, Y.; Kim, J.; Park, E.; Song, R. Positively charged compact quantum dot-DNA
complexes for detection of nucleic acids. Chem. Phys. Chem. 2009, 10, 806—811.

Chi, C.W.; Lao, Y.H.; Li, Y.S.; Chen, L.C. A quantum dot-aptamer beacon using a DNA
intercalating dye as the FRET reporter: Application to label-free thrombin detection.
Biosens. Bioelectron. 2011, 26, 3346-3352.

Huang, Y.; Zhao, S.L.; Shi, M.; Chen, J.; Chen, Z.F.; Liang, H. Intermolecular and
intramolecular quencher based quantum dot nanoprobes for multiplexed detection of
endonuclease activity and inhibition. Anal. Chem. 2011, 83, 8913-8918.

Medintz, I.L.; Clapp, A.R.; Mattoussi, H.; Goldman, E.R.; Fisher, B.; Mauro, J.M. Self-assembled
nanoscale biosensors based on quantum dot FRET donors. Nat. Mater. 2003, 2, 630—638.
Geissbuehler, 1.; Hovius, R.; Martinez, K.L.; Adrian, M.; Thampi, K.R.; Vogel, H. Lipid-coated
nanocrystals as multifunctionalized luminescent scaffolds for supramolecular biological
assemblies. Angew. Chem. Int. Ed. 2005, 44, 1388—1392.

Lu, H.; Schops, O.; Woggon, U.; Niemeyer, C.M. Self-assembled donor comprising quantum
dots and fluorescent proteins for long-range fluorescence resonance energy transfer. J. Am.
Chem. Soc. 2008, 130, 4815-4827.



Int. J. Mol. Sci. 2012, 13 16617

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

Chen, H.H.; Ho, Y.P.; Jiang, X.; Mao, H.Q.; Wang, T.H.; Leong, K.W. Quantitative comparison
of intracellular unpacking kinetics of polyplexes by a model constructed from quantum
dot-FRET. Mol. Ther. 2008, 16, 324-332.

Chen, H.H.; Ho, Y.P.; Jiang, X.; Mao, H.Q.; Wang, T.H.; Leong, K.W. Simultaneous non invasive
analysis of DNA condensation and stability by two-step QD-FRET. Nano Today 2009, 4, 125-134.
Jiang, G.; Susha, A.S.; Lutich, A.A.; Stefani, F.D.; Feldmann, J.; Rogach, A.L. Cascaded FRET
in conjugated polymer/quantum dot/dye-labeled DNA complexes for DNA hybridization
detection. ACS Nano 2009, 3, 4127-4131.

Boeneman, K.; Prasuhn, D.E.; Blanco-Canosa, J.B.; Dawson, P.E.; Melinger, J.S.; Ancona, M.;
Stewart, M.H.; Susumu, K.; Huston, A.; Medintz, I.LL. Self-assembled quantum dot-sensitized
multivalent DNA photonic wires. J. Am. Chem. Soc. 2010, 132, 18177-18190.

Algar, W.R.; Wegner, D.; Huston, A.L.; Blanco-Canosa, J.B.; Stewant, M.H.; Armstrong, A.;
Dawson, P.E.; Hildebrandt, N.; Medintz, [.L. Quantum dots as simultaneous acceptors and
donors in time-gated Forster resonance energy transfer relays: Characterization and biosensing.
J. Am. Chem. Soc. 2012, 134, 1876—1891.

Auzel, F. Upconversion and anti-stokes processes with f and d ions in solids. Chem. Rev. 2004,
104, 139-173.

Kuningas, K.; Rantanen, T.; Ukonaho, T.; Lovgren, T.; Soukka, T. Homogeneous assay
technology based on upconverting phosphors. Anal. Chem. 2005, 77, 7348-7355.

Kuningas, K.; Ukonaho, T.; Pdkkild, H.; Rantanen, T.; Rosenberg, J.; Lovgren, T.; Soukka, T.
Upconversion fluorescence resonance energy transfer in a homogeneous immunoassay for
estradiol. Anal. Chem. 2006, 78, 4690-4696.

Bednarkiewicz, A.; Nyk, M.; Samoc, M.; Strek, W. Up-conversion FRET from Er’'/Yb " :NaYF,
nanophosphor to CdSe quantum dots. J. Phys. Chem. C 2010, 114, 17535-17541.

Rantanen, T.; Jarvenpéad, M.L.; Vuojola, J.; Kuningas, K.; Soukka, T. Fluorescence-quenching-based
enzyme-activity assay by using photon upconversion. Angew. Chem. Int. Ed. 2008, 47, 3811-3813.
Vetrone, F.; Naccache, R.; Morgan, C.G.; Capobianco, J.A. Luminescence resonance energy
transfer from an upconverting nanoparticle to a fluorescent phycobiliprotein. Nanoscale 2010,
2, 1185-1189.

Guo, H.C.; Idris, N.M.; Zhang, Y. LRET-based biodetection of DNA release in live cells using
surface-modified upconverting fluorescent nanoparticles. Langmuir 2011, 27, 2854-2860.

Wang, L.; Yan, R.; Huo, Z.; Wang, L.; Zeng, J.; Bao, J.; Wang, X.; Peng, Q.; Li, Y. Fluorescence
resonant energy transfer biosensor based on upconversion-luminescent nanoparticles.
Angew. Chem. Int. Ed. 2005, 44, 6054—6057.

Wang, M.; Hou, W.; Mi, C.C.; Wang, W.X.; Xu, Z.R.; Teng, H.H.; Mao, C.B.; Xu, S.K.
Immunoassay of goat antihuman immunoglobulin G antibody based on luminescence resonance
energy transfer between near-infrared responsive NaYF4:Yb, Er Upconversion fluorescent
nanoparticles and gold nanoparticles. Anal. Chem. 2009, 81, 8783—8789.

Lu, C.H.; Yang, HH.; Zhu, C.L.; Chen, X.; Chen, G.N. A graphene platform for sensing
biomolecules. Angew. Chem., Int. Ed. 2009, 48, 4785-4787.

Dong, H.; Gao, W.; Yan, F.; Ji, H.; Ju, H. Fluorescence resonance energy transfer between
quantum dots and graphene oxide for sensing biomolecules. Anal. Chem. 2010, 82, 5511-5517.



Int. J. Mol. Sci. 2012, 13 16618

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Wu, W.; Hu, H.; Li, F.; Wang, L.; Gao, J.; Lu, J.; Fan, C. A graphene oxide-based nano-beacon
for DNA phosphorylation analysis. Chem. Commun. 2011, 47, 1201-1203.

Chang, H.; Tang, L.; Wang, Y.; Jiang, J.; Li, J. Graphene fluorescence resonance energy transfer
aptasensor for the thrombin detection. Anal. Chem. 2010, 82, 2341-2346.

Jang, H.; Kim, Y.K.; Kwon, H.M.; Yeo, W.S.; Kim, D.E.; Min, D.H. A graphene-based platform
for the assay of duplex-DNA unwinding by helicase. Angew. Chem. Int. Ed. 2010, 49,
5703-5707.

Liu, M.; Zhao, H.; Quan, X.; Chen, S.; Fan, X. Distance-independent quenching of quantum dots
by nanoscale-graphene in self-assembled sandwich immunoassay. Chem. Commun. 2010, 46,
7909-7911.

Zhang, C.; Yuan, Y.; Zhang, S.; Wang, Y.; Liu, Z. Biosensing platform based on fluorescence
resonance energy transfer from upconverting nanocrystals to graphene Oxide. Angew. Chem.
Int. Ed. 2011, 50, 6851-6854.

Liu, C.H.; Wang, Z.; Jia, H.X.; Li, Z.P. Efficient fluorescence resonance energy transfer between
upconversion nanophosphors and graphene oxide: A highly sensitive biosensing platform.
Chem. Commun. 2011, 47, 4661-4663.

Wu, S.; Duan, N.; Ma, X.Y.; Xia, Y.; Wang, H.X.; Wang, Z.P.; Zhang, Q. Multiplexed
fluorescence resonance energy transfer aptasensor between upconversion nanoparticles and
graphene oxide for the simultaneous determination of mycotoxins. Anal. Chem. 2012, 84,
6263-6270.

Wang, Y.H.; Bao, L.; Liu, Z.H.; Pang, D.W. Aptamer biosensor based on fluorescence resonance
energy transfer from upconverting phosphors to carbon nanoparticles for thrombin detection in
human plasma. Anal. Chem. 2011, 83, 8130-8137.

Xu, H.; Hepel, M. “Molecular beacon”-based fluorescent assay for selective detection of
glutathione and cysteine. Anal. Chem. 2011, 83, 813-819.

Huang, Y.; Zhao, S.L.; Liang, H.; Chen, Z.F.; Liu, Y.M. Multiplex detection of endonucleases by
using a multicolor gold nanobeacon. Chem-A Eur. J. 2011, 17, 7313-7319.

Ray, P.C.; Darbha, G.K.; Ray, A.; Walker, J.; Hardy, W. Gold nanoparticle based FRET for
DNA detection. Plasmonics 2007, 2, 173—183.

Lee, S.; Cha, E.-J.; Park, K.; Lee, S.-Y.; Hong, J.-K.; Sun, I.-C.; Kim, S.Y.; Choi, K.; Kwon, 1.C;
Kim, K.; et al. A near-infrared-fluorescencequenched gold-nanoparticle imaging probe for in vivo
drug screening and protease activity determination. Angew. Chem. Int. Ed. 2008, 47, 2804—2807.
Cheng, Y.N.; Stakenborg, T.; Van Dorpe, P.; Lahae, L.; Wang, M.; Chen, H.Z.; Borghs, G.
Fluorescence near gold nanoparticles for DNA sensing. Anal. Chem. 2011, 83, 1307-1314.

Feng, J.-J.; Zhoa, G.; Xu, J.-J.; Chen, H.-Y. Direct electrochemistry and electrocatalysis of heme
proteins immobilized on gold nanoparticles stabilized by chitosan. Anal. Biochem. 2005, 342,
280-286.

Yang, T.; Li, Z.; Wang, L.; Guo, C.; Sun, Y. Synthesis, characterization, and self-assembly of
protein lysozyme monolayer-stabilized gold nanoparticles. Langmuir 2007, 23, 10533—10538.
Mattoussi, H.; Mauro, J.M.; Goldman, E.R.; Anderson, G.P.; Sundar, V.C.; Mikulec, F.B.;
Bawendi, M.G. Self-Assembly of CdSe—ZnS quantum dot bioconjugates using an engineered
recombinant protein. J. Am. Chem. Soc. 2000, 122, 12142—12150.



Int. J. Mol. Sci. 2012, 13 16619

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

Goldman, E.R.; Anderson, G.P.; Tran, P.T.; Mattoussi, H.; Charles, P.T.; Mauro, J.M.
Conjugation of luminescent quantum dots with antibodies using an engineered adaptor protein to
provide new reagents for fluoroimmunoassays. Anal. Chem. 2002, 74, 841-847.

Jaiswal, J.K.; Mattoussi, H.; Mauro, J.M.; Simon, S.M. Long-term multiple color imaging of live
cells using quantum dot bioconjugates. Nat. Biotechnol. 2003, 21, 47-51.

Mandal, G.; Bardhan, M.; Ganguly, T. Occurrence of Forster resonance energy transfer between
quantum dots and gold nanoparticles in the presence of a biomolecule. J. Phys. Chem. C 2011,
115,20840-20848.

He, X.; Wang, K.; Cheng, Z. In vivo near-infrared fluorescence imaging of cancer with
nanoparticle-based probes. Wiley Interdiscip. Rev. Nanomed. Nanobiotechnol. 2010, 2, 349-366.
Maysinger, D.; Lovric, J.; Eisenberg, A.; Savic, R. Fate of micelles and quantum dots in cells.
Eur. J. Pharm. Biopharm. 2007, 65, 270-281.

Huang, X.; Lee, S.; Chen, X. Design of “smart” probes for optical imaging of apoptosis
American journal of nuclear medicine and molecular imaging. Am. Nuclear Med. Mol. Imaging
2011, 7, 3-17.

Hering, V.R.; Gibson, G.; Schumacher, R.I.; Faljoni-Alario, A.; Politi, M.J. Energy transfer
between CdSe/ZnS core/shell quantum dots and fluorescent proteins. Bioconjugate Chem. 2007,
18, 1705-1708.

Shaheen, S.M.; Akita, H.; Yamashita, A.; Katoono, R.; Yui, N.; Biju, V.; Ishikawa, M.;
Harashima, H. Quantitative analysis of condensation/decondensation status of pDNA in the
nuclear sub-domains by QD-FRET. Nucleic Acids Res. 2011, 39, e48.

Ghadiali, J.E.; Cohen, B.E.; Stevens, M.M. Protein kinase-actuated resonance energy transfer in
quantum dot-peptide conjugates. ACS Nano 2010, 4, 4915-4919.

Dennis, A.M.; Rhee, W.J.; Sotto, D.; Dublin, S.N.; Bao, G. Quantum dot-fluorescent protein
FRET probes for sensing intracellular pH. ACS Nano 2012, 6, 2917-2924.

Xue, M.; Wang, X.; Wang, H.; Chen, D.; Tang, B. Hydrogen bond breakage by fluoride anions
in a simple CdTe quantum dot/gold nanoparticle FRET system and its analytical application.
Chem. Commun. 2011, 47, 4986—4988.

Xue, M.; Wang, X.; Duan, L.; Gao, W.; Ji, L.; Tang, B. A new nanoprobe based on FRET
between functional quantum dots and gold nanoparticles for fluoride anion and its applications
for biological imaging. Biosens. Bioelectron. 2012, 36, 168—173.

Skajaa, T.; Zhao, Y.; van den Heuvel, D.J.; Gerritsen, H.C.; Cormode, D.P.; Koole, R.;
van Schooneveld, M.M.; Post, J.A.; Fisher, E.A.; Fayad, Z.A. Quantum dot and cy5.5 labeled
nanoparticles to investigate lipoprotein biointeractions via Forster resonance energy transfer.
Nano Lett. 2010, 10, 5131-5138.

Boeneman, K.; Deschamps, J.R.; Buckhout-White, S.; Prasuhn, D.E.; Blanco-Canosa, J.B.;
Dawson, P.E.; Stewart, M.H.; Susumu, K.; Goldman, E.R.; Ancona, M. Quantum dot DNA
bioconjugates: Attachment chemistry strongly influences the resulting composite architecture.
ACS Nano 2010, 4, 7253-7266.

Modi, S.; M, G.S.; Goswami, D.; Gupta, G.D.; Mayor, S.; Krishnan, Y. A DNA nanomachine
that maps spatial and temporal pH changes inside living cells. Nat. Nanotechnol. 2009, 4, 325-330.



Int. J. Mol. Sci. 2012, 13 16620

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

&9.

90.

91.

92.

93.

94.

95.

Surana, S.; Bhat, J.M.; Koushika, S.P.; Krishnan, Y. An autonomous DNA nanomachine maps
spatiotemporal pH changes in a multicellular living organism. Nat. Commun. 2011, 2, doi:
10.1038/ncomms1340.

Wagh, A.; Qian, S.Y.; Law, B. Development of Biocompatible Polymeric Nanoparticles for in
Vivo NIR and FRET Imaging. Bioconjugate Chem. 2012, 23, 981-992.

Wang, F.; Banerjee, D.; Liu, Y.; Chen, X.; Liu, X. Upconversion nanoparticles in biological
labeling, imaging, and therapy. Analyst 2010, 135, 1839-1854.

Wang, C.; Tao, H.; Cheng, L.; Liu, Z. Near-infrared light induced in vivo photodynamic therapy
of cancer based on upconversion nanoparticles. Biomaterials 2011, 32, 6145-6154.

Wang, C.; Cheng, L.; Liu, Z. Upconversion nanoparticles for potential cancer theranostics.
Ther. Deliv. 2011, 2, 1235-1239.

Cheng, L.; Yang, K.; Li, Y.; Chen, J.; Wang, C.; Shao, M.; Lee, S.T.; Liu, Z. Facile preparation
of multifunctional upconversion nanoprobes for multimodal imaging and dual-targeted
photothermal therapy. Angew. Chem. Int. Ed. Engl. 2011, 50, 7385-7390.

Cheng, L.; Yang, K.; Li, Y.; Zeng, X.; Shao, M.; Lee, S.T.; Liu, Z. Multifunctional nanoparticles
for upconversion luminescence/MR multimodal imaging and magnetically targeted photothermal
therapy. Biomaterials 2012, 33, 2215-2222.

Xiong, L.Q.; Chen, Z.G.; Tian, Q.W.; Cao, T.Y.; Xu, C.J.; Huang, C.H. High Contrast
upconversion luminescence targeted imaging in vivo using peptide-labeled nanophosphors.
Anal. Chem. 2009, 81, 8687-8694.

Liu, Q.; Peng, J.; Sun, L.; Li, F. High-efficiency upconversion luminescent sensing and
bioimaging of Hg(Il) by chromophoric ruthenium complex-assembled nanophosphors.
ACS Nano 2011, 5, 8040-8048.

Cheng, L.; Yang, K.; Shao, M.; Lee, S.T.; Liu, Z. Multicolor in vivo imaging of upconversion
nanoparticles with emissions tuned by luminescence resonance energy transfer. J. Phys. Chem. C
2011, 715, 2686-2692.

Allen, T.M.; Cullis, P.R. Drug delivery systems: Entering the mainstream. Science 2004, 303,
1818-1822.

Peer, D.; Karp, J.M.; Hong, S.; Farokhzad, O.C.; Margalit, R.; Langer, R. Nanocarriers as an
emerging platform for cancer therapy. Nat. Nanotechnol. 2007, 2, 751-760.

Moghimi, S.M.; Hunter, A.C.; Murray, J.C. Nanomedicine: Current status and future prospects.
FASEB J. 2005, 19, 311-330.

Bonoiu, A.; Mahajan, S.D.; Ye, L.; Kumar, R.; Ding, H.; Yong, K.-T. MMP-9 gene silencing by
a quantum dot-siRNA nanoplex delivery to maintain the integrity of the blood brain barrier.
Brain Res. 2009, 1282, 142—155.

Shi, J.; Votruba, A.R.; Farokhzad, O.C.; Langer, R. Nanotechnology in drug delivery and tissue
engineering: From discovery to applications. Nano Lett. 2010, 10, 3223-3230.

Karnik, R.; Gu, F.; Basto, P.; Cannizzaro, C.; Dean, L.; Kyei-Manu, W. Microfluidic platform
for controlled synthesis of polymeric nanoparticles. Nano Lett. 2008, 8, 2906-2912.

Shen, X.Q.; Li, L.; Wu, H.; Yao, S.Q.; Xu, Q.H. Photosensitizer-doped conjugated polymer
nanoparticles for simultaneous two-photon imaging and two-photon photodynamic therapy in
living cells. Nanoscale 2011, 3, 5140-5146.



Int. J. Mol. Sci. 2012, 13 16621

96.
97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

I11.

112.

113.

Kost, J.; Langer, R. Responsive polymeric delivery systems. Adv. Drug Deli. Rev. 2001, 46, 125-148.
Liechty, W.B.; Kryscio, D.R.; Slaughter, B.V.; Peppas, N.A. Polymers for drug delivery systems.
Annu. Rev. Chem. Biomol. Eng. 2010, 1, 149—-173

Alexis, F.; Rhee, J.W.; Richie, J.P.; Radovic-Moreno, A.F.; Langer, R.; Farokhzad, O.C.
New frontiers in nanotechnology for cancer treatment. Urol. Oncol. 2008, 26, 74-85.

Bharali, D.J.; Klejbor, I.; Stachowiak, E.K.; Dutta, P.; Roy, I.; Kaur, N. Organically modified
silica nanoparticles: A nonviral vector for in vivo gene delivery and expression in the brain.
Proc. Natl. Acad. Sci. USA 2005, 102, 11539-11544.

Ding, H.; Yong, K.T.; Roy, L.; Pudavar, H.E.; Law, W.C.; Bergey, E.J. Gold nanorods coated
with multilayer polyelectrolyte as contrast agents for multimodal imaging. J. Phys. Chem. C
2007, 111, 12552—-12557.

El-Sayed, I.H.; Huang, X.; El-Sayed, M.A. Surface plasmon resonance scattering and absorption
of anti-EGFR antibody conjugated gold nanoparticles in cancer diagnostics: Applications in oral
cancer. Nano Lett. 2005, 5, 829-834.

Ballou, B.; Emst, L.A.; Andreko, S.; Harper, T.; Fitzpatrick, J.A.J.; Waggoner, A.S.;
Bruchez, M.P. Sentinel lymph node imaging using quantum dots in mouse tumor models.
Bioconjugate Chem. 2007, 18, 389-396.

Carling, C.J.; Nourmohammadian, F.; Boyer, J.C.; Branda, N.R. Remote-control photorelease of
caged compounds using near-infrared light and upconverting nanoparticles. Angew. Chem.
Int. Ed. 2010, 49, 3782-3785.

Rapoport, N. Physical stimuli-responsive polymeric micelles for anti-cancer drug delivery.
Prog. Polym. Sci. 2007, 32, 962-990.

Ulbrich, K.; Etrych, T.; Chytil, P.; Jelinkova, M.; Rihova, B. Antibody-targeted
polymer-doxorubicin conjugates with pH-controlled activation. J. Drug Target 2004, 12, 477-4809.
Schafer, F.Q.; Buettner, G.R. Redox state as viewed through the glutathione disulfide/glutathione
couple. Free Radic. Biol. Med. 2001, 30, 1191-1212.

Park, C.; Kim, H.; Kim, S.; Kim, C. Enzyme responsive nanocontainers with cyclodextrin
gatekeepers and synergistic effects in release of guests. J. Am. Chem. Soc. 2009, 131, 16614—-16615.
Medintz, 1.L.; Mattoussi, H. Quantum dot-based resonance energy transfer and its growing
application in biology. Phys. Chem. Chem. Phys. 2009, 11, 17-45.

Algar, W.R.; Krull, U.J. Quantum dots as donors in fluorescence resonance energy transfer for
the bioanalysis of nucleic acids, proteins, and other biological molecules. Anal. Bioanal. Chem.
2008, 391, 1609-1618.

Xu, H.X.; Sha, M.Y.; Wong, E.Y.; Uphoff, J.; Xu, Y.H.; Treadway, J.A.; Truong, A,
O’Brien, E.; Asquith, S.; Stubbins, M.; et al. Multiplexed SNP genotyping using the Qbead"
system: A quantum dot-encoded microsphere-based assay. Nucleic Acids Res. 2003, 31, e43.

Ho, Y.P.; Kung, M.C.; Yang, S.; Wang, T.H. Multiplexed hybridization detection with
multicolor colocalization of quantum dot nanoprobes. Nano Lett. 2005, 5, 1693—1697.

Choi, H.S; Frangioni, J.V. Nanoparticles for biomedical imaging: Fundamentals of clinical
translation. Mol. Imaging. 2010, 9, 291-310.

Rosenholm, J.M.; Sahlgren, C.; Linden, M. Towards multifunctional, targeted drug delivery systems
using mesoporous silica nanoparticles—opportunities & challenges. Nanoscale 2010, 2, 1870—1883.



Int. J. Mol. Sci. 2012, 13 16622

114.

115.
116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

Shubayev, V.I.; Pisanic, T.R. 2nd; Jin, S. Magnetic nanoparticles for theragnostics. Adv. Drug
Deliv. Rev. 2009, 61, 467-477.

Wang, M.; Thanou, M. Targeting nanoparticles to cancer. Pharmacol. Res. 2010, 62, 90-99.
Medintz, I.L.; Uyeda, H.T.; Goldman, E.R.; Mattoussi, H. Quantum dot bioconjugates for
imaging, labeling and sensing. Nat. Mater. 2005, 4, 435—446.

Zhang, C.Y.; Yeh, H.C.; Kuroki, M.T.; Wang, T.H. Single-quantum-dot-based DNA nanosensor.
Nat. Mater. 2005, 4, 826-831.

Bagalkot, V.; Zhang, L.; Levy-Nissenbaum, E.; Jon, S.; Kantoff, P. W; Langer R.; Farokhzad, O.C.
Quantum dot-aptamer conjugates for synchronous cancer imaging, therapy, and sensing of drug
delivery based on bi-fluorescence resonance energy transfer. Nano Lett. 2007, 7, 3065-3070.

Xu, G.; Yong, K.T.; Roy, I.; Mahajan, S.D.; Ding, H.; Schwartz, S.A. Bioconjugated quantum
rods as targeted probes for efficient transmigration across an in vitro blood-brain barrier.
Bioconjugate Chem. 2008, 19, 1179—1185.

Chen, A.A.; Derfus, A.M.; Khetani, S.R.; Bhatia, S.N. Quantum dots to monitor RNAi delivery
and improve gene silencing. Nucleic Acids Res. 2005, 33, e190.

Tan, W.B.; Jiang, S.; Zhang, Y. Quantum-dot based nanoparticles for targeted silencing of
HER2/neu gene via RNA interference. Biomaterials 2007, 28, 1565—1571.

Qi, L.; Gao, X. Quantum dot-amphipol nanocomplex for intracellular delivery and real-time
imaging of siRNA. ACS Nano 2008, 2, 1403—-1410.

Lee, H.; Kim, [.-K.; Park, T.G. Synthesis, characterization, and in vivo diagnostic applications of
hyaluronic acid immobilized gold nanoprobes. Bioconjugate Chem. 2010, 21, 289-295.
Gopalakrishnan, G.; Danelon, C.; Izewska, P.; Prummer, M.; Bolinger, P.Y.; Geissbuhler, 1.;
Demurtas, D.; Dubochet, J.; Vogel, H. Multifunctional lipid/quantum dot hybrid nanocontainers
for controlled targeting of live cells. Angew. Chem., Int. Ed. 2006, 45, 5478—483.

Al-Jamal, W.T.; Al-Jamal, K.T., Bomans, P.H.; Frederik, P.M.; Kostarelos, K.
Functionalized-quantum-dot-liposome hybrids as multimodal nanoparticles for cancer. Small
2008, 4, 1406-1415.

Al-Jamal, W.T.; Al-Jamal, K.T.; Tian, B.; Cakebread, A.; Halket, J.M.; Kostarelos, K. Tumor
targeting of functionalized quantum dot-liposome hybrids by intravenous administration.
Mol. Pharm. 2009, 6, 520-530.

Weng, K.C.; Noble, C.O.; Papahadjopoulos-Sternberg, B.; Chen, F.F.; Drummond, D.C.;
Kirpotin, D.B.; Wang, D.; Hom, Y.K.; Hann B.; Park, J.W. Targeted tumor cell internalization
and imaging of multifunctional quantum dot-conjugated immunoliposomes in vitro and in vivo.
Nano Lett. 2008, 8, 2851-2857.

Tian, B.; Al-Jamal, W.T.; Al-Jamal, K.T.; Kostarelos, K. Doxorubicin-loaded lipid-quantum dot
hybrids: Surface topography and release properties. Int. J. Pharm. 2011, 416, 443—447.

Wu, W.; Aiello, M.; Zhou, T.; Berliner, A.; Banerjee, P.; Zhou, S. In-situ immobilization of
quantum dots in polysaccharide-based nanogels for integration of optical pH-sensing, tumor cell
imaging, and drug delivery. Biomaterials 2010, 31, 3023-3031.

Chen, H.; Kim, S.; Li, L.; Wang, S.; Park, K.; Cheng, J.X. Release of hydrophobic molecules
from polymer micelles into cell membranes revealed by Forster resonance energy transfer
imaging. Proc. Natl. Acad. Sci. USA 2008, 105, 6596—6601.



Int. J. Mol. Sci. 2012, 13 16623

131.

132.

133.

Chen, K.J.; Chiu, Y.L.; Chen, Y.M.; Ho, Y.C.; Sung, H-W. Intracellularly monitoring/imaging
the release of doxorubicin from pH-responsive nanoparticles using Forster resonance energy
transfer. Biomaterials 2011, 32, 2586-2592.

Banerjee, S.S.; Chen, D.H. Multifunctional pH-sensitive magnetic nanoparticles for simultaneous
imaging, sensing and targeted intracellular anticancer drug delivery. Nanotechnology 2008, 19,
555104.

Lee, C.H.; Cheng, S.H.; Huang, I.P.; Souris, J.S.; Yang, C.S.; Mou, C.Y.; Lo, L.W. Intracellular
pH-responsive mesoporous silica nanoparticles for controlled release of anticancer
chemotherapeutics. Angew. Chem. Int. Ed. Engl. 2010, 49, 8214-8219.

© 2012 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article

distributed under the terms and conditions of the Creative Commons Attribution license

(http://creativecommons.org/licenses/by/3.0/).



