
Abstract. – BACKGROUND: Nanotechnology
is developed to convert research, prevention,
and treatment of cancer through the novel diag-
nostic imaging techniques and therapies. In par-
ticular, the imaging nanotechnology has gained
substantial momentum in recent years. The main
progress in nanotechnology has led to the pro-
duction of novel fluorescent probes named
quantum dots (QDs). Quantum dots develop a
revolution in the molecular tagging processes
within research, in vivo and in vitro studies. Due
to unique physical and chemical features of QD
probes, new possible techniques of early cancer
detection and therapeutic management are be-
ing surveyed. Quantum dots have also dissolved
many of the restrictions of organic fluorophores
and are a talented option as a research tool.

CONCLUSIONS: This review addresses on the
present status of research, preclinical applica-
tions and also future visions of quantum dots.

Key Words:
Quantum dot (QD), Nanomedicine, Imaging,

Treatment, Theranosctics.

Introduction

Semiconducting nanocrystal tools was primar-
ily produced in the early 1980s in the labs Physi-
cal-Technical Institute in St. Petersburg1,2. The
term “quantum dot” (QD) was first used by Mark
A. Reed indicates nanocrystalline semiconduct-
ing fluorophores in 1988, whose excitons are de-
tained in all three spatial dimensions and have
typical diameters of 2-20 nm. Generally they are
double systems created of a core of semiconduct-
ing material enclosed within a shell of another
semiconductor. Quantum dots (QDs) fluores-
cence is produced by the bandgap between the
valence and the conduction electron bands, and
absorption of a photon higher in energy than the
spectral bandgap of the core semiconductor re-
sults in electron excitation to the conduction
band, generating an electron-hole pair (exciton).
The long lifetime in the order of 10-40 ns aug-
ments the probability of absorption at shorter
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wavelengths, and develops a wide absorption
spectrum. Because of the physical size of the
bandgap ascertains the photon’s emission wave-
length, it is feasible to manage the fluorescence
wavelength by the nanoparticle size (the bandgap
energy is reversely relative to the square QD
size). On other hand, the larger QD, causes red-
der emission. QDs have a number of exceptional
physical features, mainly in the optical imaging.
The unique properties such as size-tunable emis-
sion, narrow symmetric emission bands, strong
light absorbance, bright fluorescence, high quan-
tum yield, high photostability and low photo-
bleaching rates, and their broad absorption spec-
trum cause increasing attention to preclinical and
clinical applications. Chemical adjustment of the
nanoparticle surface not only provides the parti-
cle water-soluble, lets biocompatibilization and
functionalization as well as prevention of reac-
tive oxygen formation. By adhering specific tar-
geting molecules, QDs can be attached to sub-
cellular structures or even organs in intact ani-
mals, so can be applied for bio-imaging goals in
cells3 and animals4,5. Also, QDs are currently be-
ing applied in bio-analytical assays6 which are in
research state. These strategies might be used in
the diagnosis of the patients in future. Therapeu-
tic applications such as photodynamic therapy7,
gene silencing8,9, and drug delivery as well as si-
multaneous diagnosis and treatment (theragnosc-
tics) are tested in lab-animals10.

In vitro and in vivo Imaging with QDs
QDs have been successfully used in different

imaging applications for in vitro and in vivo diag-
nostics due to these unique optical features10. The
number of research investigations into QD bio-
logical applications after 1998 has increased ex-
ponentially11,12. QDs have been successfully ap-
plied as fluorescent tags for a different of bioana-
lytical aims, such as DNA detection, proteins,
and other biomolecules13-15, cellular label-
ing11,12,16-21, and binding assays that use fluores-
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cence resonant energy transfer (FRET) to probe
for target events22-24. Among the different appli-
cations of QDs, biomedical fluorescent imaging
has attracted the greatest interest. The change in
“color/size” of biofunctionalized QDs to target
cells help to extend observation by fluorescent
imaging with incessant illumination and multi-
color imaging.

Biomedical research is classified in two in vit-
ro and in vivo types. In vitro type renders to the
handling of organs, tissues, cells, and biomole-
cules in a controlled and non-natural environ-
ment25. On other hand, in vivo studies refers to
the depiction and survey on the biomolecules and
biological systems in the intact organisms25 and
usually performs experiments in the large system
of the animal. Here, we describe the recent fluo-
rescent imaging investigation done in vitro and in
vivo, which may help to implemented in the bio-
medical applications of QDs. In vitro fluorescent
imaging mostly indicates to three categories: bio-
molecular tracking in cells, cellular imaging and
tissue staining. In comparison with in vitro imag-
ing, in vivo QD imaging encounters various chal-
lenges due to the increase in complexity resulting
from multicellular organism and increasing in
size. In total, there are four most important types
of QDs in vivo imaging applications26: QDs
biodistribution27-31, vascular imaging20,32-35, QDs
tracking21,36-49, and tumor imaging18,50-59.

QDs and Multispectral Fluorescence
Imaging (MSFI)

Multispectral imaging technologies have been
extensively applied in the many fields such as as-
tronomy, geology, agriculture, industry, and foren-
sics60,61 which mostly due to the enormous devel-
opment of filters, detectors, data-analysis tech-
niques, interdisciplinary approaches, and fluores-
cent dyes. Also, MSFI is a fast increasing field
with applications in cell biology, preclinical drug
development, and clinical pathology. Mixed MSFI
with small-animal imaging and microscopy devel-
ops improved sensitivity, reliable quantization, and
resolved multiple simultaneous signals62,63. MSFI
is predominantly helpful for assessing objects that
have several fluorescent labels that may have ana-
logues RGB (Red, green, blue) color or that may
be restricted in the similar or spatially overlapping
compartments; this method is also efficient for
evaluation objects that have physically powerful
whole-animal autofluorescence64-66. QDs are
unique nanocrystal fluorophores with steady wide
excitation spectra, sharp and symmetric tunable

emission spectra, enhanced brightness, superior
photostability, and concurrent excitation of several
fluorescence colors. MSFI-QDs can competently
eliminate background and accurately demarcate
weak spectral signatures to express highly sensi-
tive and multiplexed imaging of molecular targets
in vivo67,68. Full evaluations on MSFI-QDs in mul-
tiplexed immunohistochemistry and in situ hy-
bridization (ISH) are accessible69,70. Another use
of MSFI-QDs is as a reasonable alternate for mi-
croarray analysis. In this instance, multiplexed
QD-labeled oligonucleotide probes can be applied
for ISH in human sample biopsies. This system
was examined in a the single and multiplexed QD-
ISH samples of acute leukemia and follicular lym-
phoma. Spectral unmixing allows the dissociation
of spatially colocalized signals. MSFI-QDs permit
the quantitative categorization of multiple-gene
expression, thereby making them helpful for the
examination of human clinical tissues71. MSFI-
QDs were also examined by streptavidin-conjugat-
ed QDs to sense up to 7 signals in tonsil and lym-
phoid tissues. Slides were examined using confo-
cal laser scanning microscopy. Five streptavidin-
conjugated QDs were applied on the same tissue
part and could be analyzed concurrently on regu-
larly processed sections (Figure 1). This multi-
plexing method has the potential to discover the
clinically relevant multidimensional cellular com-
munications that cause diseases72.

QDs and Neuroscience
QDs represent a novel way with significant

potential in neuroscience investigation. In addi-
tion to contribution a substitute to traditional im-
munocytochemistry, they are specifically pre-
cious for studies of neurons and glia. QDs can be
applied to observe, compute, and track individual
molecular occurrences using fluorescence mi-
croscopy, and they offer the capability to observe
and track dynamic molecular processes over ex-
tensive times (e.g., from seconds to several min-
utes). For instance, QDs are valuable for showing
of neuronal and glial interactions such as the tiny
size of the synaptic cleft, or connecting an astro-
cyte process and a neuron. These features hardly
attain by other techniques or methods. Due to
their exceedingly small size and optical resolu-
tion, they are also most valuable for tracking the
molecular dynamics of intracellular and/or inter-
cellular molecular processes over long period
scales. Nevertheless, it should be mentioned that
the hydrodynamic radius of functionalized QDs
is larger (15-20 nm) than their actual size of 5-8
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Figure 1. Five-color spectrally unmixed QD detection of lymphatic system anatomy. A, Schematic illustration of 5-color QD
lymphatic injection sites and draining destinations of spectral fluorescence imaging. B, Autofluorescence image of mouse. C,
Composite pseudocolored detection of draining lymph nodes after spectral unmixing. D, Image merge of B and C. Reflectance
(E) and spectrally unmixed and pseudocolored (F) images of surgically dissected lymph nodes arranged in same geometry as
in intact mouse. This figure originally appeared in an article by R.M. Levenson et al. in ILAR J 2008; 49: 78-88. It is reprinted
with permission from the ILAR Journal, Institute for Laboratory Animal Research, The National Academies, Washington DC
(www.national-academies.org/ilar).
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otinylated as a target for streptavidin-conjugated
QDs. Using this approach, they were capable to
in particular label and track AMPA (α-amino-3-
hydroxy-5-methylisoxazale-4-propionate) recep-
tors on cultured hippocampal neurons. Ultimate-
ly, QD nanotechnologies will need feasible ap-
proaches that can be straightforwardly copied in
a typical neurobiology lab.

Photodynamic Therapy with QDs
Photodynamic therapy (PDT) is a novel man-

agement procedure for a various types of
cancers78. In combination with surgical interven-
tion, PDT has been applied productively in lung
and gastrointestinal malignancies. This technique
is previously a recognized treatment item in oph-
thalmology. During PDT, singlet oxygen is pro-
duced in the involved cells by a easy and control-
lable light-activated procedure. This photosensi-
tizer course is capable of absorbing light of a
suitable wavelength and utilizing that energy to
stimulate oxygen to its singlet condition which
induces apoptosis of cancer cells79. Selectivity is
noteworthy in cancer treatment and has been uti-
lized in PDT. Only cells which are concurrently
in contact with the photosensitizer, light and in
the attendance of oxygen are affected by the cy-
totoxic reactions80. In the work of Samia et al81,
CdSe QDs were connected to a silicon phthalo-
cyanine (Pc4) photosensitizer through an alkyl
group, and applied as a primary energy donor.
Through the fluorescence resonance energy

nm73. Recent investigations of QDs in neuro-
science demonstrated the potential applications
of this technology. Triller at al74 applied antibody
functionalized QDs to follow the lateral diffusion
of glycine receptors in cultures of primary spinal
cord neurons. They could track the route of indi-
vidual glycine receptors for tens of minutes at
spatial resolutions of 5-10 nm, suggesting that
the diffusion dynamics dependent on whether the
receptors were synaptic, perisynaptic, or extrasy-
naptic. Vu et al75 labeled nerve growth factor
(βNGF) to QDs and applied them to improve
neuronal-like discrimination in cultured
pheochromocytoma 12 (PC12) cells. Lastly,
these methods could be used to observe and fol-
low functional responses in neurons. However, as
same other new methods, there are limitations.
For example, Vu et al75 depicted that βNGF con-
jugated to QDs had decreased activity compared
with free βNGF. Other groups are approaching
the technology forward and developing new QD
based techniques. Brinker et al76 produced a tech-
nique to develop biocompatible water-soluble
QD micelles that keep the optical properties of
individual QDs. These micelles demonstrated up-
take and intracellular dispersion in cultured hip-
pocampal neurons. Ting et al77 produced modi-
fied QD labeling methods that address the rela-
tively large size of antibody-QD conjugates and
the instability of some QD-ligand interactions.
Their technique tags cell surface proteins with a
specific peptide that can be straightforwardly bi-
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transfer mechanism from QDs to the silicon Pc4
photosensitizer, reactive oxygen species (ROS)
were produced for photodynamic cancer therapy.
Furthermore, the semiconductor nanocrystals
alone were established to generate ROS without
a mediating photosensitizer.

QD: Unique Carrier for Drug Delivery
Accurate recognition of key molecular targets

distinguishing not-healthy from healthy cells en-
ables targeted drug delivery with negligible side-
effects. Nanoparticle drug carriers demonstrate
important features for efficient targeted delivery
such as ufficiently long blood circulation, protec-
tion the cargo from degradation, large drug load-
ing capacity, controlled drug release profile and
integration multiple targeting ligands on their
surface. Furthermore, QD probes afford novel
functionality of traceable drug delivery, as
biodistribution of carriers and intracellular up-
take can be checked via fluorescence. Many drug
delivery applications using QDs have been estab-
lished recently. For instance, Chen et al82 co-
transfected QDs and siRNA using Lipofectamine
2000 and monitored transfection efficiency via
QD fluorescence. Mixing QDs with transfection
reagent in 1:1 mass ratio developed relationship
between the QD signal intensity and the degree
of gene silencing. Fascinatingly, more co-trans-
fection of different siRNA molecules with vari-
ous QD colors might develop multiplexed moni-
toring of gene silencing. More accurate quantita-
tive data about the number of siRNA molecules
delivered into cells can be attained by using QD-
doped chitosan nanobeads demontarted by Tan et
al83. In this method siRNA molecules are put
downed on the surface of nanobeads, and intra-
cellular delivery can be straightly monitored by
the nanobead fluorescence. Further improvement
can be gained using carbon nanotubes for intra-
cellular delivery of antisense oligonucleotides
tagged with QDs by Jia et al84. For example,
straight tagging of plasmid DNA with QDs fol-
lowed by Lipofectamine-mediated transfection
enabled long-term survey of intracellular and in-
tranuclear localization and transport of plasmid
DNA, while preserving the ability of expressing
reporter protein encoded by the plasmid85. Devel-
opment of single-QD drug delivery vehicles for
in vivo utilization is admirable, as intermediate
size of such carriers (~10-20 nm in diameter) di-
minishes the renal clearance as well as uptake by
reticulo-endothelial system (RES), thus rising the
blood circulation time and improving the deliv-

ery efficiency. Further, QD core can provide as a
structural scaffold for loading of various kinds of
drug molecules (Figure 2)86,87. Flexibility of the
shell plan enables engineering of drug carriers
with various physical properties (e.g. size,
charge, biodegradability, etc), thus, producing a
large platform for a number of specific applica-
tions is allowed. In vivo drug delivery with QD
carriers was established by Manabe et al88. Con-
jugation of an antihypertensive drug captopril to
the QD surface developed the therapeutic effect
same the free drug, while also enabling the moni-
toring of QD-drug biodistribution over a 96-hour
period. With advancements in design of biocom-
patible QD surface coatings and identification of
suitable molecular targets for therapy, QD-based
drug delivery vehicles assure to present an cru-
cial method for modeling of pharmacokinetics
and pharmacodynamics of nanoparticle-drug car-
riers (Figure 2).

Future Perspectives
With the shared attempt of scientists in the fields

of chemistry, biology, medical engineering and
pharmaceutical sciences, QDs have been estab-
lished as technological improvements with charac-
teristics that could importantly progress in vivo and
in vitro imaging and also gained important achieve-
ment in the research of nanomedicine. Neverthe-
less, a number of new questions have also been de-
veloped. However, in the near future, there are sev-
eral areas that require to more attention89:

1. Production of QDs with higher biosafety. Al-
though, the newly emerging carbon dots90,91 car-
bogenic QDs92,93 silica QDs94,95 ZnO QDs96,97 as
novel types of safe and cheap luminescent QDs
labels, have an promising prospect in the clini-
cal applications.

2. The affect of labeling QDs on the inherent char-
acter of nanomedicines. For example, it is essen-
tial to differentiate of the pharmacokinetics and
pharmacodynamics between QDs labeled and
original drugs; the constancy and drug loading
capacity variations of drug nanocarriers after
QDs labeling.

3. Quantitative analysis for QDs fluorescence
imaging. The current analysis is semiquantita-
tive results, which cannot accomplish the
quantitative prerequisite of biopharmaceutical
analysis in living animals. This issue requires
a multidisciplinary collaboration of pharma-
ceutical analysis, computer image processing
and chemometrics98.

M. Cheki, M. Moslehi, M. Assadi



–––––––––––––––––––––
Conflict of Interest
None declared.

References

1) ROSSETTI R, NAKAHARA S, BRUS LE. Quantum size ef-
fects in the redox potentials, resonance Raman
spectra, and electronic spectra of CdS crystallites
in aqueous solution. J Chem Phys 1983; 79:
1086-1088.

2) EKIMOV AI, EFROS AL, ONUSHCHENKO AA. Quantum
size effect in semiconductor microcrystals. Solid
State Commun 1985; 56: 921-924.

3) ISHIHAMA Y, FUNATSU T. Single molecule tracking of
quantum dot-labeled mRNAs in a cell nucleus.
Biochem Biophys Res Commun 2009; 381: 33-38.

4) YONG KT, ROY I, DING H, BERGEY EJ, PRASAD PN. Bio-
compatible near-infrared quantum dots as ultra-
sensitive probes for long-term in vivo imaging ap-
plications. Small 2009; 5:1997-2004.

5) BENTOLILA LA, EBENSTEIN Y, WEISS S. Quantum dots
for in vivo small-animal imaging. J Nucl Med
2009; 50: 493-496.

6) GILL R, ZAYATS M, WILLNER I. Semiconductor quan-
tum dots for bioanalysis. Angew Chem Int Ed En-
gl 2008; 47: 7602-7625.

7) YAGHINI E, SEIFALIAN AM, MACROBERT AJ. Quantum
dots and their potential biomedical applications in
photosensitization for photodynamic therapy.
Nanomed 2009; 4: 353-363.

8) TAN WB, JIANG S, ZHANG Y. Quantum-dot based
nanoparticles for targeted silencing of HER2/neu
gene via RNA interference. Biomaterials 2007; 28:
1565-1571.

9) QI L, GAO X. Quantum dot-amphipol nanocomplex
for intracellular delivery and real-time imaging of
siRNA. ACS Nano 2008; 2: 1403-1410.

10) GAO X, CUI Y, LEVENSON RM, CHUNG LW, NIE S. In vi-
vo cancer targeting and imaging with semicon-
ductor quantum dots. Nat Biotechnol 2004; 22:
969-976.

11) BRUCHEZ M, MORONNE M, GIN P, WEISS S, ALIVISATOS

AP. Semiconductor nanocrystals as fluorescent
biological labels. Science 1998; 281: 2013-
2016.

12) CHAN WCW, NIE S. Quantum dot bioconjugates for
ultrasensitive nonisotopic detection. Science
1998; 281: 2016-2018.

13) GOLDMAN ER, BALIGHIAN ED, MATTOUSSI H, KUNO MK,
MAURO JM, TRAN PT, ANDERSON GP. Avidin: A natural
bridge for quantum dot antibody conjugates. J Am
Chem Soc 2002; 124: 6378-6382.

14) PATHAK S, CHOI SK, ARNHEIM N, THOMPSON ME. Hy-
droxylated quantum dots as luminescent probes
for in situ hybridization. J Am Chem Soc
2001;123: 4103-4104.

15) GOLDMAN ER, CLAPP AR, ANDERSON GP, UYEDA HT,
MAURO JM, MEDINTZ IL, MATTOUSSI H. Multiplexed
toxin analysis using four colors of quantum dot
fluororeagents. Anal Chem 2004; 76: 684-688.

16) SUKHANOVA A, DEVY J, VENTEO L, KAPLAN H, ARTEMYEV

M, OLEINIKOV V, KLINOV D, PLUOT M, COHEN JHM,

1145

Marvelous applications of quantum dots

Figure 2. QD-based drug carriers integrate drug delivery tracing, loading of different types of drugs (e.g. hydrophobic small-
molecule drugs between the QD core and polymer coating or hydrophilic drugs on the exterior surface of the polymeric shell),
and targeting functionality. (Reproduced with permission from [Qi and Gao (2008)87].



1146

NABIEV I. Biocompatible fluorescent nanocrystals
for immunolabeling of membrane proteins and
cells. Anal Biochem 2004; 324: 60-67.

17) WU XY, LIU HJ, LIU JQ, HALEY KN, TREADWAY JA, LAR-
SON JP, GE NF, PEALE F, BRUCHEZ MP. Immunofluo-
rescent labeling of cancer marker Her2 and other
cellular targets with semiconductor quantum dots.
Nat Biotechnol 2003; 21: 41-46.

18) ÅKERMAN ME, CHAN WCW, LAAKKONEN P, BHATIA SN,
RUOSLAHTI E. Nanocrystal targeting in vivo. Proc
Natl Acad Sci USA 2002; 99: 12617-12621.

19) ROSENTHAL SJ, TOMLINSON I, ADKINS EM, SCHROETER S,
ADAMS S, SWAFFORD L, MCBRIDE J, WANG Y, DEFELICE

LJ, BLAKELY RD. Targeting cell surface receptors
with ligand-conjugated nanocrystals. J Am Chem
Soc 2002; 124: 4586-4594.

20) KIM S, LIM YT, SOLTESZ EG, DEGRAND AM, LEE J, NAKAYA-
MA A, PARKER JA, MIHALJEVIC T, LAURENCE RG, DOR DM,
COHN LH, BAWENDI MG, FRANGIONI JV. Near-infrared
fluorescent type II quantum dots for sentinel lymph
node mapping. Nat Biotechnol 2004; 22: 93-97.

21) GAO XH, CUI YY, LEVENSON RM, CHUNG LWK, NIE

SM. In vivo cancer targeting and imaging with
semiconductor quantum dots. Nat Biotechnol
2004; 22: 969-976.

22) MEDINTZ IL, CLAPP AR, MATTOUSSI H, GOLDMAN ER,
FISHER B, MAURO JM. Self-assembled nanoscale
biosensors based on quantum dot FRET donors.
Nat Mater 2003; 2: 630-638.

23) WILLARD DM, ORDEN AV. Quantum dots: Resonant
energy-transfer sensor. Nat Mater 2003; 2: 575-576.

24) WILLARD DM, CARILLO LL, JUNG J, VAN ORDEN A.
CdSe-ZnS quantum dots as resonance energy
transfer donors in a model protein-protein binding
assay. Nano Lett 2001; 1: 469-474.

25) LODISH J, BALTIMORE D, BERK A, ZIPURSKY SL, MATSU-
DAIRA P, DARNELL J. Molecular cell biology. Scientific
American Books, New York, 1995.

26) SMITH AM, DUAN H, MOHS AM, NIE S. Bioconjugated
quantum dots for in vivo molecular and cellular
imaging. Adv Drug Deliv Rev 2008; 60: 1226-1240.

27) SOLTESZ E, KIM S, LAURENCE R, DEGRAND A, PARUNGO C,
DOR D, COHN L, BAWENDI M, FRANGIONI J, MIHALJEVIC T.
Intraoperative sentinel lymph node mapping of the
lung using near-infrared fluorescent quantum dots.
Ann Thorac Surg 2005; 79: 269-277.

28) BALLOU B, LAGERHOLM BC, ERNST LA, BRUCHEZ MP,
WAGGONER AS. Noninvasive imaging of quantum
dots in mice. Bioconjugate Chem 2004; 15: 79-86.

29) FISCHER HC, LIU LC, PANG KS, CHAN WCW. Pharma-
cokinetics of nanoscale quantum dots: in vivo
distribution, sequestration and clearance in the.
Adv Funct Mater 2006; 16: 1299-1305.

30) CHOI HS, LIU W, MISRA P, TANAKA E, ZIMMER JP, IPE BI,
BAWENDI MG, FRANGIONI JV. Renal clearance of quan-
tum dots. Nat Biotechnol 2007; 25: 1165-1170.

31) ZIMMER JP, KIM SW, OHNISHI S, TANAKA E, FRANGIONI

JV, BAWENDI MG. Size series of small indium ar-
senide-zinc selenide core-shell nanocrystals and
their application to in vivo imaging. J Am Chem
Soc 2006; 128: 2526-2527.

32) LARSON DR, ZIPFEL WR, WILLIAMS RM, CLARK SW,
BRUCHEZ MP, WISE FW, WEBB WW. Water-soluble
quantum dots for multiphoton fluorescence imag-
ing in vivo. Science 2003; 300: 1434-1436.

33) LIM YT, KIM S, NAKAYAMA A, STOTT NE, BAWENDI MG,
FRANGIONI JV. Selection of quantum dot wave-
lengths for biomedical assays and imaging. Mol
Imaging 2003; 2: 50-64.

34) SMITH JD, FISHER GW, WAGGONER AS, CAMPBELL PG.
The use of quantum dots for analysis of chick
CAM vasculature. Microvasc Res 2007; 73: 75-83.

35) PARUNGO C, OHNISHI S, KIM S, KIM S, LAURENCE R,
SOLTESZ E, CHEN F, COLSON Y, COHN L, BAWENDI M,
FRANGIONI J . Intraoperative identif ication of
esophageal sentinel lymph nodes with near-in-
frared fluorescence imaging. J Thorac Cardiovasc
Surg 2005; 129: 844-850.

36) HOSHINO A, HANAKI K, SUZUKI K, YAMAMOTO K. Appli-
cations of T-lymphoma labeled with fluorescent
quantum dots to cell tracing markers in mouse
body. Biochem Biophys Res Commun 2004; 314:
46-53.

37) ROSEN AB, KELLY DJ, SCHULDT AJT, LU J, POTAPOVA IA,
DORONIN SV, ROBICHAUD KJ, ROBINSON RB, ROSEN

MR, BRINK PR, GAUDETTE GR, COHEN IS. Finding fluo-
rescent needles in the cardiac haystack: tracking
human mesenchymal stem cells labeled with
quantum dots for quantitative in vivo three-di-
mensional fluorescence analysis. Stem Cells
2007; 25: 2128-2138.

38) YU XF, CHEN LD, LI KY, LI Y, XIAO S, LUO X, LIU J,
ZHOU L, DENG YL, PANG DW, WANG QQ. Immunoflu-
orescence detection with quantum dot bioconju-
gates for hepatoma in vivo J Biomed Opt 2007; 12:
014008.

39) CAI WB, SHIN DW, CHEN K, GHEYSENS O, CAO QZ,
WANG SX, GAMBHIR SS, CHEN XY. Peptide-labeled
near-infrared quantum dots for imaging tumor
vasculature in living subjects. Nano Lett 2006; 6:
669-676.

40) STROH M, ZIMMER JP, DUDA DG, LEVCHENKO TS, CO-
HEN KS, BROWN EB, SCADDEN DT, TORCHILIN VP,
BAWENDI MG, FUKUMURA D, JAIN RK. Quantum dots
spectrally distinguish multiple species within the
tumor milieu in vivo. Nat Med 2005; 11: 678-
682.

41) TADA H, HIGUCHI H, WANATABE TM, OHUCHI N. In vi-
vo real-time tracking of single quantum dots con-
jugated with monoclonal anti-HER2 antibody in
tumors of mice. Cancer Res 2007; 67: 1138-1144.

42) JAISWAL JK, MATTOUSSI H, MAURO JM, SIMON SM.
Long-term multiple color imaging of live cells us-
ing quantum dot bioconjugates. Nat Biotechnol
2003; 21: 47-51.

43) RUAN G, AGRAWAL A, MARCUS AI, NIE S. Imaging and
tracking of tat peptide-conjugated quantum dots
in living cells: new insights into nanoparticle up-
take, intracellular transport, and vesicle shedding.
J Am Chem Soc 2007; 129: 14759-14766.

44) BARUA S, REGE K. Cancer-cell-phenotype-dependent
differential intracellular trafficking of unconjugated
quantum dots. Small 2009; 5: 370-376.

M. Cheki, M. Moslehi, M. Assadi



45) ORNDORFF RL, ROSENTHAL SJ. Neurotoxin quantum
dot conjugates detect endogenous targets ex-
pressed in live cancer cells. Nano Lett 2009; 9:
2589-2599.

46) YEZHELYEV MV, AL-HAJJ A, MORRIS C, MARCUS AI, LIU T,
LEWIS M, COHEN C, ZRAZHEVSKIY P, SIMONS JW, RO-
GATKO A, NIE S, GAO X, O’REGAN RM. In situ molec-
ular profiling of breast cancer biomarkers with
multicolor quantum dots. Adv Mater 2007; 19:
3146-3151.

47) KO MH, KIM S, KANG WJ, LEE JH, KANG H, MOON

SH, HWANG DW, KO HY, LEE DS. In vitro derby
imaging of cancer biomarkers using quantum
dots. Small 2009; 5: 1207-1212.

48) LI F, ZHANG Z, PENG J, CUI Z, PANG D, LI K, WEI H,
ZHOU Y, WEN J, ZHANG X. Imaging viral behavior in
Mammalian cells with self-assembled capsid-
quantum-dot hybrid particles. Small 2009; 5: 718-
726.

49) ORNDORFF RL, WARNEMENT MR, MASON JN, BLAKELY

RD, ROSENTHAL SJ. Quantum dot ex vivo labeling of
neuromuscular synapses. Nano Lett 2008; 8: 780-
785.

50) CHEN C, PENG J, XIA H, YANG G, WU Q, CHEN L,
ZENG L, ZHANG Z, PANG D, LI Y. Quantum dots-
based immunofluorescence technology for the
quantitative determination of HER2 expression in
breast cancer. Biomaterials 2009; 30: 2912-2918.

51) WANG C, GAO X, SU X. In vitro and in vivo imaging
with quantum dots. Anal Bioanal Chem 2010; 397:
1397-1415.

52) LIU W, CHOI HS, ZIMMER JP, TANAKA E, FRANGIONI JV,
BAWENDI M . Compact cysteine-coated
CdSe(ZnCdS) quantum dots for in vivo applica-
tions. J Am Chem Soc 2007; 129: 14530-14531.

53) DUCONGÉ F, PONS T, PESTOURIE C, HÉRIN L, THÉZÉ B,
GOMBERT K, MAHLER B, HINNEN F, KÜHNAST B, DOLLÉ

F, DUBERTRET B, TAVITIAN B. Fluorine-18-labeled
phospholipid quantum dot micelles for in vivo
multimodal imaging from whole body to cellular
scales. Bioconjugate Chem 2008; 19: 1921-1926.

54) YONG KT, ROY I, DING H, BERGEY EJ, PRASAD PN. Bio-
compatible near-infrared quantum dots as ultra-
sensitive probes for long-term in vivo imaging ap-
plications. Small 2009; 5: 1997-2004.

55) ASWATHY RG, YOSHIDA Y, MAEKAWA T, KUMAR DS.
Near-infrared quantum dots for deep tissue imag-
ing. Anal Bioanal Chem 2010; 397: 1417-1435.

56) DUBERTRET B, SKOURIDES P, NORRIS DJ, NOIREAUX V,
BRIVANLOU AH, LIBCHABER A. In vivo imaging of
quantum dots encapsulated in phospholipid mi-
celles. Science 2002; 298: 1759-1762.

57) VOURA EB, HAISWAL JK, MATTOUSSI H, SIMON SM.
Tracking metastatic tumor cell extravasation with
quantum dot nanocrystals and fluorescence
emission-scanning microscopy. Nat Med 2004;
10: 993-998.

58) LIN S, XIE X, PATEL MR, YANG YH, LI Z, CAO F, GHEY-
SENS O, ZHANG Y, GAMBHIR SS, RAO JH, WU JC.
Quantum dot imaging for embryonic stem cells.
BMC Biotechnol 2007; 7: 67.

59) PAPAGIANNAROS A, LEVCHENKO T, HARTNER W, MONGAYT

D, TORCHILIN V. Quantum dots encapsulated in
phospholipid micelles for imaging and quantifica-
tion of tumors in the near-infrared region.
Nanomedicine 2009; 5: 216-224.

60) BEARMAN G, LEVENSON R. Biological imaging spec-
troscopy. In: Vo-Dinh T, ed. Biomedical Photonics
Handbook. 1st ed. Boca Raton, FL: CRC Press;
2003: 8-1–8-5.

61) HIRAOKA Y, SHIMI T, HARAGUCHI T. Multispectral imag-
ing fluorescence microscopy for living cells. Cell
Struct Funct 2002; 27: 367-374.

62) LEVENSON RM, MANSFIELD JR. Multispectral imaging
in biology and medicine: slices of life. Cytometry
A 2006; 69: 748-758.

63) MANSFIELD JR, GOSSAGE KW, HOYT CC, LEVENSON RM.
Autofluorescence removal, multiplexing, and auto-
mated analysis methods for in-vivo fluorescence
imaging. J Biomed Opt 2005; 10: 41207.

64) MANSFIELD JR, HOYT C, LEVENSON RM. Visualization
of microscopy-based spectral imaging data from
multi-label tissue sections. Curr Protoc Mol Biol
2008; Chapter 14: Unit 14.19.

65) VAN DER LOOS CM. Multiple immunoenzyme stain-
ing: methods and visualizations for the observa-
tion with spectral imaging. J Histochem Cytochem
2008; 56: 313-328.

66) LEVENSON RM, LYNCH DT, KOBAYASHI H, BACKER JM,
BACKER MV. Multiplexing with multispectral imag-
ing: from mice to microscopy. ILAR J 2008; 49:
78-88.

67) SU J, ZHANG J, LIU L, HUANG Y, MASON RP. Exploring
feasibility of multicolored CdTe quantum dots for
in vitro and in vivo fluorescent imaging. J
Nanosci Nanotechnol 2008; 8: 1174-1177.

68) GAO X, CUI Y, LEVENSON RM, CHUNG LW, NIE S. In vi-
vo cancer targeting and imaging with semicon-
ductor quantum dots. Nat Biotechnol 2004; 22:
969-976.

69) XING Y, RAO J. Quantum dot bioconjugates for in
vitro diagnostics & in vivo imaging. Cancer Bio-
mark 2008; 4: 307-319.

70) THOLOULI E, SWEENEY E, BARROW E, CLAY V, HOYLAND

JA, BYERS RJ. Quantum dots light up pathology. J
Pathol 2008; 216: 275-285.

71) THOLOULI E, HOYLAND JA, DI VIZIO D, et al. Imaging
of multiple mRNA targets using quantum dot
based in situ hybridization and spectral deconvo-
lution in clinical biopsies. Biochem Biophys Res
Commun 2006; 348: 628-636.

72) FOUNTAINE TJ, WINCOVITCH SM, GEHO DH, GARFIELD

SH, PITTALUGA S. Multispectral imaging of clinically
relevant cellular targets in tonsil and lymphoid tis-
sue using semiconductor quantum dots. Modern
Pathol 2006; 19: 1181-1191.

73) LARSON DR, ZIPFEL WR, WILLIAMS RM, CLARK SW,
BRUCHEZ MP, WISE FW, WEBB WW. Water-soluble
quantum dots for multiphoton fluorescence
imaging in vivo. Science 2003; 300: 1434-
1436.

1147

Marvelous applications of quantum dots



1148

74) DAHAN M, LEVI S, LUCCARDINI C, ROSTAING P, RIVEAU B,
TRILLER A. Diffusion dynamics of glycine receptors
revealed by single quantum dot tracking. Science
2003; 302: 442-445.

75) VU TQ, MADDIPATI R, BLUTE TA, NEHILLA BJ, NUSBLAT

L, DESAI TA. Peptide-conjugated quantum dots ac-
tivate neuronal receptors and initiate downstream
signaling of neurite growth. Nano Lett 2005; 5:
603-607.

76) FAN H, LEVE EW, SCULLIN C, GABALDON J, TALLANT D,
BUNGE S, BOYLE T, WILSON MC, BRINKER CJ. Surfac-
tant-assisted synthesis of watersoluble and bio-
compatible semiconductor quantum dot micelles.
Nano Lett 2005; 5: 645-648.

77) HOWARTH M, TAKAO K, HAYASHI Y, TING AY. Targeting
quantum dots to surface proteins in living cells
with biotin ligase. Proc Natl Acad Sci USA 2005;
102: 7583-7588.

78) OLEINICK NL, MORRIS RL, BELICHENKO I. The role of
apoptosis in response to photodynamic therapy:
what, where, why, and how. Photochem Photobiol
Sci 2002; 1:1-21.

79) SAMIA ACS, DAYAL S, BURDA S. Quantum dot-based
energy transfer: perspectives and potential for ap-
plications in photodynamic therapy. Photochem
Photobiol 2006; 82: 617-625.

80) MORRIS RL, AZIZUDDIN K, LAM M, BERLIN J, NIEMINEN

AL, KENNEY ME, SAMIA AC, BURDA C, OLEINICK NL.
Fluorescence resonance energy transfer reveals
a binding site of a photosensitizer for photody-
namic therapy. Cancer Res 2003; 63: 5194-5197.

81) SAMIA AC, CHEN X, BURDA C. Semiconductor quan-
tum dots for photodynamic therapy. J Am Chem
Soc 2003; 125: 15736-15737.

82) CHEN AA, DERFUS AM, KHETANI SR, BHATIA SN. Quan-
tum dots to monitor RNAi delivery and improve
gene silencing. Nucleic Acids Res 2005; 33: 190.

83) TAN WB, JIANG S, ZHANG Y. Quantum-dot based
nanoparticles for targeted silencing of HER2/neu
gene via RNA interference. Biomaterials 2007; 28:
1565.

84) JIA N, LIAN Q, SHEN H, WANG C, LI X, YANG Z. Intra-
cellular delivery of quantum dots tagged anti-
sense oligodeoxynucleotides by functionalized
multiwalled carbon nanotubes. Nano Lett 2007; 7:
2976.

85) SRINIVASAN C, LEE J, PAPADIMITRAKOPOULOS F, SILBART

LK, ZHAO M, BURGESS DJ. Labeling and intracellular
tracking of functionally active plasmid DNA with
semiconductor quantum dots. Mol Ther 2006; 14:
192.

86) JAIN TK, MORALES MA, SAHOO SK, LESLIE-PELECKY DL,
LABHASETWAR V. Iron oxide nanoparticles for sus-
tained delivery of anticancer agents. Mol Pharma-
col 2005; 2: 194.

87) QI L, GAO X. Emerging application of quantum
dots for drug delivery and therapy Expert Opin
Drug Deliv 2008; 5: 263.

88) MANABE N, HOSHINO A, LIANG YQ, GOTO T, KATO N,
YAMAMOTO K. Quantum dot as a drug tracer in vi-
vo. IEEE Trans Nanobiosci 2006; 5: 263-267.

89) WANG Y, CHEN L. Quantum dots, lighting up the re-
search and development of nanomedicine.
Nanomedicine 2011; 7: 385-402.

90) YANG ST, CAO L, LUO PG, LU F, WANG X, WANG H,
MEZIANI MJ, LIU Y, QI G, SUN YP. Carbon dots for
optical imaging in vivo. J Am Chem Soc 2009;
131: 11308-11309.

91) SUN YP, ZHOU B, LIN Y, WANG W, FERNANDO KA,
PATHAK P, MEZIANI MJ, HARRUFF BA, WANG X, WANG

H, LUO PG, YANG H, KOSE ME, CHEN B, VECA LM, XIE

SY. Quantum-sized carbon dots for bright and col-
orful photoluminescence. J Am Chem Soc 2006;
128: 7756-7757.

92) BOURLINOS AB, STASSINOPOULOS A, ANGLOS D, ZBORIL

R, KARAKASSIDES M, GIANNELIS EP. Surface functional-
ized carbogenic quantum dots. Small 2008; 4:
455-458.

93) ZHAO QL, ZHANG ZL, HUANG BH, PENG J, ZHANG M,
PANG DW. Facile preparation of low cytotoxicity
fluorescent carbon nanocrystals by electrooxida-
tion of graphite. Chem Commun 2008; 7: 5116-
5118.

94) SOKOLOV I, NAIK S . Novel fluorescent sil ica
nanoparticles:towards ultrabright silica nanoparti-
cles. Small 2008; 4: 934-939.

95) SHIOHARA A, HANADA S, PRABAKAR S, FUJIOKA K, LIM

TH, YAMAMOTO K, NORTHCOTE PT, TILLEY RD. Chemi-
cal reactions on surface molecules attached to
silicon quantum dots. J Am Chem Soc 2010; 132:
248-253.

96) ZHANG P, LIU G. ZnO QD@PMAA-co-PDMAEMA
nonviral vector for plasmid DNA delivery and
bioimaging. Biomaterials 2010; 31: 3087-3094.

97) XIONG HM, XU Y, REN QG, XIA YY. Stable aqueous
ZnO@polymer core-shell nanoparticles with tun-
able photoluminescence and their application in cell
imaging. J Am Chem Soc 2008; 130: 7522-7523.

98) ASSADI M, AFRASIABI K, NABIPOUR I, SEYEDABADI M.
Nanotechnology and nuclear medicine; research
and preclinical applications. Hell J Nucl Med
2011; 14: 149-159.

M. Cheki, M. Moslehi, M. Assadi


