
������
������

�����	��
���	�
��������
����
����������������
�����������������
��
��
������
�	���

������	�
��������

�
�����
����
��
����������������� 
�!�����"��#
��������$�������
%�������������&
�'
�
�&
����(
����
���������
�)����
��*������
�
��+�!�+��� �����������������,����������������


���� -.-/

��
�� �������������!���0��������

����������
���
�����

�
����
��
�����������1�� 
�!������1��#
����"1��%���������1��1��(
����
�����1�'1��
)����
���1���
��+�!�+���*1���������� 1��,�����������1�2-.-/31������	��
���	�
�������
�
����
����������������
�����������������
����
������
�	���1��
�������/42/53��
46.7�2/.�	
���31����	��00���1���0/.1447.0�
�����/4/546.7


���������������������	����	�����������
8	��������������������������������

������������������
�����������9:"� ���	��00	�����
�����1	������1�
074;.0

���	���� ���������<�����������=$�������0�����������!�������:$!��$�	
������	
����0�:��������

���������	��������	������
���������9��� ���
��!����������������������51.�>�����
����
��2���)?3�


��������
������� �!������������"����
 �����������������������<��
��	��������

��������������#���
@����
�������� �
������2!��1�/4����1�/53�

$��	�������������
���������� � �>

�����"�����
8<��
��9:"� ���	��00���1���0/.1447.0�
�����/4/546.7

$���������%����
"��
���������

A�-.-/��������
������1�"��������� �>��)
�����*B��&���
��1������
����������
���	���
�����

�����������������������������������
������������������������
��!����������������������
2���)?3���������2���	��00���
��!��������1���0��������0��051.031�

���&� ��������������� ��%��'�
�������������������(������
)����	���������������������� ��*���$�������
�����C����
���������B���
������������������������������������
����	������������������������������$
�

���	��00	�����
�����1	������1�


https://publications.polymtl.ca/
https://doi.org/10.3390/cancers13143509
https://publications.polymtl.ca/9370/
https://doi.org/10.3390/cancers13143509


cancers

Article

Multiplexed Plasmonic Nano-Labeling for Bioimaging of
Cytological Stained Samples

Paule Marcoux-Valiquette 1 , C†cile Darviot 1 , Lu Wang 1, Andr†e-Anne Grosset 2 ,
Morteza Hasanzadeh Kafshgari 1 , Mirela Birela 2, Sergiy Patskovsky 1 , Dominique Trudel 2,3

and Michel Meunier 1,*

��������� �
�������

Citation: Marcoux-Valiquette, P.;

Darviot, C.; Wang, L.; Grosset, A.-A.;

Hasanzadeh Kafshgari, M.; Birela, M.;

Patskovsky, S.; Trudel, D.; Meunier,

M. Multiplexed Plasmonic

Nano-Labeling for Bioimaging of

Cytological Stained Samples. Cancers

2021, 13, 3509. https://doi.org/

10.3390/cancers13143509

Academic Editor: Clare Hoskins

Received: 5 June 2021

Accepted: 7 July 2021

Published: 13 July 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional af�l-

iations.

Copyright: ' 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Department of Engineering Physics, Polytechnique Montr†al, Montreal, QC H3T 1J4, Canada;
paule.marcoux@hotmail.com (P.M.-V.); cecile.darviot@polymtl.ca (C.D.); lu.wang@polymtl.ca (L.W.);
Morteza.kafshgari@polymtl.ca (M.H.K.); sergiy.patskovsky@polymtl.ca (S.P.)

2 Centre de Recherche du Centre Hospitalier de l’Universit† de Montr†al (CRCHUM) et Institut du Cancer de
Montr†al (ICM), Montr†al, QC H3T 1J4, Canada; andree-anne.grosset.chum@ssss.gouv.qc.ca (A.-A.G.);
mirela.birlea.chum@ssss.gouv.qc.ca (M.B.); dominique.trudel.chum@ssss.gouv.qc.ca (D.T.)

3 Department of Pathology and Cellular Biology, Universit† de Montr†al, Montreal, QC H3T 1J4, Canada
* Correspondence: michel.meunier@polymtl.ca; Tel.: +1-(514)-340-4711 (ext. 4971)

Simple Summary: The improvement in the reliability and precision of traditional cytopathologi-
cal examination protocols (semi-quantitative cancer diagnostics) is a persisting challenge. Many
developed high-tech diagnostic approaches have also been declined due to their complexity, non-
complementary, and problematic integration with standard pathology laboratory equipment and
protocols. In this study, a complementary bioimaging approach based on plasmonic nanoparticles
(NPs), due to their stable, strong scattering feature, is therefore developed. This type of approach re-
sists against a strong background of the cytological counterstaining while simultaneously delivering
ancillary diagnostic information by using the same cytological stained samples. The direct observa-
tion and analyses of four types of plasmonic NPs with different scattering colors on hematoxylin
and eosin (H&E) paraf�n-embedded specimens are demonstrated. This is performed while using a
well-designed adapter for side-illuminated (SI) dark-�eld conventional microscopy without interfer-
ing with traditional cytopathology strategies. This state-of-the-art integrated bioimaging approach
(observation of plasmonic NPs on H&E-stained cytology samples) constitutes an indispensable tool
that improves not only cancer diagnosis but also daily care.

Abstract: Reliable cytopathological diagnosis requires new methods and approaches for the rapid
and accurate determination of all cell types. This is especially important when the number of cells is
limited, such as in the cytological samples of �ne-needle biopsy. Immunoplasmonic-multiplexed-
labeling may be one of the emerging solutions to such problems. However, to be accepted and
used by the practicing pathologists, new methods must be compatible and complementary with
existing cytopathology approaches where counterstaining is central to the correct interpretation
of immunolabeling. In addition, the optical detection and imaging setup for immunoplasmonic-
multiplexed-labeling must be implemented on the same cytopathological microscope, not interfere
with standard H&E imaging, and operate as a second easy-to-use imaging method. In this article, we
present multiplex imaging of four types of nanoplasmonic markers on two types of H&E-stained
cytological specimens (formalin-�xed paraf�n embedded and non-embedded adherent cancer cells)
using a specially designed adapter for SI dark-�eld microscopy. The obtained results con�rm
the effectiveness of the proposed optical method for quantitative and multiplex identi�cation of
various plasmonic NPs, and the possibility of using immunoplasmonic-multiplexed-labeling for
cytopathological diagnostics.

Keywords: cytopathological cancer diagnosis; paraf�n-embedded cytological tissues; gold nanoparti-
cles; gold-silver alloy nanoparticles; plasmonic biomarkers; immunoplasmonic-multiplexed-labeling;
side-illumination microscopy; bioimaging
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1. Introduction
Early diagnosis of cancer plays a critical role in the prevention of morbidity (an

estimated 9.6 million deaths, or one in six deaths, in 2018) and global cancer burden [1]. The
accuracy of cancer diagnosis and the potential outcome for successful treatment depends
on many aspects, including the reliability and precision of existing clinical and pathological
examination protocols, as well as the professional level of practicing pathologists [2].

The gold standard protocol in cytopathology involves hematoxylin and eosin (H&E)
staining and its ability to clearly de�ne the underlying tissue morphology by staining nuclei
and cytoplasm in different colors. It is also used as a control for all immunohistochemical
(IHC) stains to show that the tissue has been processed correctly and is free of artifacts [3�6].
A recent study successfully demonstrated that when IHC is used for the visualization of the
expression pattern of proteins (e.g., of cancer cells), H&E counterstaining can be applied in
order to facilitate a simultaneous observation of the same stained samples [7]. However,
these diagnostic approaches still have some disadvantages and limitations, which should
be addressed [8]. The preparation of histo-cytopathological specimens includes treatment
with cytological �xatives, and other embedded components that affect the antigenicity of
cells, thereby reducing the effectiveness and reliability of immunohistochemistry [9,10].
Although the two-color IHC protocol was developed by labeling two antigens located in
different cellular compartments, antigens are usually identi�ed one at a time, making it
dif�cult to con�rm the presence of multiple overexpressed receptors in the same cells [11].
The use of �uorescent antibodies and dyes for an accurate antigen detection, due to
their photobleaching feature, is the other major drawback that prevents the integration of
immuno�uorescence in cytopathology [12].

As a result, there is a need for a reliable and preferably multiplexed immunological
method for cell identi�cation and differentiation. To address these problems, quantum dots
(QDs) have been proposed as alternative multiplexed biomarkers. However, the problems
of the QDs’ stability in the intracellular environment, a short shelf life, and the dif�culty of
detecting �uorescence in stained tissues necessitates a search for another alternative [13,14].
On the contrary, plasmonic nanoparticles (NPs) as stable and biocompatible markers have
demonstrated a great potential for biomedical applications [15�19]. Existing technology to
�ne-tune NPs physicochemical properties (e.g., geometry, size, and composition) allows for
the generation of a multitude of NPs with spectrally distinguishable absorption/scattering
peaks in the visible or near infrared, thereby enabling multispectral imaging and multiplex
immunolabeling [20�22]. Moreover, direct observation and analysis of even single plas-
monic NPs can be performed using conventional dark-�eld or backscattering microscopy,
which are readily available in research laboratories [10,23].

Many of the latest high-tech medical technologies developed for the diagnosis of
cancer have not been accepted by medical professionals in healthcare settings due to their
complex and problematic integration with laboratory devices and pathology protocols. To
create an opportunity for this innovative biomedical technology’s adoption and utilization,
it must pass several steps of development. The initial step toward acceptation relies on the
possibility of new bioimaging approaches generating additional analytical information for
the same specimens while not interfering with standard pathology protocol. The �nal step
will be a complete replacement of the conventional diagnostic method with the new and
more ef�cient technology.

In this study, we describe a modern biolabeling strategy based on plasmonic NPs
(nanoplasmonic markers) with different spectral signatures. As a proof-of-concept, we
demonstrated multiplex plasmon bioimaging on H&E, formalin-�xed paraf�n-embedded
(FFPE) specimens using a specially designed side-illuminated (SI) dark-�eld adaptor inte-
grated into a conventional microscope and used for analysis of cytopathological specimens.
We have comparatively con�rmed that direct observation of plasmonic NPs is possible
without interfering with traditional strategies of cytopathology diagnostics.
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2. Materials and Methods
Materials: Gill II hematoxylin, Harris hematoxylin, eosin B, formalin, and ethanol,

were obtained from Sigma-Aldrich (St. Louis, MO, USA). The eosin Y solution was pur-
chased from Leica Biosystems (Wetzlar, Germany) and diluted 1:2 in ethanol 100% in this
study. The phosphate-buffer saline, Gibco Dulbecco’s Modi�ed Eagle Medium (DMEM),
Fetal bovine serum (FBS), penicillin-streptomycin-glutamine (100X), and HistoGel� were
obtained from ThermoFisher Scienti�c (Waltham, MA, USA). All slides were mounted in
Sub-X mounting medium (Electron Microscopy Sciences, Hat�eld, PA, USA) compatible
with xylene substitute (VWR International, Radnor, PA, USA). The gold NPs and nanorods
were purchased from Nanopartz, Inc. (Loveland, CO, USA). The other plasmonic NPs
(Table 1), including the gold-silver Alloy NPs (50/50 and 10/90 vol.), were synthesized
based on a seeded-growth approach (Turkevich method), and their optical properties match
the SI microscopy adaptor [10,16,22,24].

Table 1. Characterization of plasmonic NPs with different resonance peaks.

Color Geometry Composition Size (nm) Plasmon Peak (nm)

Blue
Sphere

Gold/Silver Alloy 10/90% vol. 43 457
Green Gold/Silver Alloy 50/50% vol. 74 529
Yellow Gold 100 607

Red Rod Gold 25 � 71 669

Cytology sample preparation: Two types of cytology samples were prepared by using
the same breast cancer cell line (MDA-MB-453). The cells were cultured in DMEM and
supplemented with FBS (10% vol.) and penicillin-streptomycin-glutamine (1% vol.).

The non-embedded cell samples (type-I) were prepared by using adherent cells (three
dimensional = 3D) on a microscope slide. These samples could be compared to a cytology
smear in which the cells are deposited and dried on a microscope slide. The prepared
cells were incubated for 36 h in 8 well-plate (IBIDI, Gräfel�ng, Germany) with removable
chambers to reach a con�uence of ~80%. Afterward, the cells were rinsed with PBS, and the
wells were �lled with fresh DMEM containing fresh plasmonic NPs (1 � 106 NPs/wells).
After incubation at 37 �C, the unbound plasmonic NPs were removed by washing the cells
with PBS. The prepared cells were then �xed in formalin (10% vol., 10 min) and the grid
was removed.

The preparation of the FFPE samples (type-II) �rst required the cells to be centrifugated
and then �xed with formalin (10% vol.). Afterward, the �xed cells were mixed with
HistoGel� to create a cell pellet, embedded in paraf�n, and mounted on a slotted cassette.
The sample was cut into thin slices (4 �m thickness), transferred and dried on a positively
charged microscope slide (Superfrost PLUS from FisherBrand Lab Equipment, Pittsburgh,
PA, USA). The cells were then deparaf�nated and rehydrated in xylene substitute, ethanol,
and distillated water baths. Afterward, the solution of fresh plasmonic NPs (1 � 106 NPs
in DI water) was pipetted on top of the FFPE sample, creating a bubble on the slide, and
incubated at room temperature. Before staining, the prepared samples, the excess of NPs
was removed by immerging the samples into water baths.

Next, both types of samples were stained with Gill II hematoxylin and eosin B or
Y, as well as Harris hematoxylin and eosin B or Y, and then dehydrated by placing the
prepared slides in consecutive ethanol (70, 90, and 100% vol.) and xylene substitute baths.
Afterward, a drop of Sub-X mounting medium was added, before covering the samples
with the glass coverslip.

Microscopy setup with side-illuminated dark-�eld imaging mode: To meet the
above-mentioned requirements, the design of the optical microscopy system should provide
a conventional transmission microscopy mode for bright-�eld imaging of cytopathological
samples in combination with a dark-�eld imaging mode for the detection of plasmonic
markers. In Figure 1, we present a schematic of the proposed optical setup built on a
conventional upright microscope, which is commonly used by pathologists.
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Figure 1. A schematic representation of a multimode microscopy setup integrated with VegaPhoton SI adaptor facilitating
the visualization of red, green, blue, and yellow color scattering plasmonic NPs on H&E-stained cytology samples. As
illustrated, different plasmonic NPs with their unique resonance peak on single cell are clearly visible in this setup. The
multimode microscopy setup is composed of a (I) transmission microscopy (white light source) and (II) 3D dark-�eld
microscopy (SI observation of plasmonic NPs) and can independently visualize each mode by simply switching from one
mode to another.

As known from the literature, various dark-�eld techniques can be used for the direct
observation and imaging of plasmonic NPs. However, in our case, the lateral illumination
dark-�eld method is the most optimal for several reasons. First, the SI dark-�eld adapter
(VegaPhoton Inc., Montreal, QC, Canada) can be easily integrated into the microscope
stage by simply replacing the conventional glass slides holder. Secondly, the principle
of side illumination is based on the coupling and propagation of light in a waveguide,
and a standard 1 mm microscope slide, used in the cytophatology preparation, serves as
a waveguide. In addition, the recent development of Red-Green-Blue (RGB) miniature
light-emitting diodes (LEDs) allows direct LED light coupling to microscope slides and
capability of fast manual or automatic light intensity modulation. The light source is
a tricolor LED array for RGB illumination placed on either side of the support that �ts
a conventional slide (75 mm � 25 mm) [25]. This SI adaptor can be easily installed on
any type of bright-�eld microscope (upright or inverted) and does not require an extra
modi�cation to be assembled into microscopes or oil-immersion objectives.

The developed optical setup makes it possible to observe cytological samples with
H&E staining in a bright �eld, and then investigate the labeling with plasmonic NPs in the
same place by simply switching from bright-�eld illumination to the LEDs of the built-in
SI adapter. In this work, images in bright-�eld mode and with the SI adaptor were taken
using the Nikon 60� objective (0.7 numerical aperture = NA) with a variable working
distance from 1.8 to 2.6 mm and the RGB color sCMOS PCO-Panda 4.2 camera (PCO AG,
Kelheim, Germany).
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3. Results
3.1. Side-Illuminated Dark-Field Imaging

Compared to standard transmission dark-�eld microscopy, the SI optical system can
improve the contrast between NPs and cells (which scatter light strongly in the forward
direction) using an LED-based light source perpendicular to the optical axis (Figure 1). The
results of this comparison of the bright-�eld mode, the transmission-based dark-�eld mode,
and the SI dark-�eld mode for visualizing the H&E-stained cytological sample labeled
with gold spherical NPs (100 nm in diameter) are shown in Figure 2.
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Figure 2. Comparison of the (A) bright-�eld mode, (B) transmission based dark-�eld mode and (C)
dark-�eld SI microscopy for the visualization of H&E-stained cytology sample labeled with gold
spherical NPs (100 nm in diameter). The inset shows 2D and 3D NP intensity pro�les for the contrast
comparison. Note that the sample is observed by simply switching from one mode to another.

Another advantage of side illumination is that there are no limitations on the numerical
aperture of the imaging objective that exists in transmission dark-�eld microscopy. The
use of a higher NA provides improved image resolution in the Z-direction, which leads
to the possibility of 3D mapping of the spatial position of plasmonic markers. Figure 3
presents the image of a H&E-stained specimen labeled with gold spherical NPs (100 nm in
diameter) at different focal points with a Z step of 1 �m. By following the position of the
peak of the NPs intensity pro�le, the exact spatial position of each individual NPs on the
cell membrane can be obtained.

The individual NP-cells contrast, and the resulting NP detection ability also depend
on the spectral properties of the NP, as well as on the spectral range of the used light source.
In Figure 4, we present the dark-�eld SI images of a H&E-stained cytological specimen
labeled with spherical alloy NPs (74 nm in diameter) and illuminated, respectively, with a
green LED and a complete RGB light. Since the spectral range of the green LED is close to
the peak of the plasmon spectrum of the alloy nanoparticles, we expect an improvement in
the image contrast of the NPs. Accordingly, we con�rm this phenomenon and propose a
methodology for improving NPs detection, especially in automatic imaging mode, in which
the LED color illumination is modulated depending on the type of plasmonic marker.
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Figure 3. Z-scan of H&E-stained cytology sample labeled with gold spherical NPs (100 nm in diameter). (A�D) Images
were taken with Nikon 60� objective (0.7 NA) at 1�m step. (E) Intensity pro�le of NPs at different Z focal planes.
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3.2. Plasmonic Bioimaging of Cytology Samples
H&E stain is commonly used by pathologists and researchers for investigating un-

derlying cellular and tissue structures. However, almost all special staining and detection
approaches combined with the H&E staining protocol have failed to provide complemen-
tary and conclusive information [9�11]. To evaluate the performance of our multiplex
plasmon biomarkers for cytopathological diagnosis, and in combination with the conven-
tional H&E staining approach, four different types of plasmonic NPs were selected. Their
physicochemical characteristics and corresponding spectral properties were theoretically
predicted for reliable differentiation, even with three spectral lines (468 nm, 526 nm, and
638 nm) of SI adaptor LED RGB-illumination (Table 1).

The H&E stain is quite intense, and it is not at all obvious that any optically active
biomarkers can be reliably visualized and detected. In the case of plasmonic NPs, the
detection of extinction/scattering spectra against the diffusion background of H&E stain is
also problematic and requires veri�cation. To solve this problem and to verify the effect
of H&E staining (Gill II or Harris hematoxylin and eosin B or Y) on the visualization of
individual and multiplexed plasmonic NPs, two types of prepared samples (non-embedded
and FFPE breast MDA-MB-453 cancer cells) were evaluated. Sample preparation of MDA-
MB-453 cells included an incubation for one hour with plasmonic NPs, and then H&E
staining prior to visualization under SI dark �eld microscopy.
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Our preliminary microscopic results showed that the use of eosin Y to stain �xed
adherent cells (non-embedded) strongly in�uenced the detection performance of plasmonic
NPs in this complex system. In this study, a strong green scattering background was
observed under SI microscopy. Plasmonic NPs were still visible and distinguishable using
digital imaging, but the contrast, in our opinion, was insuf�cient for reliable visual control.
In Figure 5, we present the results for adherent MDA-MB-453 cells stained with H&E
(hematoxylin Gill II and eosin B) and observed by bright- or dark-�eld microscopy using
an SI microscopy adapter to visualize red, green, blue, and yellow plasmonic NPs. The
bright spots of different colors related to the non-speci�c cell binding plasmonic NPs that
clearly appeared on the delimited cells (obvious and distinguishable boundaries) in the SI
images and did not interfere with the H&E bright-�eld images (morphological context).
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In pathology’s daily practices, FFPE samples are commonly prepared for cancer
diagnosis, and therefore it is critical to evaluate the use of plasmonic NPs in combination
with H&E (Gill II hematoxylin and eosin B) stained FFPE samples. As shown in Figure 6,
FFPE MDA-MB-453 cells were incubated with the same four types of plasmonic NPs, H&E
stained and visualized under SI microscopy. The images indicate no color fading or other
interferences that may lead to misinterpretations. All plasmonic NPs on the treated cells
were clearly observed under the exact same illumination and camera settings without
interfering other staining protocols.

To evaluate the potential of the plasmonic bioimaging in a multiplexed detection
system combined with the H&E-stained samples, a mixture of four different fresh plasmonic
NPs has been incubated with the samples (Gill II hematoxylin and eosin B) before the
H&E staining steps and visualized using bright-�eld and SI microscopy (Figure 7). The
bright-�eld images show the morphology of the H&E-stained cells, whereas the dark-�eld
SI images clearly illustrate four different plasmonic NPs. Note that the observation of
plasmonic NPs in stained 3D cells strongly depends on the focal plane. Plasmonic NPs
that are out of focus can appear with a lower contrast and even a different color due to
local interference effects. However, with manual or automatic Z-scans, pathologists and
experienced operators can visually distinguish different colored NPs using the correct focal
plane. Similar results were obtained for FFPE samples (not shown), which con�rms the
possibility of biomarkers multiplexing in the proposed approach.
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4. Discussion
The H&E counterstaining in the standard cytopathology techniques is central to pro-

vide accurate morphological diagnosis [7]. The strong background of H&E counterstaining
was the main reason for the complication of integration with other diagnostic approaches
and optical biomarkers. However, as we presented in this article, plasmonic NPs with their
stable and strong resonant light scattering ability have been proven as compatible biomark-
ers with the H&E stain procedure. Four types of spectrally distinctive plasmonic NPs have
been clearly observed on either FFPE (thin layer ~4 �m) or non-embedded cells without
suppressing the performance of standard morphological diagnosis. Additionally, the four
distinctive markers added to the cells demonstrated the potential ability of multiplexed
plasmonic labeling to speci�cally diagnose cancer cells with two positive markers, and two
negative markers placed in cytological samples.

A major challenge in integrating new approaches, including the presented plasmonic
bioimaging, with standard cytopathology protocols, is the resistance to these technologies
from hospitals and medical personnel. The introduction of new technologies can be facili-
tated if they demonstrate their effectiveness in direct comparison with existing methods,
generating additional relevant information about the same cytopathological samples and
within the same analysis procedure. To meet this requirement, as shown in this article,
the dark-�eld side-illumination adaptor was speci�cally designed to be easily integrated
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into a conventional microscope commonly used by a pathologist. The SI adaptor does not
interfere with the standard diagnostic protocol and is used to detect plasmonic NP markers
on cells stained with H&E (hematoxylin Gill II and eosin B).

Moreover, a sensitive and precise detection of cell receptors and proteins needs to be
adapted into clinical settings using functionalized plasmonic NPs in this state-of-the-art
visualization approach. In future works, several robust functionalization methods [20�23],
which have already been con�rmed as a reliable and selective biomarker conjugation for
recognizing cell receptors and proteins, will be optimized and applied on plasmonic NPs
with respect to standard cytological staining protocols in order to provide multispectral
imaging and multiplex immunolabeling, and facilitate a quantitative examination in the
existing standard pathology work�ow.

5. Conclusions
A promising integrated bioimaging approach has been obtained by taking advantage

of the optical properties of plasmonic NPs as complementary biomarkers for improving
the performance of standard cytopathology techniques. For the �rst time, the successful
combination of the plasmonic bioimaging with the stained FFPE samples has been demon-
strated, opening the potential introduction of a simple and quantitative cancer diagnostic
technique for clinics and hospitals. This established integration of plasmonic bioimaging
on H&E-stained cytology samples as a proof of principle facilitates an engineering-driven
work�ow for standardizing immunoplasmonic-based cancer diagnosis. Given the high
incidence of cancer, the development of an adaptable, sensitive, and speci�c diagnostic
protocol based on plasmonic NPs can provide an indispensable tool for improving cancer
diagnosis and daily care.

Author Contributions: Conceptualization, D.T. and M.M.; methodology, P.M.-V., C.D., L.W., A.-A.G.,
M.H.K., M.B. and S.P.; validation and formal analysis, P.M.-V., C.D., L.W., A.-A.G., M.H.K., M.B., S.P.,
D.T. and M.M.; investigation, P.M.-V.; resources, D.T. and M.M.; writing�original draft preparation,
P.M.-V. and M.H.K.; writing�review and editing, M.H.K., S.P. and M.M.; visualization, P.M.-V., C.D.
and S.P.; supervision, D.T. and M.M.; project administration, D.T. and M.M.; funding acquisition, D.T.
and M.M. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Onco-Tech Competition Fund, grant number 293742, and
TransMedTech Institute Medical Technology Innovation Fund, grant number 0049.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: This work was supported by the TransMedTech Institute Medical Technology
Innovation Fund and Onco-Tech Competition Fund (Oncopole, the MEDTEQ Consortium, the
TransMedTech Institute and the Cancer Research Society, in partnership with the Fonds de recherche
du Qu†bec-Sant†). The authors thank the VegaPhoton Inc. for providing the side-illumination
microscopy adaptor, the biomedical nanophotonic technology platform (TransMedTech Institute),
and Yves Drolet for his technical assistance.

Con�icts of Interest: The authors declare no con�ict of interest.

References
1. World Health Organization-Cancer. Available online: www.who.int/news-room/fact-sheets/detail/cancer (accessed on

3 March 2021).
2. Shyyan, R.; Masood, S.; Badwe, R.A.; Errico, K.M.; Liberman, L.; Ozmen, V.; Stalsberg, H.; Vargas, H.; Vass, L.; Global Summit

Diagnosis and Pathology Panel; et al. Breast cancer in limited-resource countries: Diagnosis and pathology. Breast J. 2006, 12,
S27�S37. [CrossRef] [PubMed]

3. Gurcan, M.N.; Boucheron, L.E.; Can, A.; Madabhushi, A.; Rajpoot, N.M.; Yener, B. Histopathological image analysis: A review.
IEEE Rev. Biomed. Eng. 2009, 2, 147�171. [CrossRef]

4. Veta, M.; Pluim, J.P.W.; Van Diest, P.J.; Viergever, M.A. Breast cancer histopathology image analysis: A review. IEEE. Trans. Biomed.
Eng. 2014, 61, 1400�1411. [CrossRef] [PubMed]

www.who.int/news-room/fact-sheets/detail/cancer
http://doi.org/10.1111/j.1075-122X.2006.00201.x
http://www.ncbi.nlm.nih.gov/pubmed/16430396
http://doi.org/10.1109/RBME.2009.2034865
http://doi.org/10.1109/TBME.2014.2303852
http://www.ncbi.nlm.nih.gov/pubmed/24759275


Cancers 2021, 13, 3509 10 of 10

5. Blom, S.; Paavolainen, L.; Bychkov, D.; Turkki, R.; Mäki-Teeri, P.; Hemmes, A.; Välimäki, K.; Lundin, J.; Kallioniemi, O.; Pellinen, T.
Systems pathology by multiplexed immunohistochemistry and whole-slide digital image analysis. Sci. Rep. 2017, 7, 15580.
[CrossRef] [PubMed]

6. Kriegsmann, M.; Haag, C.; Weis, C.-A.; Steinbuss, G.; Warth, A.; Zgorzelski, C.; Muley, T.; Winter, H.; Eichhorn, M.E.; Eichhorn,
F.; et al. Deep learning for the classi�cation of small-cell and non-small-cell lung cancer. Cancers 2020, 12, 1604. [CrossRef]

7. Grosset, A.-A.; Loayza-Vega, K.; Adam-Granger, �.; Birlea, M.; Gilks, B.; Nguyen, B.; Soucy, G.; Tran-Thanh, D.; Albadine,
R.; Trudel, D. Hematoxylin and eosin counterstaining protocol for immunohistochemistry interpretation and diagnosis. Appl.
Immunohistochem. Mol. Morphol. 2019, 27, 558�563. [CrossRef] [PubMed]

8. Peck, M.; Moffat, D.; Latham, B.; Badrick, T. Review of diagnostic error in anatomical pathology and the role and value of second
opinions in error prevention. J. Clin. Pathol. 2018, 71, 995�1000. [CrossRef] [PubMed]

9. Kim, S.-W.; Roh, J.; Park, C.-S. Immunohistochemistry for pathologists: Protocols, pitfalls, and tips. J. Pathol. Transl. Med. 2016, 50,
411�418. [CrossRef]

10. Wang, L.; Darviot, C.; Zapata-Farfan, J.; Patskovsky, S.; Trudel, D.; Meunier, M. Designable nanoplasmonic biomarkers for direct
microscopy cytopathology diagnostics. J. Biophotonics 2019, 12, e201900166. [CrossRef]

11. Sukswai, N.; Khoury, J.D. Immunohistochemistry innovations for diagnosis and tissue-based biomarker detection. Curr. Hematol.
Malig. Rep. 2019, 14, 368�375. [CrossRef]

12. Conchello, J.-A.; Lichtman, J.W. Optical sectioning microscopy. Nat. Methods 2005, 2, 920�931. [CrossRef]
13. Prost, S.; Kishen, R.E.B.; Kluth, D.C.; Bellamy, C.O.C. Choice of illumination system & �uorophore for multiplex immuno�uores-

cence on ffpe tissue sections. PLoS ONE 2016, 11, e0162419.
14. Zhou, L.; Yan, J.; Tong, L.; Han, X.; Wu, X.; Guo, P. Quantum dot-based immunohistochemistry for pathological applications.

Cancer Transl. Med. 2016, 2, 21.
15. Wang, L.; Hasanzadeh Kafshgari, M.; Meunier, M. Optical properties and applications of plasmonic-metal nanoparticles. Adv.

Funct. Mater. 2020, 30, 2005400. [CrossRef]
16. Rioux, D.; Meunier, M. Seeded growth synthesis of composition and size-controlled gold�silver alloy nanoparticles.

J. Phys. Chem. C 2015, 119, 13160�13168. [CrossRef]
17. Dey, P.; Baumann, V.; Rodr‰guez-Fern¡ndez, J. Gold nanorod assemblies: The roles of hot-spot positioning and anisotropy in

plasmon coupling and SERS. Nanomaterials 2020, 10, 942. [CrossRef]
18. Pourreza, N.; Ghomi, M. A network composed of gold nanoparticles and a poly (vinyl alcohol) hydrogel for colorimetric

determination of ceftriaxone. Microchim. Acta 2020, 187, 1�10. [CrossRef] [PubMed]
19. Pourreza, N.; Ghomi, M. Hydrogel based aptasensor for thrombin sensing by Resonance Rayleigh Scattering. Anal. Chim. Acta

2019, 1079, 180�191. [CrossRef]
20. Patskovsky, S.; Bergeron, E.; Meunier, M. Hyperspectral dark�eld microscopy of PEGylated gold nanoparticles targeting

CD44-expressing cancer cells. J. Biophotonics 2015, 8, 162�167. [CrossRef]
21. Bergeron, �.; Patskovsky, S.; Rioux, D.; Meunier, M. 3D multiplexed immunoplasmonics microscopy. Nanoscale 2016, 8,

13263�13272. [CrossRef]
22. Nsamela Matombi, A.; Hasanzadeh Kafshgari, M.; Wang, L.; Patskovsky, S.; Trudel, D.; Meunier, M. Sensitive and rapid cancer

diagnosis with immunoplasmonic assay based on plasmonic nanoparticles: Toward �ne-needle aspiration cytology. ACS Appl.
Nano Mater. 2020, 3, 4171�4177. [CrossRef]

23. Patskovsky, S.; Bergeron, E.; Rioux, D.; Meunier, M. Wide-�eld hyperspectral 3D imaging of functionalized gold nanoparticles
targeting cancer cells by re�ected light microscopy. J. Biophotonics 2015, 8, 401�407. [CrossRef] [PubMed]

24. Rioux, D.; Meunier, M. Alloy Nanoparticles, Process for Their Preparation and Use Thereof. U.S. Patent No. 10,239,122, 26
March 2019.

25. Qi, M.; Darviot, C.; Patskovsky, S.; Meunier, M. Cost-effective side-illumination dark�eld nanoplasmonic marker microscopy.
Analyst 2019, 144, 1303�1308. [CrossRef] [PubMed]

http://doi.org/10.1038/s41598-017-15798-4
http://www.ncbi.nlm.nih.gov/pubmed/29138507
http://doi.org/10.3390/cancers12061604
http://doi.org/10.1097/PAI.0000000000000626
http://www.ncbi.nlm.nih.gov/pubmed/29271792
http://doi.org/10.1136/jclinpath-2018-205226
http://www.ncbi.nlm.nih.gov/pubmed/30068638
http://doi.org/10.4132/jptm.2016.08.08
http://doi.org/10.1002/jbio.201900166
http://doi.org/10.1007/s11899-019-00533-9
http://doi.org/10.1038/nmeth815
http://doi.org/10.1002/adfm.202005400
http://doi.org/10.1021/acs.jpcc.5b02728
http://doi.org/10.3390/nano10050942
http://doi.org/10.1007/s00604-019-4039-8
http://www.ncbi.nlm.nih.gov/pubmed/31942648
http://doi.org/10.1016/j.aca.2019.06.049
http://doi.org/10.1002/jbio.201300165
http://doi.org/10.1039/C6NR01257D
http://doi.org/10.1021/acsanm.0c00376
http://doi.org/10.1002/jbio.201400025
http://www.ncbi.nlm.nih.gov/pubmed/24961507
http://doi.org/10.1039/C8AN01891J
http://www.ncbi.nlm.nih.gov/pubmed/30560253

	Introduction 
	Materials and Methods 
	Results 
	Discussion 
	Conclusions 
	References

