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Abstract: Cell surface glycoconjugates play an important role in differentiation/dedifferentia-
tion processes and lectins are employed to evaluate them by several methodologies. Fluorescent
probes are considered a valuable tool because of their ability to provide a particular view, and
are more detailed and sensitive in terms of cell structure and molecular content. The aim of
this study was to evaluate and compare the expression and distribution of glycoconjugates in
normal human breast tissue, and benign (fibroadenoma), and malignantly transformed (invasive
ductal carcinoma) breast tissues. For this, we used mercaptosuccinic acid-coated Cadmium Tel-
luride (CdTe) quantum dots (QDs) conjugated with concanavalin A (Con A) or Ulex europaeus
agglutinin [ (UEA I) lectins to detect oi-D-glucose/mannose and L-fucose residues, respectively.
The QD-lectin conjugates were evaluated by hemagglutination activity tests and carbohydrate
inhibition assays, and were found to remain functional, keeping their fluorescent properties and
carbohydrate recognition ability. Fluorescence images showed that different regions of breast
tissue expressed particular types of carbohydrates. While the stroma was preferentially and
intensely stained by QD-Con A, ductal cells were preferentially labeled by QD-UEA 1. These
results indicate that QD-lectin conjugates can be used as molecular probes and can help to
elucidate the glycoconjugate profile in biological processes.
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Introduction

Despite advances in diagnosis and treatment, breast cancer remains a significant issue in
women’s health. It is the most frequently diagnosed type of cancer, and although death
rates have dropped in recent years, breast cancer is still one of the leading causes of death
in women.!'? The recognition of glycans as mediators of important biological processes
has stimulated the interest in research related to glycobiology. Glycoconjugates present
on the cell surface and in the extracellular matrix play fundamental roles in a variety of
biological processes, such as cell-cell interaction, bacterial adhesion, membrane orga-
nization, cell immunogenicity, and protein targeting.” Glycan structures depend on
cell type, developmental stage, and cell differentiation, and are modified in many
pathologic states, including cancers.’ Modification of the cell surface and extracellular
matrix carbohydrate structures may affect adhesion properties and cell-cell signaling as
well as modulate the immune system response.* Disease-associated glycosylation has
great potential as a source of tumor-associated markers and in the prediction of tumor
behavior.’ Identifying changes in glycosylation at an early stage of tumor development
may offer the possibility to understand their role in development of disease, monitoring
disease progression, and providing tools to guide therapy.® Alterations in cell surface
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glycoconjugates have been reported in a variety of neoplastic
lesions.” Lectins are a group of specific glycoproteins that
specifically bind to terminal glycans on the cell surface and
extracellular matrix glycoconjugates. This ability to bind
selectively to carbohydrates makes the lectins a useful tool
for studying neoplastic tissues.®’

Conjugates formed between lectins and fluorescent labels
have been shown to be promising for investigation of changes
in expression of glycoproteins.!® Among the fluorescent
labels, quantum dots (QDs) are emerging as a new tool for
molecular probes. QDs are light-emitting nanoparticles with
unique optical properties that overcome traditional organic
dyes and fluorescent proteins. Among their advantages, QDs
have size-tunable light emission, chemically active surfaces,
narrow emission bands, and exceptional resistance to pho-
tobleaching. These properties are promising for improving
molecular histopathology and diagnosis of disease.!'!?

Some of us have previously demonstrated the potential of
using QD-lectin bioconjugates to diagnose abnormal breast
tissues applying CdS/Cd(OH), core shell QDs conjugated to
concanavalin A (Con A) to label mammary fibroadenoma tis-
sue.'* Confocal image analysis demonstrated that the stained
fibroadenoma tissues showed a labeling pattern indicating
internal structures in good agreement with the usual per-
oxidase procedure used to reveal carbohydrate residues. The
preliminary findings reported by Santos et al supported the
use of Cadmium Sulfide passivate with Cadmium Hydroxide
(CdS/Cd(OH),) QDs as specific probes for cellular altera-
tions, enabling their use in diagnostics.'* However, CdTe QDs
and their conjugates have more photostable and higher lumi-
nescence intensity than CdS/Cd(OH), QDs.

In this context, the aim of this work was to use Cadmium
Telluride CdTe QDs conjugated with Con A and Ulex europaeus
agglutinin I (UEA ) lectins to investigate carbohydrate distribu-
tion and expression on the cell surface and in the extracellular
matrix of normal breast tissue and fibroadenoma (benign) and
invasive ductal carcinoma (malignant) breast tissues. Using
Con A and UEA 1, it was possible to compare the distribution
of different carbohydrates throughout the tissues because Con
A binds a-D-glucose and mannose, while UEA I recognizes
L-fucose.

Materials and methods

Materials

Mercaptosuccinic acid (MSA), cadmium perchlorate
(Cd(ClO,),), sodium borohydride (NaBH,), tellurium (Te),
Con A, and UEA I were purchased from Sigma-Aldrich
(St Louis, MO, USA) and used without further purification.

Isopropyl alcohol and other routine chemicals were pur-
chased from Vetec (Duque de Caxias, Rio de Janeiro, Brazil).
All the chemicals used were of analytical grade and ultrapure
water (18.2 mQ) was used in all experiments.

Synthesis and characterization

of MSA-CdTe QDs

Water-dispersed MSA-CdTe QDs were synthesized according
to a previously reported method with some modifications."
Briefly, the QDs were obtained by rapid addition of a solution
containing Te* ions in a Cd(ClO,), solution at 0.01 mol/L,
under alkaline conditions. MSA was used as the stabilizing
and functionalizing agent. The aqueous Te?" solution was
prepared by reducing metallic tellurium with NaBH, in a
molar ratio of 1:30 (Te’:NaBH,) under a nitrogen-saturated
atmosphere. The molar ratio of synthesis was 2:1:2.4 of Cd
to Te to MSA, respectively. After synthesis, the QDs were
structurally characterized by X-ray diffraction. The X-ray
diffraction analysis was carried out using a Nixdorf D5000
diffractometer (Siemens Corporation, Washington, DC,
USA) with CuKa radiation (A =0.15418 nm). The X-ray
diffraction pattern was performed using MSA-CdTe QDs
powder obtained by inducing precipitation of the aqueous
QD solution with isopropyl alcohol. Optical characterization
of the QDs was carried out by acquiring ultraviolet-visible
absorption spectra with an Evolution 600 spectrophotometer
(Thermo Scientific, Waltham, MA, USA) and emission and
excitation spectra using an LS 55 spectrometer (Perkin-
Elmer, Waltham, MA, USA).

Conjugation of MSA-CdTe

QDs to Con A or UEA |

The MSA-CdTe QDs were conjugated to Con A by an adsorp-
tion process. The pH of the QD suspension was decreased
to 8.0 using MSA solution (at 6.8 mg/mL). Next, 10 uL
of Con A (at 28 mg/mL) was added to 1 mL of the QD sus-
pension (containing approximately 10" nanoparticles/mL)
and the system was gently stirred for 2 hours at 25°C. Our
preliminary experiments showed positive results with the
QDs at the original synthesis concentration, so all tests were
performed with this concentration.

The nanoparticles were covalently linked to
UEA 1. For this, the pH of the nanoparticle suspen-
sion was adjusted to 5.5 with MSA (4.9% w/v), and
carbodiimide chemistry was applied using 1-ethyl-3-
[3-dimethylaminopropyl] carbodiimide hydrochloride (EDC)
at 0.4 mg/mL as a zero-length cross-linker. Further, we added
N-hydroxysulfosuccinimide 1.1 mg/mL to the system after
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5 minutes to increase the yield of conjugation. The volume
proportion of QDs to EDC to N-hydroxysulfosuccinimide was
1:0.5:0.5 (v:v:v). Finally, 10 uL of UEA I (at 28 mg/mL) was
incubated with 2 mL of QD-EDC-N-hydroxysulfosuccinimide
for 24 hours at 4°C. The final concentrations of the Con A and
UEA I lectins was 280 pg/mL and 140 pg/mL, respectively.

Lectin histochemistry

Transformed tissues, diagnosed as fibroadenoma (benign)
or invasive ductal carcinoma (malignant), and normal
mammary tissues were obtained from the Tissue Bank of
the Sector of Pathology, Keizo Asami Immunopathology
Laboratory, Federal University of Pernambuco, Brazil.
Normal mammary tissues were collected from reduction
mastoplasty in a plastic surgery clinic. Tissue sections
(4 um) were deparaffinized with xylene and hydrated in
graded alcohols (100% to 70%). Tissue slices were treated
with 125 uL of a trypsin solution (0.1% w/v) for 2 minutes
at 37°C and then incubated with 100 uL of the QD-Con A
or QD-UEA I conjugates for 2 hours at 4°C, followed by
three 5-minute washings with 5 mL of 10 mM phosphate
buffer according to the method described by Beltrao et al.'¢
Tissues were also incubated with nonconjugated QDs as a
control to evaluate labeling.

Characterization of bioconjugates

The carbohydrate recognition activity of the QD-Con A and
QD-UEA I conjugates was evaluated by hemagglutination
tests using glutaraldehyde-treated rabbit erythrocytes accord-
ing to the method reported by Beltrao et al.'® To confirm that
labeling results were due to lectin carbohydrate specificity,
lectin binding inhibition assays were performed by incubating
each conjugate with 0.3 M methyl-o-D-mannopyranoside
(QD-Con A) or L-fucose (QD-UEA 1) for 1 hour at 25°C
prior to incubation with tissues. The following steps for the
binding protocol were performed as described previously. We
also evaluated the optical properties (absorption, emission,
and excitation spectra) of the conjugates to determine if the
conjugation process could change the optical characteristics
originally shown by the QDs.

Image processing

Tissue staining was evaluated using a DMI 4000 B fluores-
cence microscope (Leica Microsystems, Wetzlar, Germany;
40x objective). A band-pass filter (340-380 nm) was used
to excite the fluorescence that was collected by a long-pass
filter (=425 nm). All images were acquired with a color
Pixelfly camera (PCO-TECH Inc., Romulus, MI, USA)

applying the same acquisition parameters for all the images
acquired.

Results and discussion
Characterization of MSA-CdTe QDs

Structural and optical characterization was used to evalu-
ate the size, fluorescence, and crystallinity of the QDs. The
X-ray diffraction pattern for the CdTe QDs showed three
diffraction peaks, observed at 26 values 0f 24.2°,40.02°, and
46.42°, respectively, corresponding to the (111), (220), and
(311) crystalline planes, as shown in Figure 1A. This result
is consistent with a bulk cubic (zinc blend) CdTe structure
(Joint Committee on Powder Diffraction Standards - JCPDS
No 75-2086).'” Applying Scherrer’s equation in the first peak
of the X-ray diffraction pattern, a diameter of 3.0 nm was
estimated for the QDs.'?

Figure 1B shows the optical characterization of the
original QD suspension. The optical properties of the con-
jugates (QD-Con A and QD-UEA 1) did not show significant
changes when compared with the original suspension (data
not shown), demonstrating that the conjugation process did
not change the optical characteristics originally shown by the
QDs. Both the original QD suspension and the QD conjugates
showed an emission maximum at 644 nm, with a full width
at half maximum of 50 nm. According to the first absorp-
tion peak at 586 nm, a diameter of 3.5 nm for the QDs was
estimated, which is in agreement with the X-ray diffraction
analysis.!*?* MSA-CdTe QDs with diameters around 3.5 nm
and showing red-orange fluorescence were chosen to provide
better contrast with the autofluorescence, which was in the
blue region under ultraviolet excitation. Further, the original
suspension had a concentration of 10'* particles/mL, evalu-
ated approximately using the empiric equation devised by
Yu et al.?!

Hemagglutination activity

Lectin activity was analyzed by the hemagglutination tech-
nique before and after conjugation of the MSA-CdTe QDs.
The CdTe QDs alone did not show hemagglutination activity,
whereas the QD-Con A conjugates displayed activity equal to
that of nonconjugated Con A lectin. The same behavior was
observed for QD-UEA 1, as shown in Table 1. This suggests
that the Con A and UEA I carbohydrate recognition sites were
preserved after conjugation with MSA-CdTe QDs.

Lectin histochemistry of breast tissues
Elucidation of the structure and function of cell surface gly-
coconjugates is relevant for understanding many biological
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Figure | Structural and optical characterization of mercaptosuccinic acid-coated CdTe quantum dots. (A) X-ray diffraction pattern and (B) absorption (dark line) and

emission (dashed line) spectra. The emission spectrum was acquired at A =365 nm.
Abbreviations: au, arbitrary unit; CdTe, Cadmium Telluride.

processes, given that these molecules can affect cellular
differentiation, adhesion, and the immune response.?
Experimental evidence has shown that tumor development
is associated with a variety of altered cell glycosylation
patterns.”

QD-Con A and QD-UEA I conjugates were used sepa-
rately to investigate the expression profiles of a-D-glucose/
mannose and L-fucose in normal breast tissue, benign trans-
formed breast tissue (fibroadenoma), and malignant trans-
formed breast tissue (invasive ductal carcinoma), as shown
in Figure 2. No staining of mammary tissues was observed
when nonconjugated QDs were used (data not shown).

Figure 3 shows hematoxylin and eosin images of nor-
mal, fibroadenoma, and invasive ductal carcinoma tissues,
providing better identification of tissue compartments (cells
indicated by yellow arrows and stroma indicated by asterisks)
in the fluorescence analyses.

Autofluorescence emitted by a tissue specimen can
be visualized in the blue-green region while fluorescence
emitted by QDs is visualized in the red-orange region. As
shown in Figure 2, the QD-Con A conjugates were able to
bind intensively and preferentially to stroma in the normal

Table | Hemagglutination activity of Con A and UEA |, MSA-
CdTe QDs, and QD-Con A and QD-UEA | conjugates

Systems Titer (HU)
MSA-CdTe QDs No activity
Con A 64

QD-Con A 64

UEA | 32
QD-UEA | 32

Abbreviations: HU, hemagglutination units; CdTe, Cadmium Telluride; QDs,
quantum dots; MSA, mercaptosuccinic acid; Con A, concanavalin A; UEAI, Ulex
europaeus agglutinin |.

breast, fibroadenoma, and invasive ductal carcinoma samples.
Despite the preference for stroma, the QD-Con A conjugate
also stained ductal cells heterogeneously in some samples
(especially those for fibroadenoma).

On the other hand, QD-UEA I conjugates were also seen
to bind preferentially to normal and invasive ductal carci-
noma cells (Figure 2), since they showed greater fluorescent

Figure 2 Mammary tissues stained by QD-Con A: normal breast (A),
fibroadenoma (C), and invasive ductal carcinoma (E). Mammary tissues labeled with
QD-UEA [: normal breast (B), fibroadenoma (D), and invasive ductal carcinoma (F).
Notes: Scale bar 20 um. Tissue autofluorescence is shown in blue. QD-Con A
and QD-UEA | labeling is shown in red-orange. Yellow arrows indicate ductal cells
whereas asterisks indicate stromal areas. Excitation by ultraviolet light.
Abbreviations: QD-Con A, quantum dot-concanavalin A conjugate; QD-UEA 1,
quantum dot-Ulex europaeus agglutinin | conjugate.
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Figure 3 Hematoxylin and eosin images. (A) Normal mammary tissue,
(B) fibroadenoma tissue, and (C) invasive ductal carcinoma tissue. Yellow arrows
indicate ductal cells while the stroma is indicated by asterisks. Scale bar 10 pum.

labeling when compared with other tissue structures (espe-
cially in normal and invasive ductal carcinoma breast tissues).
Fibroadenoma, in particular, showed weak labeling of the
stroma by the QD-UEA I conjugate, but even in this case, the
cells still showed higher fluorescence. Although adsorption
is not a strong interaction due to lack of chemical bonds, the
results obtained with the QD-Con A conjugate were success-
fully reproduced.

These results indicate that distribution of o-D-glucose/
mannose and L-fucose among the tissues was directly related
to glycosyltransferases and glycosidase activity. Interestingly,
staining by the QD-UEA I conjugate revealed a distinct

pattern of distribution and expression of carbohydrates
throughout the tissues when compared with staining by the
QD-Con A conjugate. The images showed a high distribu-
tion of o--D-glucose/mannose residues in stromal areas in all
tissues. In fibroadenoma, it was found that these glycans are
present in high concentrations not only in the stroma but also
in some ductal cells, as was also reported by Beltrao et al.'®
Abundant L-fucose residues were found in ductal cells,
including in malignant ones. This glycan has been proposed
as a potentially critical molecule in neoplasia, including that
of the breast. Clinical studies have provided evidence that
overexpression of fucosylated cell surface molecules is cor-
related with metastasis and a poor prognosis.*

Most of the studies performed on breast cancer focus
on epithelial cells, and not so much attention is given to
the surrounding stroma. However, together with extracel-
lular matrix components, stroma cells such as fibroblasts
provide the microenvironment that is essential for cancer
progression. In this way, stromal alterations can accompany
or even precede the malignant transformation of epithelial
cells.” The extracellular matrix is a complex bioenvironment
composed of glycoproteins, collagen, glycosaminoglycans,
and proteoglycans. Thus, lectins are able to interact with
carbohydrate residues present in the extracellular matrix.
Type I collagen, found in the extracellular matrix, has been
recognized as important for the initiation and progression of
breast cancer.?® Therefore, the QD-Con A conjugate, which
stained the stroma intensely, could be a helpful tool in the
search for new cancer biomarkers provided by the stroma.

CdTe QDs have been previously conjugated to UEA I as
a probe to obtain images of human umbilical vein endothelial
cells.?’ This lectin conjugated to horseradish peroxidase has
also been used to study carbohydrate expression in tumor
cells.?® To our knowledge, this is the first description of gly-
cans distribution in mammary tumors using QD-UEA I as
probes.

We did not observe any obvious difference in labeling by
QD-Con A in the tissues evaluated in this study. Beltrao et al,
using Con A and Cratylia mollis lectin conjugated to peroxi-
dase, noticed that invasive ductal carcinoma tissues showed
a higher intensity of staining than fibroadenoma tissues.!'
On the other hand, Brustein et al, using Con A and peanut
agglutinin lectins conjugated to acridinium ester, found
that chemiluminescence was higher in fibroadenoma than
in invasive ductal carcinoma for both lectins tested.?’ This
shows that, in addition to the method of labeling or detection
used, pretreatment of tissues, such as formalin-fixing and
paraffin-embedding, plays an important role in the intensity
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Figure 4 Carbohydrate-lectin inhibition assays. (A and B) Fibroadenoma samples
incubated with inhibited QD-Con A and QD-UEA | conjugates, respectively.
(C and D) Invasive ductal carcinoma samples incubated with inhibited QD-Con A
and QD-UEA |, respectively. Scale bar 20 pum.

Abbreviations: QD-Con A, quantum dot-concanavalin A conjugate; QD-UEA |,
quantum dot-Ulex europaeus agglutinin | conjugate.

of staining evaluation. More studies are underway to give us
a better understanding of labeling intensity.

Carbohydrate-lectin inhibition assay

The inhibition assay was performed using methyl-o-D-
mannopyranoside and L-fucose sugars for QD-Con A and
QD-UEA 1, respectively (Figure 4). After incubation with
these specific carbohydrates, there was a dramatic decrease in
the labeling pattern, both in fibroadenoma and invasive duc-
tal carcinoma. Because the lectin carbohydrate-recognition
sites are occupied, no interaction occurred between the QD
conjugates and cell surface glycoconjugates of stromal
and ductal cells. This result indicates that binding between
QD-Con A and QD-UEA 1 conjugates and cell surface
carbohydrates is specific. Further, these results, along with
those for the hemagglutination assays (see Table 1), show
that lectins are capable of recognizing carbohydrates, even
after the conjugation process, which was demonstrated to
be effective.

Conclusion

Analysis of the conjugates showed that the conjugation
process did not change the optical properties of the QDs or
affect the capacity of lectins conjugated to QDs to recognize
carbohydrates. CdTe QDs are emerging as promising labeling
tools, given that they are highly photostable and show intense
fluorescence, and have a flexible spectral range (from green to
near infrared) tunable with their size. The QD-Con A and QD-
UEA I conjugates showed distinct staining patterns, revealing
differences in a-D-glucose/mannose and L-fucose residue

expression and distribution in fibroadenoma, invasive ductal
carcinoma, and normal breast tissues. As shown by inhibition
assays, interaction between the conjugates and stromal and cell
surface molecules is very specific. These results indicate the
potential of QD-lectin conjugates as molecular probes capable
of providing new information about cellular and extracellular
matrix structures, molecular content, and tumor environment,
which may help to elucidate biological processes including
the development and progression of cancer.
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