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A hyperspectral microscopy system based on a reflected light method for plasmonic
nanoparticles (NPs) imaging was designed and compared with conventional darkfield method
for spatial localization and spectroscopic identification of single Au, Ag and Au/Ag alloy NPs
incubated with fixed human cancer cell preparations. New synthesis protocol based on coreduction of Au and Ag salts combined with the seeded growth technique was used for the
fabrication of monodispersed alloy NPs with sizes ranging from 30 to 100 nm in diameter. We
validated theoretically and experimentally the performance of 60 nm Au, Ag and Au/Ag
(50:50) NPs as multiplexed biological chromatic markers for biomedical diagnostics and
optical biosensing. The advantages of the proposed reflected light microscopy method are
presented for the NPs imaging in a complex and highly diffusing medium such as cellular
environment. The obtained information is essential for the development of a high throughput,
selective and efficient strategy for cancer detection and treatment.

1

Introduction

Recent years have seen tremendous progress in the design of
regular nanoplasmonic structures and the synthesis of colloidal
plasmonic nanoparticles (NPs) geared towards biological and
biomedical applications. Indeed, the unique resonance
properties of plasmonic NPs can be finely tuned by varying
their size, shape, composition and mean inter-particle distance;
therefore, they can be tailored for specific applications1. One
notable example is the use of NPs as optical markers for
biochemical and biomedical diagnostics, imaging of cells and
tissues, detection and treatment of cancer cells2.
For many decades, combinations of fluorophores and antibodies
have been used as biomarkers on cell surface. However,
fluorophores typically show some limits, notably low
sensitivity, difficult bioconjugation3, low quantum efficiency
and a tendency to photobleach upon long exposure to the
excitation light. With the advent of nanotechnology, quantum
dots (QDs) have been considered as a promising alternative to
replace conventional fluorophores4, 5. Among various QDs,
CdSe and CdSe–ZnS are widely used in biology since their
size-tunable photoluminescence distributed throughout the
visible region of the electromagnetic spectrum make them good
substitutes to organic dye molecules. Water-soluble and
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bioconjugated CdSe–ZnS QDs offer new alternatives to organic
dyes for cell labeling and imaging. However, the applications
of QDs is limited by their blinking, a universally observed
fluorescence intermittency which can be observed at the single
nanocrystal level. These semiconductor nanocrystals (CdTe,
CdSe, etc.) also raise potential toxicity issues since Cd atoms
are toxic at very low concentration. Other major concerns in the
applications of QDs are autofluorescence of tissues under
visible light excitation, and the penetration depth of the
excitation light and the emitted fluorescence light in tissues.
The
higher
photostability
(non-photobleaching,
nonphotoblinking) of non-fluorescent plasmonic NPs is an
interesting alternative to fluorescent molecules for real-time
imaging of biomolecules. Noble metallic NPs, typically gold
(Au) or silver (Ag), are widely used due to their plasmonic
properties, photo-stability, water solubility and biocompatibility
for in vitro and in vivo applications. The Au and Ag NPs are
considered for cell labeling since they strongly scatter light and
can be functionalized with different biomolecules via strong
covalent binding between sulfur and the NP surface. Indeed, the
scattering signal of a single plasmonic NP (60 nm diameter) is
more than five orders of magnitude larger than the emission of
a single fluorophore molecule. Thus, the detection sensitivity of
these NPs should be in the subfemtomole range6. For a
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precise control on the shape, composition and size of alloy NPs
during the synthesis. This method allows the synthesis of alloy
NPs with predictable and reproducible scattering spectrum that
could be biofunctionalized for cell imaging and targeting.
Examples of the experimental spectra for different
compositions of 60 nm alloy NPs are presented in Fig. 1. TEM
measurements confirmed that the size distribution of the Au/Ag
alloy NPs is narrow, with a coefficient of variation of 10%. It is
expected that Au/Ag alloy NPs are not completely
homogeneous in composition10. However, the impact of this
effect on the spectral discrimination method will be minimal by
using experimental reference spectra. The proposed technology
is protected by a provisional patent11 and a more detailed
description of Au/Ag alloy NPs synthesis will be published
soon.
2.2 Cell culture
MDA-MB-231 human breast cancer cells were cultured at 5000
cells/cm2 in cell culture-treated polystyrene T75 flasks
(Sarstedt, Saint-Léonard, QC). Cells were grown in Dulbecco’s
modified Eagle’s medium (DMEM) containing 4.5 g/L Dglucose, 584 mg/L L-Glutamine, 110 mg/L sodium pyruvate
and supplemented with antibiotics (100 units/mL penicillin and
100 µg/mL streptomycin, 1% PS) and 10% fetal bovine serum
(FBS, Life Technologies, Burlington, ON) in a humidified
incubator at 37°C under a 5% CO2 atmosphere. Confluent cells
were removed by trypsinization and seeded onto glass bottom
dishes (1x105 cells, MatTek, Ashland, MA) for experiments in
DMEM supplemented with 1% PS and 10% FBS. When cells
reached 80% confluence, they were washed three times with
phosphate-buffered saline (PBS, Sigma-Aldrich), fixed with
ice-cold methanol at room temperature during 10 min and
washed three times with PBS. The petris were then kept at 4°C
until use. The cells were then incubated with NPs in PBS
during at least 1h at room temperature and observed by
microscopy.
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Fig. 1 Experimental spectra for different compositions of 60 nm Au/Ag
alloy NPs.

2

Experimental

2.1 Synthesis of Au, Ag and Au/Ag alloy nanoparticles
Plasmonic NPs can be prepared by chemical7 or laser ablation8
methods. However, these approaches are unable to fabricate
alloy NPs larger than 30 nm, setting certain limitations for the
wide application of the NPs as optical markers and bio-labels.
For this work, we developed a new synthesis protocol using a
combination of co-reduction of Au and/or Ag salts with a
seeded-growth technique for the fabrication of size-controlled
and monodispersed NPs. The seed NPs are Au NPs fabricated
by a standard Turkevich9 approach, yielding NPs with a 13 nm
diameter. These NPs are then used as seeds for the growth of an
Au/Ag alloy by reduction of chloroauric acid (HAuCl4) and
silver nitrate (AgNO3) in a boiling aqueous solution of sodium
citrate. The composition of the alloy is controlled by the
relative amount of Au and Ag salts added. The final NP size is
controlled by the amount of metallic salt added to the initial
NPs seed. The method produces monodispersed spherical alloy
NPs with sizes from 30 to 100 nm in diameter and provides
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Fig. 2 Reflected light and darkfield hyperspectral microscopy set-up
using a 3D translation stage and an imaging spectrometer.

2.3 Hyperspectral microscopy
Hyperspectral imaging system for wide-field and spectral
examination of plasmonic NPs was built on the basis of an
inverted Eclipse Ti microscope (Nikon) equipped with a 100x
oil immersion objective (numerical aperture (NA) = 0.5-1.3,
Nikon) (Fig. 2). The output microscopic image was aligned
with the input slit on an imaging spectrograph (Shamrock 750,
Andor Technology) equipped with an EMCCD detecting
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multiplexed detection of various biomolecules on a biological
sample, several distinct probes should be used simultaneously.
The use of plasmonic Au/Ag alloy NPs with different
compositions and correspondingly different spectral signatures
functionalized with specific biomolecules fulfills this
requirement. However, reliable NPs visualization is assured by
sufficiently large NPs (>40 nm). Although the production of
suitably large pure Au or pure Ag NPs has been achieved for
many years, the synthesis of Au/Ag alloy NPs with
conventional methods generally results in NPs with a diameter
lower than 30 nm, which is too small for imaging
applications7,8.
In this article, we present and apply our new synthesis process
that satisfies the need for large, size-controlled and
monodispersed spherical plasmonic alloy NPs for scatteringbased imaging in a cellular environment. We experimentally
demonstrate the application of the individual Au, Ag and
Au/Ag NPs as multiplex chromatic biomarkers. We also built a
hyperspectral scanning microscopy system based on
conventional darkfield mode and reflected light mode for NPs
imaging. This method was used for spatial localization and
spectroscopic identification of Au, Ag and Au/Ag NPs
incubated as multiplex chromatic biomarkers with fixed human
cancer cell preparations in a cellular environment surrounded
with a physiological medium.
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Results and discussion

3.1 Characterization of Au, Ag and Au/Ag nanoparticles as
biosensing markers with spectral discrimination
Application efficiency of colloidal plasmonic NPs with
different spectral signature as chromatic biomarkers depends
directly on the NPs plasmonic characteristics described by the
corresponding resonance extinction and scattering spectra. The
Au/Ag alloy NPs can be considered as good candidates for
multiple chromatic biomarkers with spectral discrimination, as
they offer several advantages, namely a fine spectral tuning of
scattering spectra, sufficiently narrow spectral peaks and
appropriate
physicochemical
properties
for
surface
biofunctionalization.
Theoretical scattering spectra of Au, Ag and Au/Ag NPs with
different diameters in liquid medium were computed using Mie
Theory. The corresponding dielectric functions for the
plasmonic alloy NPs were calculated using an analytical model
based on the spectroscopic ellipsometry measurements of the
dielectric functions of thin Au/Ag films13. Figure 3A shows the
theoretical spectra for the normalized scattering cross section of
30, 60 and 100 nm NPs with three different compositions: pure
Au, pure Ag and Au/Ag (50:50). For these NPs compositions,
the peak redshifts, broadens, and intensifies with an increase in
NP size (Fig. 3). By increasing the NP size, the differences
between the positions of the scattering maxima decrease and
the width of the plasmon peak becomes broader, thus indicating
that spectral discrimination should become more difficult for
larger NPs.
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Fig. 3 A) Normalized theoretical scattering spectra of 30, 60 and 100 nm diameter Au, Ag and Au/Ag (50:50) NPs. B) Discrimination parameter
(Dp) and scattering efficiency dependence with NP diameters.

We introduced here a simplified discrimination parameter Dp
defined by the ratio of the difference between the biomarker
and the reference resonance peak wavelengths (∆) on the full
width at half maximum of the biomarker spectral characteristic
(W) (Fig. 3A,B). As a reference point, we used the spectral
position of the resonance peak for Au/Ag (50:50) NPs.
Calculations show that smaller NPs lead to an increase in ∆ and
a decrease in W, thus resulting in an increase of the
discrimination parameter Dp. For example, for 30 nm NPs
calculated by Mie theory, the parameter ∆ = 406 nm (Ag) – 476
nm (Au/Ag) = -70 nm, W(Ag) = 11.6 nm and corresponding Dp
= ∆/W = -6.03 (Fig. 3B). Larger NPs facilitate optical detection
due to higher scattering efficiency, whereas smaller NPs
provide better spectral discrimination (Fig. 3B). A similar trend
is observed for the corrected parameter Dp calculated for NPs

This journal is © The Royal Society of Chemistry 2012

in a higher refractive index (RI) medium such as a cellular
environment.
As a conclusion, for reliable hyperspectral imaging with
conventional darkfield illumination and multiple NPs spectral
markers, the optimal relation between the NPs scattering
intensity and spectral signature has to be determined.
Considering the results presented in Fig. 3 and the results
published in the literature14, 60 nm NPs were chosen for the
following experiments.
3.2 Hyperspectral imaging of nanoparticles
Spectral characterization and discrimination of plasmonic NPs
as biological markers usually imply measurements of
extinction-scattering spectra in the range of the characteristic
plasmon resonance peak. Depending on the application, such
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camera (Newton 971, 1600x400 pixels, Andor Technology) and
a 150 lines/mm grating providing 242 nm bandpass. A flat top
inverted microscope motorized stage (ProScan, Prior Scientific
Inc., Rockland, MA) allows fine three-dimensional (3D) spatial
sample translation. To obtain hyperspectral data cube for
further 2D spectral analysis, the stage acts as a "push broom",
moving the sample precisely over the hyperspectral image
detector12. This optical set-up was designed to provide two
complementary modes of hyperspectral sample evaluation. The
first method uses microscopy with conventional darkfield
illumination (darkfield condenser from Nikon, NA = 0.95-0.80)
forming hyperspectral imaging by transmitted light similar to
commercial devices (CytoViva, Auburn, AL; PARISS,
LightForm Inc., Asheville, NC). In this configuration, a
standard white light source (Nikon) with 50 W halogen lamp
provided a smooth illumination spectrum in the operating range
from 400 to 630 nm. The second microscopy configuration was
designed specifically for this project and worked on the
principle of reflected light hyperspectral microscopy. Reflected
light mode requires high level of light illumination collimation
that was provided here by a Xenon light source (Newport,
Irvine, CA) coupled to a liquid optical fiber and reflected from
a 90:10 beam splitter (Thorlabs, Newton, NJ) (Fig. 2). The
characteristic spectral ripples of the Xenon light in the UV
range were subtracted by the acquisition software. Customwritten LabView software controlled the motorized stage
displacements to synchronize sample movements with spectral
image acquisition (National Instruments, Austin, TX). This
software was also used for further analysis of the obtained
hyperspectral data cube.
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measurements can be performed on the entire array of NPs15
with consecutive numerical treatment of the single output
spectrum with several peaks. This method is simple, but lacks
discrimination precision. A more sophisticated and sensitive
method is hyperspectral imaging, where the complete resonance
characteristics and the spatial distribution of each individual NP
can be obtained and analyzed.
When plasmonic NPs are designed as biomarkers for multisensing of analytes (DNA, proteins, antigens), the surrounding
medium is usually optically homogeneous. In this case,
hyperspectral microscopy based on the conventional darkfield
mode performs well for chromatic plasmonic NP imaging
(section 3.2.1). Optical detection of biomarkers used for
imaging of cells and tissues is more complicated as highly
diffusing and dynamically instable cellular medium drastically
increases background noise. To solve this problem, we
developed a hyperspectral set-up based on the reflected light
mode to detect NPs in a cellular environment for which
promising experimental results are obtained and presented in
section 3.2.2.
3.2.1 Hyperspectral darkfield microscopy
Experimental evaluation of the plasmonic NPs with different
compositions and diameters at the single-particle level in water,
a uniform low diffusing medium, was performed in a
hyperspectral darkfield microscopy configuration (Fig. 2). As
expected, large single NPs (>100 nm) were easily detected and
spectrally identified. The limit of detection for our optical setup was estimated at about 50 nm in water. As an example, in
Fig. 4A, the darkfield image captured by a color camera is
presented for the three plasmonic 60 nm NP markers: Au, Ag
and Au/Ag NPs. The sample preparation includes similar NP
concentrations in deionized water and physical adsorption
during at least one hour on the glass bottom petri dish surface in
the absence of cells. A 100x oil immersion objective (NA =
0.7) was used for the NPs visualization with an available
additional 1.5x magnification. Small field aperture for the
illumination source and double annular slit in the darkfield
condenser was used to improve light collimation and image
contrast.
Experimental hyperspectral scan was performed with 200 nm
displacement step, 3s time constant for each spatial line and
100 µm spectrometer slit. A 2D CCD camera of the imaging
spectrometer (Fig. 2) provides spatial information on one axis
whereas the other axis is assigned to the wavelength. A
scattering spectrum from one NP is extracted by integrating the
intensity in spatial direction where the selected NP is identified.
The background spectrum is taken from the surrounding
environment without NPs and then subtracted from the NPs
spectrum16. A reconstructed intensity image, shown in Fig. 4B,
is obtained by integrating the spectrum of each pixel of the
spatial image. The positions of single NPs are obtained in area
where the detected scattering intensity is three times higher
than the background noise and verified by comparing the
experimental spectra to the theoretical ones. The experimental
NPs spectra were normalized to facilitate comparison with
theoretical results from Mie Theory and subsequent spectral
discrimination. The results are presented in Fig. 4C and exhibit
certain variations of the spectral peak position from one NP to
the other. NP size distribution, adjacent substrate, spatial drift
of the sample and mechanical stability of the system could
induce such variations. It should be noted that the Ag NPs are
almost twice more sensitive to changes in the medium RI, thus
resulting in greater variations of the experimental spectra. Color
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rendering of hyperspectral image provides information for
preliminary visual NPs localization and spectral discrimination.
This color reconstruction was performed by using standard
sensitivity functions from the International Commission on
Illumination (CIE)17 and reconstructed color image is shown in
Fig. 4D. Each NP composition is easily visualized by a specific
color (Fig. 4A, Blue: AgNP, Green: Au/Ag NP, Yellow: AuNP)
and the corresponding hyperspectral scan after color rendering
of spectra for each pixel provides similar spatial and color
image (Fig. 4D).
Thus, synthesis of large alloy NPs used as chromatic markers in
a uniform low diffusing medium could simplify spectral
classification. Expensive hyperspectral scanning system in this
case can be replaced by a conventional RGB color camera.
From obtained experimental results and theoretical calculations,
we can estimate that up to five 60 nm Au/Ag NPs in different
alloy compositions could be used for the chromatic labeling in
optical biosensing. Application of more sophisticated numerical
treatment for the experimental hyperspectral data using linear
spectral unmixing method and spectral angle mapper could
greatly improve system resolution and would be absolutely
necessary for commercial devices. Smaller NPs could be
detected to provide higher spectral discrimination. However, in
this article, we want to demonstrate the working principle using
conventional microscopy set-up where reliable single NP
visualization and spectral discrimination is obtained with 60 nm
NPs, which we consider as the optimal size in a uniform low
diffusing medium.
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Fig. 4 Experimental results for three compositions of 60 nm NPs: Au,
Ag and Au/Ag (50:50). A) Darkfield microscopy color image. B)
Intensity and D) color image numerically reconstructed from
hyperspectral data obtained by hyperspectral 2D scan performed with
100x oil immersion objective, 200 nm displacement step, 3s time
constant and 100 µm spectrometer slit. C) Normalized experimental
NPs spectra.
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3.2.2 Hyperspectral reflected light microscopy of NPs incubated
with cells
Information about NPs concentration, spatial 3D localization
and spectral characteristics of single and aggregated NPs is
very important for selective detection of cells labeled with NP
markers in biochemical or biomedical applications. Here, we
investigated the efficiency of chromatic labeling of cancer cells
with Au, Ag and Au/Ag NPs in a physiological medium. For
these experiments, fixed MDA-MB-231 cells were incubated
with the NPs during at least 1h. At this step, the cells were
visualized by conventional darkfield microscopy. Large NPs
(>100 nm) were readily detected and easily identified. Next
experiments were performed with 60 nm Au, Ag and Au/Ag
NPs to estimate the efficiency of visualization and chromatic
discrimination with our experimental set-up. The influence of
cellular environment on the quality of NPs optical detection
was clearly visible in darkfield imaging of cancer cells
incubated with the NPs (Fig. 5A). Image interpretation and NP
imaging was quite complicated or even impossible since intense
light scattering from the cells completely covered the light
scattered from 60 nm NPs. Therefore, the direct application of

ARTICLE
60 nm NPs in a conventional darkfield illumination transmitted
microscopy could not be recommended for cells-NPs complex
imaging. Since 60 nm and smaller NPs provide higher potential
for biomarkers with spectral discrimination, a more efficient
NPs imaging set-up should be developed.
In this article, we propose a hyperspectral optical arrangement
based on a reflected light method for plasmonic NPs imaging
realized on the same inverted Eclipse Ti microscope used for
conventional darkfield imaging (Fig. 2). Experimental results
using reflected light microscopy revealed drastic improvements
in the visualization of plasmonic NPs in a cellular environment
in comparison to conventional darkfield microscopy (Fig. 5).
Imaging with 100x oil immersion objective with NA = 1.3
provided excellent contrast for NP spatial distribution and thus
facilitate spectral characterization in the area covered with or
without cells. In Fig. 5A1-C1, we show examples of the 3D
intensity pattern of the point-spread function for NPs on the
cellular background that confirms advantages of the proposed
method. Moreover, scanning in the z-direction resulted in the
detection of NPs on cells at different distances from the glass
substrate (Fig. 5B-C, Video18).

Fig. 5 A) Darkfield imaging of fixed MDA-MB-231 cells incubated with Au, Ag and Au/Ag NPs during at least 1h. B, C) Backscattering images
of the same area were taken at different planes along the optical z axis. All images were taken with 100x oil immersion objective. A1, B1, C1)
Corresponding 3D intensity pattern of the point-spread function for NPs on the cellular background.

The proposed imaging method is based on a reflected light
microscopy mode adapted for NPs visualization, where NPs
contrast is improved by the following three approaches. First,
an immersion objective was used to minimize backreflected
light from the substrate (Fig. 6). An additional antireflection
coating between glass substrate and liquid medium could also
help to eliminate or reduce backreflection from this interface,
thus improving NPs contrast. Second, high NA objectives are
used. Intrinsic limitation of darkfield microscopy about the
objective NA (NAobjective < NAcondenser) is removed, thus
resulting in high contrast imaging of NPs and precise 3D NPs
spatial localization. Third, backscattering mode is applied for
cells-NPs complex imaging19. In conventional transmission
darkfield illumination, the contrast between the NPs and the
cells is generally low because the cells have a strong forward
scattering signal. Since the cells generally have a much lower
backscattering signal and NPs have a similar front and

This journal is © The Royal Society of Chemistry 2012

backscattering signal, it is advantageous to consider
backscattering imaging in order to achieve better contrast of the
NPs over the cells. Commercial epi-illumination darkfield
objectives designed for surface analysis are incompatible with
index-matching fluids, have limited numerical aperture and are
still rather expensive.
The proposed reflected light technology is protected by a
provisional patent20 and could be used as an alternative to
confocal microscopy21 for fast 3D wide-field scanning of cells
labeled with 60 nm plasmonic NPs. However, to obtain
complete cellular images, the application of numerical imaging
method is needed to reconstruct wide-field image from multiple
z-scans.
An interesting phenomenon was observed when the microscope
focal point was located on the plane with NPs on the glassliquid interface. The image background was partially formed by
the light reflected from the backside of the microscope slides,
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Fig. 7 A) A reconstructed intensity image obtained by hyperspectral
scanning in reflected light optical configuration. Scan was performed
with 100x oil immersion objective, 200 nm displacement step, 1s time
constant and 100 µm spectrometer slit. B) For better clarity an
embossing filter was applied to show the positions of Au, Ag, Au/Ag
(50:50) NPs. C) The corresponding experimental and theoretical NPs
spectra are presented by solid and dashed lines, respectively.
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Fig. 6 A) Optical configuration for hyperspectral backscattering
analysis of NPs. B) Spectral characteristics of Au/Ag (50:50) NPs with
an adjustable NA 100x oil immersion objective.

Hyperspectral scan of the cells-NPs complex was performed in
reflected light optical configuration with 100x immersion
objective (NA = 1.3) at a fixed focal plane in the z-direction,
200 nm displacement step of the translation stage, 1s time
constant and 100 µm spectrometer slit. The intensity image
reconstructed from hyperspectral scan data is shown in Fig. 7A.
For better clarity, an embossing filter was applied to the image.
Examples of spatial positions of Au, Ag and Au/Ag NPs are
shown on the image (Fig. 7B). The presence of NPs was
detected by analyzing the local point-spread function intensity.
The corresponding local spectrum was found by removing the
background taken from 20 pixel radius annular region at 20
pixel distance. Then, NPs compositions were confirmed by
comparing experimental and theoretical spectra of single NPs
(Fig. 7C). The hyperspectral system with proposed reflected
light optical mode allows the chromatic visualization and
discrimination of 60 nm plasmonic NPs made of different
compositions, thus providing new multiplexing opportunities
for bioapplications. The proposed method is especially
advantageous for the NPs imaging in a complex highly
diffusing medium (Fig. 5B-C, Video18). These plasmonic NPs
will be functionalized with different biomolecules such as DNA
or antibodies to selective target specific biomarkers such as
antigens or proteins. Indeed, the visualization of these NPs
should provide an interesting way to characterize single and
aggregated NPs in a biological context. Epi-illumination mode
also provides unrestricted access to the sample and could be
easily combined with traditional fluorescence imaging
approach.

We propose and experimentally demonstrate the application of
60 nm plasmonic Au/Ag alloy NPs fabricated by a proprietary
synthesis method as biosensing and imaging markers in a
biological medium. Two biological application avenues were
considered involving different complexity of tested media and
detection optical set-ups. The hyperspectral imaging system
with a reflected light microscopy mode is suitable for NPs
imaging in a highly diffusing medium. We expect that this setup in combination with Au/Ag NP biomarkers will find wide
applications in various fields of chemical identification and
biomedical diagnosis and treatment where spatial and spectral
analyses of NPs are essential. Presented system capability for
3D NP tracking will also enable investigation of specific
cellular activity with the use of NPs as spectral sensors.
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