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Potential Applications of Quantum Dots in Mapping Sentinel Lymph Node
and Detection of Micrometastases in Breast Carcinoma
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Breast cancer cure aims at complete elimination of malignant cells
and essentially requires detection and treatment of any microme-
tastases. Here, we present a review of the current methods in use
and the potential role of the quantum dots (QDs) in detection and
visualization of sentinel lymph node and micrometastases in
breast cancer patients. The traditional histopathological, immu-
nohistochemical, and reverse transcriptase polymerase chain
reaction procedures being used for micrometastases detection
had serious drawbacks of high false negativity, specificity varia-
tions and false positivity of the results. Photon emission fluores-

cence multiplexing characteristics of the quantum dots make
them potentially ideal probes for studying the dynamics of cellular
processes over time such as continuous tracking of cell migration,
differentiation, and metastases. In breast cancer, QDs based
molecular and genomic detections had an unparallel high sensi-
tivity and specificity.
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INTRODUCTION

The aims of modern breast cancer surgery are to obtain
local and regional control of the cancer and gather sufficient
evidence to detect/predict the risk of distant metastases in
order to guide systemic therapy. In breast cancer, this has
traditionally been achieved by resection of the primary tumor
(either by mastectomy or by wide local excision) and axillary
lymph node dissection (ALND). ALND, however, has signifi-
cant short- and long-term morbidity, with widespread use
of breast-conserving surgery, the staging ALND procedure
carries greater morbidity than the therapeutic procedure of
the primary cancer. Sentinel lymph node (SLN) biopsy is a
minimally invasive technique to stage the axilla in breast
cancer, without compromising the prognostic information
obtained from ALND. Studies comparing ALND and SLN
biopsy have demonstrated that SLN biopsy is an accurate stag-
ing technique, which results in a significant reduction of ALND
associated morbidity [1].

Metastatic breast cancer is characterized by spreading of
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cancer cells into the nearby breast tissue, and other body parts
(e.g., bone, lymph nodes, liver, and lungs), and metastasis is
the main cause of death in breast cancer patients. As in many
other metastases prone cancers, specific molecular changes
occurring within the tumor cells and tumor microenviron-
ment contribute to the detachment of tumor cells from the
primary tumor mass, invasion into the tumor stroma, intrava-
sation into nearby blood vessels or lymphatics, survival in the
blood stream, extravasation into and micrometastases (MMs)
development in the target organ, and finally, metastatic out-
growth [2]. Complete resection of the primary tumor, SLNs,
likely containing tumor-cells and any small adjacent satellite
nodules in the absence of distant metastases, is associated
with three to five fold improvements in patients survival, as
compared to a partial or incomplete resection [3-6]. Earlier
studies on the subject suggest that at the time of diagnosis,
35% to 40% of the breast cancer patients already have occult
metastases in the bone and lymph nodes (called disseminated
tumor cells [DTCs]) and their counterparts in circulation
known as circulating tumor cells (CTCs) which after the
resection of primary tumor often progress to micrometastatic,
and later metastatic disease. There are a few evidences that
favor the possibility that these DTCs/CTCs give rise to metas-
tases. First, the presence of DTCs in bone marrow is signifi-
cantly correlated with metastatic relapse. Second, most DTCs/
CTCs are nonproliferating (that is, Ki-67 negative) and resis-
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tant to chemotherapy, and they can persist in the bone marrow
of patients with breast cancer many years after primary surgery.
Third, DTCs/CTCs have a breast cancer stem-cell phenotype
(for example, CD44*, CD24 """, cytokeratin 19*, MUCI1-, Ep-
CAM"). Fourth, the two stem cell factors epidermal growth
factor (EGF) and fibroblast growth factor 2, are required for
the in vitro growth of DTCs obtained from the bone marrow
of patients with cancer. Nevertheless, strong direct evidence
that some of the DTCs or CTCs detected in bone marrow or
blood samples have cancer stem cell properties is still lacking
[7,8]. Some parameters as tumor size, lymph node status and
histological sub-type are traditionally used for the risk assess-
ment of recurrence, and needs relapse-preventive adjuvant
anticancer therapy. With these current tools, however, the
presence of minimal residual disease is only presumed rather
than measured, for which the occult metastases may likely
lead to failure of the primary treatment. Also, the presently
used chemotherapeutic drugs being aimed at the proliferating
cells cannot target the dormant sub-type of cancer cells and
may even increase the micrometastatic disease [9,10]. The
occult micrometastatic deposits, thus, remain the untreated
source of potential subsequent relapses. The occult residual
metastases have recently been divided into two categories:
First, micrometastases, comprising of tumor deposits of 0.2
to 2 mm size. Second, isolated tumor cells (ITCs) of <0.2 mm
in size [11]. Distinction between ITCs and micrometastases is
necessary as it influences treatment decision. Micrometastases
are considered true nodal metastases, requiring treatment
by dissection and adjuvant chemotherapy. The ITCs are not
considered significant enough to categorize them as a tumor,
and are regarded as node-negative for both the staging and
treatment decisions [12-14]. Hence, besides the resection of
primary tumor, a complete cancer cure essentially requires
detection and treatment of any nodal micrometastases. Here,
we present review of the traditional methods in use and the
potential role of quantum dots in detection of SLN microme-
tastases.

THE SENTINEL NODE CONCEPT

The sentinel node is defined as any lymph node(s) receiving
direct lymphatic drainage from the primary tumor, and there-
fore is the first node to become involved when a tumor metas-
tasizes via lymphatics. The concept behind SLN biopsy is that
lymphatic metastases occur in an orderly manner and the
status of sentinel node predicts the status of other regional
lymph nodes. If the sentinel node does not contain any meta-
static cells, the draining nodal basin is highly unlikely to harbor
metastases and complete nodal dissection is not required. SLN
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mapping can be performed by a variety of imaging methods,
including blue dye injection, nuclear lymphoscintigraphy,
computed tomography (CT), and magnetic resonance imag-
ing (MRI). However, each of these imaging methods have
their own limitations: the blue-dye injection method is less
sensitive to subsurface tissue and has almost no tissue pene-
tration, lymphoscintigraphy has low spatial resolution and
requires exposure to radioactivity, and CT/MRI requires a
bulky imaging machine that prevents their use during surgery.
Advantages of optical imaging with quantum dots (QDs)
are that it can be performed without ionizing radiation with
sufficient spatial resolution in real time during surgery [15].
Although patients with node-negative breast cancer have an
excellent prognosis, up to 25% to 30% of these patients will
develop local recurrences or distant metastases within 10
years [16]. Studies have suggested that this unfavorable out-
come may be due in part to undetected occult metastases in
the lymph nodes.

HISTOPATHOLOGICAL EXAMINATION

Histopathological examination of the SLN for micrometas-
tases detection has a major drawback of false negative report-
ing [17]. Since, on the routine tissue sections the pathologist
has only 1% chance of identifying a micrometastatic focus of
the diameter of three cells in cross section [18]. It implies that
micrometastases consisting up to three cells when present in
the section has 99% possibility of being missed in the diagno-
sis [19]. Histopathology of the sentinel and regional lymph
nodes is not a reliable method for detection of micrometastases,
but because of low cost, easy availability, and simple procedure,
it is still being used worldwide.

IMMUNOHISTOCHEMISTRY (IHC)

IHC staining using various monoclonal and polyclonal
antibodies against the epithelial and other antigens expressed
on the cancer cells has been developed to identify breast can-
cer micrometastases/metastases in the excised tissues [20-22].
Anti-CK antibodies are the most commonly used agents for
micrometastases detection because their sensitivity and speci-
ficity is higher compared to other anti-epithelium-specific
antibodies. Other antigens for micrometastases detection of
breast cancer are anti-human epidermal growth factor recep-
tors (HER)2, anti-epithelial cell adhesion molecule (anti-
EpCAM), and anti-MUCI [23]. Although IHC staining for
cytokeratin is not routinely advocated by any consensus rec-
ommendation, it is commonly used in routine practice in the
United States and in many European countries [24-27]. SLN
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cytokeratin and epithelial membrane antigen IHC screening
reported micrometastases in 9% to 30% of those cases, in
which the lymph nodes were earlier declared negative on
histopathology [28-30]. IHC is especially helpful for detection
of micrometastases in those histopathology negative cases,
where cancer cells do not form a cohesive cluster and lie scat-
tered within the lymph node. If the number of these scattered
cancer cells decrease further their chances to get detected
declines even on IHC. Although IHC is sensitive for micro-
metastases detection, but, there are certain disadvantages,
like-loss of cytokeratin expression may occur in cancer cells,
tumor antigens related specificity variations, high tissue auto
fluorescence, reduction of antigen during fixation and embed-
ding, subjective variations in interpretation of result, and time
consumption [30-33].

REVERSE TRANSCRIPTASE-POLYMERASE CHAIN
REACTION (RT-PCR)

In the last decade, molecular diagnosis of breast cancer
micrometastases has been under focus using RT-PCR by
detecting messenger RNA related to the breast carcinoma cells.
It could detect 1 metastatic cell among 106 normal lymphoid
cells of the node. The markers used in this technique included
cytokeratins, MUC-1, mammaglobin, and carcinoembryonic
antigen. From 15% to 40% of lymph nodes reported negative
for micrometestases on histopathology and IHC turned out to
be positive with RT-PCR [34-38]. However, RT-PCR is so
sensitive that false positivity, due to contamination by normal
breast cells causing epithelial or tissue related transcription
has been a serious concern. In addition, cross-reactivity with
homologous genes may lead to further false-positive results
[39,40]. Moreover, heterogeneity in the expression levels of a
particular target transcript between individual micrometastatic
cells cannot be predicted by RT-PCR.

Quantum Dots

Fluorescent imaging has emerged with some unique capa-
bilities for molecular cancer imaging. Fluorescence is the light
emitted by certain molecules when they absorb light at a
shorter wavelength (excitation). These fluorophores emit
light throughout the visible spectrum, however, the best spec-
trum for in vivo imaging is in the near-infrared (NIR) region
(650-900 nm) [41]. Unlike the visible light spectrum (400-650
nm), in the NIR region, light scattering decreases and photo
absorption by hemoglobin and water diminishes, leading to
deeper tissue penetration of light. Furthermore, tissue auto-
fluorescence is low in the NIR spectra. QDs are nearly spheri-
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cal crystalline semiconductor particles, less than 10 nm in
diameter, containing roughly 200 to 1,000 atoms [42]. “Quan-
tum” signifies the fact that their behavior and properties are
governed to a significant extent by quantum mechanics, rather
than classical mechanics and “dot” corresponds to the extremely
small dimension of these particles. The majority of QDs are
binary semiconductor crystals, composed of two types of at-
oms from the ITI/VI (cadmium selenide [CdSe]) or ITII/V (InP)
group elements of the periodic table. In general, each QD is
composed of a binary crystal core and capped with a binary
shell that stabilizes and increases its quantum yield. These
semiconductors are characterized by composition dependent
band gap energy. The band gap energy is the minimal energy
required to excite an electron from its ground state to a higher
level. As the electron relaxes and returns to the ground state, a
photon is emitted, leading to visible fluorescence. The band
gap energy is dependent on the size of the semiconductor
particle, larger QDs have smaller band gaps, resulting in emis-
sion of low energy red light, while smaller QDs emit blue light
of higher energy. Furthermore, due to their small size, the
entire particle acts as a single molecule with all constituent
atoms exciting and emitting light simultaneously producing
high signal intensity leading to an extremely high fluorescence.
The optical characteristics of QDs can thus be tuned by adjust-
ing their size [43]. Increasing size also improves penetration
depth and reduces background fluorescence at the NIR wave-
lengths. The surface of these QDs is passivated with a mono-
layer of organic solvent, such as tri-n-octylphosphine oxide
(TOPO). TOPO passivated QDs are hydrophobic and insolu-
ble in aqueous solutions. To achieve water solubility and bio-
compatibility, QDs are often encapsulated with various types
of amphiphilic polymers, which increase their hydrodynamic
radius to about 20 nm. These amphiphilic polymers often car-
ry chemically reactive groups, such as amines and carboxylic
acids, which allow conjugation with biomolecules, such as
peptides, proteins, and nucleic acids. Encapsulation and bio-
conjugation do not usually alter the optical properties of QDs
significantly. Cd/Se QDs are the most studied, but they are not
very suitable for in vivo imaging, due to their short emission
wavelength (470-655 nm) that gets absorbed by tissue chro-
mophores. The so-called types II QDs emit fluorescence in
the far-red and NIR range, which makes them ideal for in vivo
cancer imaging, since tissue chromophores in the epidermis
and hairs absorb light in the infrared range wavelengths weakly.
A type II QD consists of a Cd/Te core with a Cd/Se (or ZnS)
shell; the increased thickness of their shell correlates with their
higher emission wavelength in vivo.

They also display greater resistance against metabolic deg-
radation and photobleaching (due to their inorganic composi-
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tion) enabling investigations to be carried out over time. In
addition, simultaneous excitation of multiple florescence
colors via a single light source is possible [44]. These advantages
make them ideal for the investigation of dynamics of cellular
processes over time, such as continuously tracking cell migra-
tion, differentiation, and metastases. The long excited state
lifetime of QDs also provide means for differentiation of the
QD fluorescence signal from background fluorescence [45].
QDs have composition and size-dependent absorption and
emission, and their size and shape can be controlled in a pre-
cise manner by time, temperature and ligand molecules dur-
ing their synthesis [46]. This allows the synthesis of most of
the highly luminescent QDs with many colors-this property
represents a very promising advantage of QDs since cancer
involves a number of genes and proteins. Tracking a panel of
molecular markers at the same time will lead to better under-
standing, classifying and differentiating cancer than a single
biomarker each time. QDs multiplexing also provide unique
opportunities for simultaneous imaging of different targets
using NIR wavelengths for SLN mapping [47]. Compared
with organic dyes and fluorescent proteins, QDs have several
advantages and unique applications. Firstly, QDs have very
large molar extinction coefficients, about 10 to 50 times larger
than that of organic dyes. Therefore, QDs are able to absorb
10 to 50 times more photons than organic dyes at the same
excitation photon flux, leading to a significant improvement
in the probe brightness. Secondly, QDs are several thousand
times more resistant against photobleaching than organic dyes
and are well-suited for studies over a long period of time.
Thirdly, the large Stokes shifts of QDs (measured by the dis-
tance between the excitation and emission peaks) can be used
to further improve the detection sensitivity. Organic dye sig-
nals with a small Stokes shift are often buried by strong tissue
autofluorescence, whereas QD signals with a large Stokes shift
are clearly detectable above the background [48]. Owing to
the advantages mentioned above, QDs have utility in bio-
imaging, real-time fluorescence tracking and detection of live
cells in vivo, diagnostic assays for cancer detection, detecting
local extension of cancer cells and their distant metastases,
and identifying the surgical tumor margins on the operation
table.

Invitro applications

One of the most promising and rapidly developing areas of
application of QDs is their usage as fluorescent labels during
in vitro study of tumor cells: for imaging tumor cells and local-
izing the individual molecules expressed in them. In vitro
diagnostics, is the only application of QDs out of all other
alternatives available, which can be quickly implemented in
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clinical practice (as opposed to the in vivo use of QDs, which
requires long investigations of QD toxicity and further conse-
quences of their introduction into the body of research organ-
ism). The major utilities of QDs as an in vitro diagnostic tool
are: imaging of tumor cells overexpressing certain oncomark-
ers, staining of tissues and their sections, and observation of
individual molecules and cells in real time.

In vitro imaging of tumor oncomarkers

The imaging of tumor cells and identification of the indi-
vidual oncomarkers and their quantitative assessment is very
important for the early diagnosis, accurate classification, and
optimal therapy of tumors. QDs that conjugated to various
targeting agents (antibodies, ligands, peptides) have been
known. They are intended for visualizing the cells of clinically
significant human tumors: prostate carcinoma, breast adeno-
carcinoma and ductal carcinoma, pancreatic carcinoma, glio-
blastoma and squamous cell carcinoma of the tongue. Over a
short period of time, appreciably simple, inexpensive, and well
reproducible QD-based methods for the imaging of cancer
cells were designed to aid in the diagnosis and predicting
prognosis of cancers, especially breast cancer (Table 1) [48].

Simultaneous detection of several oncomarkers

The surface area of nanocrystal QDs is appreciably large
and is accessible for binding of several biological molecules.
A range of 2 to 5 protein molecules and more than 50 small
molecules (oligonucleotides or peptides) can be bound to one
nanoparticle 4 nm in diameter. Targeting molecules (antigens,
oligonucleotides, peptides, aptamers, etc.) that selectively bind
to the surface oncomarker provide a high specificity for label-
ing the corresponding tumor cells. At the same time, such a
feature of tumor cells as their extreme variability during the
development of cancer and response to the action of thera-
peutic agents raises for researchers the problem of simultane-
ous imaging of several surface markers. The fundamental
possibility of using QDs for simultaneous multiplex detection
was demonstrated on five tumor markers from a human breast
tumor cell culture. The simultaneous detection of the recep-
tors estrogen receptor, progesterone receptor, EGF receptor,
mTOP, and HER2/neu, using QDs fluorescence in different
spectrum regions correlates positively with the results of
conventional methods; including immunohistochemistry,
Western blotting, and fluorescence in situ hybridization (FISH),
while it considerably increases the rate of analysis and reduces
cost [49]. Simultaneous imaging of two hypothesized cancer
markers—integrin avp3 and nucleolin—using QDs conjugated
to the RGD peptide and aptamer AS1411, respectively, enables
to compare the localization of these markers within the cell
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Table 1. In vitro imaging studies by quantum dots (QDs)

Cell line/Researcher/ Year  Target/Oncomarker Targeting module QDs Imaging method Conclusion

MDA-MB-435 (ductal Endothelium of tumor ~ GFE and LyP-1 peptides  MAA-coated CdSe/ZnS ~ Confocal microscopy of QD PEGylation prevents
carcinoma)/Akerman blood vessels core-shell QD cells and tissue sections  nonselective accumulation
et al./2002 of QD in RES

SKBR-3 (adeno-carcino- HER2/neu Trastuzumab/Herceptin® Carboxyl CdSe/ZnS  Fluorescent microscopy of  QDs labelled different

ma)/Wu et al./2003 (humanized monoclonal

full-size antibody)

MCF-7/Sukhanova et al.
/2004

p-glycoprotein
antibody and QD-
conjugated anti-mouse
polyvalent goat secondary

antibody
MCF-7 adeno carcinoma,  EGFR, HER2/neu Full-size monoclonal
BT-474 ductal (ductal antibody
carcinoma)/Yezhelyev
et al./2007
KPL-4/Tada et al./2007 HER2/neu Trastuzumab/Herceptin®
SK-BR-3, MCF-7/HER2/ HER2 scFv antibody fragment
Weng et al./2008
KPL-4/Takeda et al./2008 HER2/neu Trastuzumab /Herceptin®
MCF-7/Zhang et al./2009 IGF1R AVE-1642 (humanized

monoclonal antibody)

MDA-MB435/Zhang
et al./2009

av3 integrin RGD peptide

core-shell QD stabilized
with amphiphilic polymer
(Quantum Dot Corp.)

Anti-p-glycoprotein primary - Cysteine-modified CdSe/

ZnS core-shell QD coated
with polymer bearing
surface amino group

Qdot® Antibody
Conjugation Kit (Invitrogen)

Qdot® Antibody Conjuga-
tion Kits (Invitrogen)
Carboxyl CdSe/ZnS

core-shell polymer-coated

QD (Invitrogen)

Qdot® 800 Antibody
Conjugation Kit (Invitrogen)
Qdot® Antibody Conjuga-
tion Kit (Invitrogen)

Qdot® 705 ITK™ amino
(PEG) quantum dots

fixed cells

Confocal microscopy of
cells, fluorescent IHC

Fluorescent microscopy
of tissue section

In vivo fluorescent
microscopy
Fluorescent microscopy
and flow cytometry of
cells, in vivo whole-body
imaging system
In vivo fluorescent
microscopy
Fluorescent microscopy,
flow cytometry

Fluorescent microscopy
of cells

targets at different subcel-
lular locations in cultured
live cells, fixed cells, and
tissue sections

Higher photostability of QD
as compared with organic
dyes was demonstrated

IHC detecting of five
tumor markers labeled
with QD

In vivo real-time tracking of
single QD after IV injection
Creation of multifunctional
structures based on
immunoliposome and QD

In vivo real-time tracking of
single QD after IV injection
Detection of expression
level of cell surface
receptor
Localization of specific
markers

(Invitrogen)

CdSe =cadmium selenide; IHC =immunohistochemistry; EGFR =epidermal growth factor receptor; IV =intravenous.

[50]. Internalization of nucleolin and the surface distribution
of integrin were confirmed using confocal microscopy, which
will probably allow better understanding of how they partici-
pate in the processes occurring in tumor cells.

The results of these studies demonstrate that QDs conjugated
to targeting molecules have a powerful potential as compo-
nents of novel systems for assessing tumor types, their pro-
gression stage, and the metastatic potential on the basis of
multiplex imaging. The combination of conventional IHC
procedures with QD-based fluorescent dyes allows consider-
able improvement in the resolution and sensitivity of the
method and provides possibility of simultaneous imaging
of several markers. The feature of multiplexing is becoming
increasingly important for cancer diagnosis since more and
more studies are showing that a panel of biomarkers rather
than a single one is needed to accurately determine the stage
of the disease. Multiplexing has the advantage of reducing
variability between tissue slices and is especially appealing in
the case of precious specimens. Moreover the conjugation of
QDs with the IHC method makes it much more illustrative.

http://dx.doi.org/10.4048/jbc.2013.16.1.1

The biomarkers used to detect breast cancer micrometastases
in lymph node like: anti-CK antibodies, anti-HER2 antibod-
ies, anti-EpCAM, and anti-MUCI can be detected by the
combined QD-THC approach, with results much superior to
conventional IHC, and sensitivity nearly equal to that of FISH.
As for example, HER?2 status is usually assessed by standard
IHC, with additional FISH in ambiguous cases. However,
FISH is expensive, labor intensive and time consuming. Strep-
tavidin coated QDs were used to visualize HER2 positivity
after immunohistochemical staining with primary and second-
ary anti-HER2 antibodies and fluorescence image analysis
used to identify and quantify positive signals. The results of
QD-THC were compared to both FISH analysis and conven-
tional THC in the same tissue samples. Good concordance
between QD-THC and FISH results was seen. The results indi-
cate the feasibility and utility of quantitative IHC using QDs,
this approach may be particularly useful in developing coun-
tries, where access to molecular techniques, such as FISH, is
low [51]. Similarly, other biomarkers of micrometastases can
also be detected with a combined QD-IHC approach.
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In vitro real time detection

Cell dynamics, molecular signaling mechanisms, confor-
mational changes of proteins etc. are crucial in understanding
the processes like chemotaxis and intercellular and intracellu-
lar signal transduction. In order to use QDs to gather infor-
mation about specific cellular processes in real time, a specific
cellular target must be considered QDs conjugated with the
corresponding targeting ligands have been successfully used
for such imaging modalities. Since a vast number of onco-
markers are represented by proteins that also have some regu-
latory functions in the normal cells and participate in various
inter- and intracellular signal transductions.

Studying in detail the functioning of these oncomarkers/
proteins is important to understand the multiple steps and
mechanisms leading to malignant transformation of a normal
cell. QDs conjugated with an EGF were used to study the
mechanisms of EGF internalization and signal transduction
pathways with the participation of proteins from the erbB-
1/2/3 family of transmembrane tyrosine kinase receptors [52].
A study in breast cancer used QDs linked to streptavidin,
which allowed them to bind with biotin conjugated targeting
agents.

Streptavidin-conjugated QDs were first used for imaging of
the tumor marker HER2/neu on the surface of human breast
tumor SKBR-3 cells through biotin-conjugated antihuman
secondary antibodies and humanized anti-HER2/neu anti-
bodies. For all intended targets, specific labeling signals were
brighter and considerably more photo-stable in comparison
to the organic dye methods [53]. Multiplexed QDs diagnostics
for the marker-molecules may be applicable for high antigen
expression pattern contents analysis in the primary tumor
tissue radically increasing the diagnostic value of the assays,
elucidating differences in patterns and reflecting individual
molecular signatures of events like microinvasions, etc. [54].
Since QDs were first introduced, their use in biologic experi-
ments has become common, and important insights in cell
biology have been made. For instance, QDs were used for the
first time to document the dynamics of receptor transport at
the cell membrane level. QDs have also been used to deliver
and monitor siRNA in cells [55].

For the molecular genomic diagnosis, QDs conjugated
oligonucleotide probes to visualize and map out the genetic
material by FISH could identify the genes expressed even at
very low levels [56]. In breast cancer, the QD based fluores-
cent probes were found to be more sensitive than traditional
tags for FISH detections of HER2/neu oncogene, single-nucle-
otide polymorphism of cytochrome p450, and p53 tumor
suppressor gene [57,58]. Recently, the HER had been under
research focus as a likely dependable cancer marker, including
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breast cancer. QDs tagged with the EGF staining for the HER2
membrane receptor in cultured human cancer cells presented
astonishing sensitive results [59]. QDs genomic analysis was
also applicable in the in vitro studies of human metaphase
chromosomes in transformed lymphocyte culture and breast
cancer cell lines. In addition to tissue diagnostics, there are
also emerging applications of QDs for in vitro detection assays
and many of them are fluorescence resonance energy transfer
based DNA hybridization applications [60]. For the targeted
gene expression silencing therapy, the QDs conjugated silenc-
ing RNA (HER2-siRNA) may be tracked for delivery of the
therapeutic siRNA and monitored for effectiveness of the
siRNA-mediated down regulation of concerned receptor in
the breast cancer cell lines [61].

Invivo applications

Molecular imaging in combination with anatomical imag-
ing, such as CT or positron emission tomography (PET)/CT,
enables characterization of the molecular status of deep seated
tumors. Their dependence on radioactivity-based methods
has certain drawbacks, like short isotope half-lives, lack of
multiplexing capability and low spatial resolution. Deep-tissue
multiphoton microscopy, can image cells in three dimensions
with high sensitivity and high spatial and temporal resolution.
However, tissue penetrance of light is low; even for near infrared
light, whilst conventional fluorophores are of insufficient
brightness or stability for efficient visualization. QDs over-
come these problems and have therefore been used extensively
in live animal imaging, enabling detection of tumors at the
deep sites. Large amounts of QDs can be transferred into live
mammalian cells, either by nonspecific pinocytosis, microin-
jection or peptide-induced transport and up to two billion
QDs have been delivered to the nucleus of a single cell with-
out altering the cellular function or viability. Such labeled cells
have been used to study embryogenesis [62], cancer metastases
[63], stem cell therapy, and lymphocyte homing. They are a
particularly powerful tool for embryogenesis and stem cell
research, where multiplexing is extremely advantageous given
the scarcity of tissue in such situations, whilst stem cells are
rare and often require multiple markers for their correct iden-
tification. More important use of QDs is for lymph node map-
ping in cancer. QDs were used to perform simultaneous mul-
ticolor imaging of five different lymphatic basins as a tool for
mapping lymphatic flow. Near infrared QDs were also used
for sentinel node mapping in cancer surgery in animals. QDs
were injected intradermally in the distal extremities and
imaging methods were used to track their movement along
the lymphatic channels, with identification of the sentinel
lymph node. Furthermore, these experiments demonstrated
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high contrast between autofluorescence and emission signal,
allowing minimal surgical incision for removal of the positive
sentinel node [64]. Later, fluorescent tracking of solubilized
NIR QDs injected subcutaneously in the anterior pawn mice
demonstrated accumulation in the regional lymph nodes
within 5 minutes of injection, and with a maximum concen-
tration after 4 hours of injection, which then gradually falls
down in the next 10 days, with resultant low-level uptake in
other organs. Tracking, using fluorescent imaging, was com-
pared with inductively coupled plasma-mass spectroscopy,
demonstrating advantages of fluorescent imaging. These
experiments were performed in mice and pigs, demonstrating
their applicability for larger mammals, raising the possibility
of intraoperative use in humans [65]. Such an approach would
be particularly useful in breast cancer surgery, in which the
sentinel node mapping is very common. QDs have also been
used to image blood vessels in live mice, which demonstrated
higher contrast and imaging depth than previously achieved
with organic fluorophores. QDs have also been used to track
cancer metastases, either by labeling antibodies reactive against
cancer cells, or by direct labeling of cancer cells. Noh et al. [66]
used QD-labeled dendritic cells to track their migration, follow-
ing injection into mice foot pads, demonstrating that their
final destination was popliteal or inguinal lymph nodes. This
study demonstrated the ability of QD labeling to track immu-
notherapeutic cells, of importance for understanding the
novel dendritic cell-based vaccination. These not only allow
elegant imaging, but also enable real-time studies to be per-
formed without frequent animal sacrifice, with advantages of
improved experimental control and reduced cost and suffer-
ing, these factors could be vital for experimental feasibility. QDs
with appropriate ligands as effecter molecules provide means
for ‘prolonged real-time visualizations of the multistep signal-
ing mechanisms in the living cell, and affording detailed mov-
ies of the processes involved. Cancer cell targeting by drug/
Herceptin and its tracking by single QD conjugation with
monoclonal anti-HER2 Ab was also a success in mice [67].
Various stages, which were visualized included: circulation
in blood vessel, extravasation from blood vessel, presence in
extracellular region, binding to HER2 on the cell membrane,
moving from cell membrane to perinuclear region and finally
presence in perinuclear region real-time imaging, using QDs,
has an inherent limitation of autofluorescence (background
signal) from intrinsic fluorophores in the normal tissue, low-
ering the target-to-background ratio. Several new technologies
have been developed to reduce the autofluorescence. For in-
stance, upconverting nanoparticles (UCNPs) are unique nano-
crystals that emit light at shorter wavelengths than the excita-
tion light in the NIR. This is achieved by converting energy
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of two photons serially absorbed by the UCNP. Conventional
fluorophores, including QDs, typically emit light at longer
wavelengths than the excitation light. Although, the shorter
wavelength excitation light also excites autofluorescence, but
in UCNPs, the longer wavelength excitation light (in the NIR)
avoids exciting autofluorescence, and therefore, the shorter
wavelength emission light is easily detectable. Optical lym-
phangiography in mice was successfully performed; superficial
neck lymph nodes of the mice were depicted with no back-
ground signal in the visible range or NIR range. Furthermore,
with serial injections of both the longer wavelength NIR and
visible light, UCNPs lymphatic imaging was achieved in two
colors simultaneously without a background signal.

In another approach to reduce the autofluorescence, QDs
have been conjugated with luciferase, enabling self-illumina-
tion based on the principle of bioluminescence resonance
energy transfer (BRET). The fluorescence emitted by these
QD:s can be illuminated by the bioluminescence produced by
the reaction between luciferase and coelenterazine around the
QD surface. Therefore, self-illuminating QDs can emit bright
fluorescence with no requirement for external excitation,
which exhibits extremely high sensitivity for use in vivo imag-
ing. Such a bioluminescent approach enables QDs to be visu-
alized at the deep sites where incident excitation light is low.
Experiments on mice were performed to look for the feasibili-
ty of self-illuminating QDs. In all experimental mice, the SLN
in each lymphatic basin were clearly visualized with no back-
ground signals. Sufficient signal for imaging was present for at
least 30 minutes after coelenterazine injection. Moreover, by
changing the QDs within the BRET-QD conjugate, it is possi-
ble to alter the emission wavelength, enabling multicolor in
vivo lymphatic imaging with BRET-QDs [68]. QDs have a
short half-life in circulation, due to hepatic uptake and efforts
are going on to increase half-life by attachment of passivating
molecules, such as polyethylene glycol, though this introduces
further toxicity issues. Gao et al. [69] generated mercaptopro-
pionic acid coated InAs/InP/ZnSe QDs with enhanced per-
meability and retention in vivo. They have an emission wave-
length of approximately 800 nm and a very small hydrody-
namic diameter (less than 10 nm) enhancing cellular uptake.
They were highly accumulated in tumor xenografts in living
mice, whilst additional coating with human serum albumin
reduced localization in macrophages, and therefore, in the
reticuloendothelial system, thus increasing their relative accu-
mulation in tumors. There is an increasing body of work
detailing the generation of multimodal QDs capable of both
in vivo tumor cell tracking and of drug delivery. Weng et al.
[70] conjugated liposomes to QDs together with anti-HER2
antibody, using the liposomes for doxorubicin loading, show-
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ing efficient anticancer activity in HER2 overexpressing breast
cancer cells, and enabling tumor cell imaging. Recently, Har-
beck and Thomssen [71] reported that node-negative breast
cancer does not automatically suggest a good prognosis, or
preclusion of chemotherapy benefits. Tumor-grade, Adjuvant!
online algorithm, urokinase-type plasminogen activator could
not be standard or dependable parameters to decide about the
inclusion/exclusion of chemotherapy, hence, additional bio-
markers are needed to help identify those patients who will
actually benefit from chemotherapy. The dilemma that clini-
cians now face is about 30% of those node-negative patients
who need chemotherapy because of their real chance of
cancer recurrence, but there are no tools currently available to
identify this subset of patients. In such cases that are declared
as node negative by histopathology and other traditional IHC
staining methods, QDs based applications may have a role to
screen the SLNs, and have potential of elaborating any micro-
metastases >0.2 mm size as an authentic evidence to the
determine need of adjuvant therapy for prevention of recur-
rence, and better cure. With the results obtained by QDs
approach, a multiparametric tool for tumor cells detection is
likely to be developed and implemented for early cancer and
detection of micrometastases for monitored targeted cancer
therapy.

QDs potential application for detection of micrometastases
The major limitation shared by all micrometastases detec-
tion techniques is a relatively poor tumor cell yield and the
low detection limit of labeled cells. Thus, quantitative micro-
metastases diagnosis remains difficult to be resolved with
present traditional means. A more effective approach, based
on nanoparticles for biomarkers detection, would increase
the diagnostic accuracy. As mentioned earlier, advantages of
semiconductor fluorescent QDs over organic dyes include
large absorption coefficients across a wide spectral range, size
and composition tunable fluorescence emission, multiplexing
characteristics (allowing simultaneous detection of several
biomarkers), and very high levels of brightness and photosta-
bility, etc. Owing to these properties, QDs allow detection at
the single particle level, making it possible to carry out an
analysis of low-abundant biomolecules and rare cells, such as
that of micrometastases. Indeed, a single nanoparticle is large
enough for conjugation with multiple ligands, leading to
enhanced binding affinity and exquisite specificity through
the multivalency effect. These features are especially impor-
tant in the detection of micrometastases cancer biomarkers,
which are expressed in low concentration by few cells only.
The possibility of intravital labeling of tumors with QDs was
first demonstrated on mouse models. It was demonstrated
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that after intravenous administration, QDs conjugated to
peptides specific to various type of tumors and their vessels
are selectively accumulated in the tumor vasculature. This
progress in the in vivo application of QDs has stimulated a
large number of studies devoted to the intravital imaging of
human model tumors in animals using QDs targeted at differ-
ent tumor markers. Full-size antibodies and their fragments,
specific peptides, and natural ligands were used as targeting
ligands with equal success. The use of targeted QDs as fluoro-
phores, in combination with modern optical imaging meth-
ods, allows to perform imaging of not only solid tumors, but
also metastases in other organs, bone tissue and to reveal
micrometastases at the early stages of the disease [47]. Direct
covalent binding and streptavidin-biotin linkage may be used
to conjugate the QDs with a panel of mAbs raised against
various cancer markers present on the micrometastatic cells
and may potentially be used for in vivo and in vitro serum and
tissue diagnosis of the micrometastases [23]. Recently, micro-
metastases from lung cancer have been successfully detected
with the help of magnetic nanoparticles (MNP) and QDs.
Pan-cytokeratin (pan-ck) antibody was coupled to the surface
of the MNPs, lunx (a novel human lung specific gene), and
surfactant protein-A (SP-A) Abs were attached to QDs. MNPs
were initially used for cell enrichment, and QDs were later
utilized for micrometastatic cell detection [72]. This successful
research of micrometastases detection in lung cancer by QDs
has provided a solid scientific evidence, raising the hope that
soon in near future, QDs can be similarly used to detect
micrometestases in breast cancer. Therefore, the morbidity
causing ALND and highly toxic adjuvant chemotherapy would
be given to those patients only who are positive for microme-
tastases. An early detection and adequate removal of the mi-
crometastatic cells will lead to prevention of recurrence later.

QDs toxicity

QD:s toxicity depends on multiple factors derived from both
the inherent physicochemical properties of QDs and environ-
mental conditions. QDs size, charge, concentration, outer
coating bioactivity (capping material and functional groups),
and oxidative, photolytic, and mechanical stability are factors
that, collectively and individually, determine the QDs toxicity
[73].

CONCLUSION

Breast cancer cure aims at complete elimination of the
malignant cells from the breast and any other source(s) of
metastatic deposit (like SLN, any other tissue/organ, etc.). The
occult micrometastatic deposits remain the untreated source
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of potential subsequent relapses. The detection and character-
ization of these micrometastases in the sentinel node with the
help of QDs should lead to a better understanding of funda-
mental mechanisms of metastatic spread in cancer patients
and will eventually contribute to the development of more
effective strategies to eliminate the micrometastatic cells. With
QDs approach multi-parametric tool for tumor cells detection
is likely to be developed for an early cancer diagnosis, mapping
SLN, detection of micrometastases and monitored targeted
cancer therapy. Since their first use for biological imaging in
2001, QDs have been used in a wide variety of in vitro and in
vivo applications. There have been recent efforts to minimize
their potential toxicity by novel formulation, and production
of “small” QDs to facilitate molecular tracking. Sophisticated
imaging systems are required for analysis of multiplexed
images and the relative lack of such systems has hindered their
more widespread use in vitro imaging, whilst the range of in
vivo applications continues to grow almost exponentially, and
solution of their potential toxicity will hopefully enable their
clinical applications soon. Overall, whilst QDs have shown
great promise in the scientific literature, this has not yet been
translated into clinical usage, though the efforts being made
to reduce toxicity, improve imaging systems, and standardize
quantitation are expected to increase their clinical and trans-
lational use.
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