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3D multiplexed immunoplasmonics microscopy

Eric Bergeron,” Sergiy Patskovsky,’ David Rioux® and Michel Meunier*®

Selective labelling, identification and spatial distribution of cell surface biomarkers can provide important clinical
information, such as distinction between healthy and diseased cells, evolution of a disease and selection of the optimal
patient-specific treatment. Immunofluorescence is the gold standard for efficient detection of biomarkers expressed by
cells. However, antibodies (Abs) conjugated to fluorescent dyes remain limited by photobleaching, high sensitivity to the
environment, low light intensity, and wide absorption and emission spectra. Immunoplasmonics is a novel microscopy
method based on the visualization of Abs-functionalized plasmonic nanoparticles (fNPs) targeting cell surface biomarkers.
Tunable fNPs should provide higher multiplexing capacity than immunofluorescence since NPs are photostable over time,
strongly scatter light at their plasmon peak wavelengths and can be easily functionalized. In this article, we experimentally
demonstrate accurate multiplexed detection based on immunoplasmonics approach. First, we achieve the selective
labelling of three targeted cell surface biomarkers (cluster of differentiation 44 (CD44), epidermal growth factor receptor
(EGFR) and voltage-gated K* channel subunit Ky1.1) on human cancer CD44" EGFR* Ky1.1* MDA-MB-231 cells and reference
CD44 EGFR Ky1.1" 661W cells. The labelling efficiency with three stable specific immunoplasmonics labels (functionalized
silver nanospheres (CD44-AgNSs), gold (Au) NSs (EGFR-AUNSs) and Au nanorods (Ky1.1-AuNRs)) detected by reflected light
microscopy (RLM) is similar to the one with immunofluorescence. Second, we introduce an improved method for 3D
localization and spectral identification of fNPs based on fast z-scanning by RLM with three spectral filters corresponding to
the plasmon peak wavelengths of the immunoplasmonics labels in the cellular environment (500 nm for 80 nm AgNSs, 580
nm for 100 nm AuNSs and 700 nm for 40 nm x 92 nm AuNRs). Third, the developed technology is simple and compatible
with standard epi-fluorescence microscopes used in biological and clinical laboratories. Thus, 3D multiplexed
immunoplasmonics microscopy is ready for clinical applications as a cost-efficient alternative to immunofluorescence.

simultaneous multiplexing capacity of immunofluorescence
remains limited. Since fluorescent dyes are mainly developed
in the narrow range of the visible wavelengths (A = 400-700

Selective labelling, identification and spatial distribution of cell
surface biomarkers can provide important information for cell
biology and clinical applications, such as distinction between
healthy and diseased cells, early detection of a disease,
evolution of a disease at different stages, selection of the
optimal patient-specific treatment and monitoring of the
therapeutic |'esponse.1'2 The current gold standard for efficient
detection of  biomarkers expressed by cells s
immunofluorescence, which is based on fluorescent dyes
conjugated to antibodies (Abs). However, fluorescent dyes
remain limited by photobleaching, high sensitivity to the
environment, low light intensity, and wide absorption and
emission spet:tra.376 Since most primary Abs are developed in
mice, rats and rabbits, and each secondary Abs should
recognize only primary Abs developed in a specific species, the
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nm),>’ the upper limit of fluorescent dye-based multiplexing is
about ~7 with statistical and graphical procedures and
With the advent of nanotechnology,
simultaneous excitation of functionalized quantum dots (QDs)
has emerged as a powerful substitute to fluorescent dyes for
multiplexing applications.6 QDs  exhibit  size-tunable
fluorescence colour, high brightness, narrow emission and
stability against photobleaching, but they suffer from blinking
and potential toxicity with autofluorescent cells.”

Plasmonic nanoparticles (NPs) made of gold (Au) or silver
(Ag) offer various interesting properties that can overcome
some of the issues observed with fluorescence-based labels.
NPs are well-suited for optical detection and treatment of
diseased cells since they are photostable over time, strongly
scatter light at their plasmon peak wavelengths and can be
easily functionalized with Abs or aptamers.2’3’5’8_11 AuNPs are
biocompatible both in vitro'? and in vivo,13 and AgNPs can
become biocompatible with proper functionalization.™ AgNPs
offer greater spectral contrast than AuNPs, but they are more
difficult to synthesize with controllable homogeneous shape
and size.”> The scattering peak wavelengths of Ag and Au
nanospheres (NSs) are around 400-500 and 520-570 nm,

. 5
deconvolution.
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respectively, and the ones from Au nanorods (AuNRs) can be
extended from 600 to 2200 nm by tuning their aspect ratio
(Iength/diameter).9 The spectral tunability of NPs should thus
provide high multiplexing capacity since up to 19 types of NPs
can be used in the 400—2200 nm range with a 100 nm distance
between their scattering peaks.

In order to propose plasmonic NP optical labels as an
alternative to fluorescent dyes, it is crucial to consider how
they can target established biomarkers with high affinity.
Plasmonic NPs are commonly functionalized with
poly(ethylene glycol) (PEG) and Abst1e17
targeting of cell surface biomarkers expressed by cancer cells,
such as the epidermal growth factor receptor (EGFR)ls'19 and
the cluster of differentiation 44 (CD44).20_23 For example,
human breast cancer MDA-MB-231 cells express EGFR* and
CD44.%°* We previously targeted and imaged in 2D and 3D
these cells with 100 nm AuNSs functionalized sequentially with
orthopyridyl-disulfide (OPSS)-PEG(5 kDa)-Abs anti-CD44 and
HS-PEG (2 or 5 kDa).ZZ’23 Another important factor to consider
for efficient selective detection of targeted biomarkers is the
stability of Abs-functionalized plasmonic NPs (fNPs) since
serum proteins in the cellular environment can adsorb non-
specifically on NPs.”® We recently demonstrated that CD44-
AuNSs were more stable with 5 kDa HS-PEG than with 2 kDa
HS-PEG under physiological conditions of pH and salinity.20 The
multiplexing capacity can be further increased with fNPs
functionalized with surface-enhanced Raman scattering (SERS)
reporter molecules.”’ The characteristic narrow Raman
signatures allow the identification and quantification of
various biomarkers, but their acquisition by Raman
spectroscopy requires more complex equipment than epi-
fluorescence microscope.28

In regards to the optical detection and localization of the
highly diffusive NPs in the cellular environment, the most
efficient methods are laser scanning confocal microscopyl‘r"29
and darkfield microscopy.lg'20 The discrimination of plasmonic
labels is based on the analysis of the scattered light since their
spectral profiles depend on the NP's composition, size, shape,
clustering state and surrounding refractive index (RI)
environment.’® Several commercial hyperspectral research
systems (CytoViva, Auburn, AL, U.S.A.; PARISS, Asheville, NC,
U.S.A.; Photon Etc., Montreal, QC, Canada) provide highly
accurate spectral characterization of NPs to ensure reliable
identification of multiple NPs in various environments.

The reliability of standard fluorescence spectroscopy is
based on highly efficient spectral separation between the
fluorescence emission and the excitation light. In order to
provide an improved performance  compared to
immunofluorescence, immunoplasmonics microscopy based
on plasmonic NP backscattering must detect and spectrally
identify each single NP.3! Since cell biologists and clinical
pathologists investigate samples with thickness up to 20 um,
the 3D distribution of NPs needs to be visualized for sample
characterization. Confocal or darkfield microscopy with an
additional z-scan can perform such 3D NPs imaging. However,
the time, cost and sample preparation involved in this analysis
limit the transfer of these technologies into routine tests. The

for successful
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ideal 3D NPs imaging system should be simple, low cost and
complementary to the existing epi-fluorescence microscopes
to allow different tests on the same platform.

We propose a solution based on spectrally modulated
reflected light microscopy (RLM)ZZ’23 with a high numerical
aperture (NA) objective and z-scanning mode that can provide
fast localization and spectral identification of each fNP (Fig. 1).
RLM is simple and compatible with epi-fluorescence
microscopy for easy integration into existing set-ups. Since the
light scattered from the cells is reduced in this optical
configuration in comparison to standard darkfield imaging,
RLM of cellular samples contributes to enhance the contrast of
fNPs over the cells. The proposed RLM is equipped with a high
NA objective which ensures fast and precise 3D mapping of the
fNPs in combination with rapid algorithms for high-resolution
2D® and 3D* localization of each single fNP.

In this work, we show a 3D multiplexed immunoplasmonics
approach by using CD44-AgNSs, EGFR-AuNSs and Ky1.1-AuNRs
as optical labels which provides an optimal spectral separation
and can be tuned to cover the visible range of standard optical
detectors. As an example, we show fast localization and
identification of three different stable fNPs targeting cell
surface biomarkers as an alternative to immunofluorescence.

4
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Fig. 1 RLM set-up for 3D wide-field imaging of fNPs in cellular
environment. Spectral filters are centered around the average
plasmon peak wavelength of each type of fNP: 500 nm for
AgNS, 580 nm for AuNS and 700 nm for AuNR.

2. Results and discussion

2.1 Choice of NP immunoplasmonics labels

Simplicity of the application and the performance of
multiplexed immunoplasmonics microscopy depend on the
optical detection method and the choice of fNPs. Here, the
three labels should show similar scattering efficiency and the
spectral position of their resonance peaks should be observed
in the detection range of a standard monochromatic CCD
camera (400-800 nm). To target cell surface biomarkers,
stable fNPs have to be large (>75 nm) in order to offer high

This journal is © The Royal Society of Chemistry 20xx
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light scattering, low cell internalization and single localization
without aggregation in the cellular environment. Such fNPs
strongly scatter light at their plasmon peak wavelengths, which
facilitates optical detection, but their wide resonance plasmon
peaks decrease the spectral discrimination ability in
multiplexing applications. We have theoretically calculated
(with Mie theory33, COMSOL software (Burlington, MA, U.S.A.)
and dielectric functions for Au*® and Ag35) and experimentally
confirmed that 80 nm AgNS, 100 nm AuNS and 40 nm x 92 nm
AuNR offer optimal compromise between all these criteria (Fig.
2A and Table S1).

2.2 Preparation of stable functionalized NPs and selective cell
targeting

A very important requirement for fNPs as immunoplasmonics
labels is their stability and resistance to aggregation in a
complex cellular environment. Citrate-capped plasmonic NPs
aggregate rapidly upon treatment with 1% (w/v) aqueous
NaCl, a solution that is approximately isotonic with normal
human plasma.36 Aggregation can be detected by monitoring
the intensity of the NPs’ plasmon band.

Fig. 2 (A) Theoretical backscattering spectra for the selected
NPs in water (blue line: AgNS, orange line: AuNS, red line: 40
nm x 92 nm AuNR). (B-D) Representative experimental UV-
visible-NIR spectra of bare NPs and fNPs with OPSS-PEG-Ab
and HS-PEG: CD44-AgNSs (B, n = 7), EGFR-AuNSs (C, n = 6) and
Ky1.1-AuNRs (D, 40 nm x 92 nm, n =1; 53 nm x 107 nm, n = 4).
Samples before purification or after centrifugation and

resuspension in phenol red-free DMEM were incubated for 30
A

View Article Online
DOI: 10.1039/C6NR01257D

min in water or 1% NacCl.

After 30 min, the band intensity of AgNSs, AuNSs and
AuNRs decreased by 82%, 70% and 71% in saline environment
compared to NPs dispersed in water, respectively. Stable
PEGylated NPs in 1% NaCl were obtained with 40 uM HS-PEG
(5 kDa) with no loss of intensity (Fig. S1).

We then confirmed that the previous reported procedure20
to functionalize AuNSs with Abs anti-CD44 can be extended to
various plasmonic NPs and Abs. Abs linked to OPSS-PEG(5
kDa)-NHS (OPSS-PEG-Ab) were incorporated at a level of 0.45%
(v/v) to the citrate-capped NPs during 1 h, then incubated with
40 uM HS-PEG (5 kDa). The NPs functionalized with different
Abs were stable in saline environment similar to physiological
conditions (Fig. 2 and S2). The efficient coating was further
confirmed by a red-shift of the fNPs' plasmon peaks with a
moderate loss of intensity in comparison to citrate-capped
NPs' plasmon peak in water (Fig. 2 and S2). Batches of fNPs
were subjected to centrifugation immediately after synthesis
in order to isolate the fNPs and resuspend them in phenol red-
free Dulbecco's Modified Eagle's Medium (DMEM), the cell
culture medium used in the in vitro experiments. These
purified fNPs remained stable in saline environment (Fig. 2 and
S2).

The selectivity and stability of purified fNPs (CD44-AgNSs,
EGFR-AUNSs and Ky1.1-AuNRs) were verified with CD44" EGFR"
Ky1l.1" MDA-MB-231 and CD44 EGFR Ky1.1" 661W cells
cultured in DMEM containing 10% (v/v) fetal bovine serum
(FBS). After 3 h incubation, living cells were washed three
times with phosphate-buffered saline (PBS) to remove

unbound fNPs.?® Standard darkfield microscopy20 confirmed
B

—— AgNS + water
0.8 1 — AgNS + NaCl
40 nm x 92 nm AuNR ) -+ Unpurified CD44-AgNS + water
Unpurified CD44-AgNS + NaCl
4.0X104' 80 nm AgNS 100 nm AuNS --- Purified CD44-AgNS + water
™ ’—‘ -=- Purified CD44-AgNS + NaCl
- N 0.6
£ []
£ 2
2 g
£ 5 0.4 A
2 2.0x10* 2
® <
33
(7]
\ 0.2 1
N
foe|
0.0 : . —
400 600 800 0.0 T T T r -
300 400 500 600 700 800 900
A (nm) A(nm)
¢ —— AuNS + water o ——AuNR + water
0.8 1 ——AuNS + NaCl 0.8 4 —AuNR +NacI
-1 e Unpurified EGFR-AuNS + water e Unpurified Kv1.1-AuNR + water
Unpurified EGFR-AuNS + NaCl Unpurified Kv1.1-AuNR + NaCl
=== Purified EGFR-AuUNS + water === Purified Kv1.1-AuNR + water
=== Purified EGFR-AuNS + NaCl === Purified Kv1.1-AuNR + NaCl
] Q
o o
c c
© ©
Ko Kol
= r
o o
1] [
Ko Ko
< <
0.0 T T T T T 0.0 T T T T T
300 400 500 600 700 800 900 300 400 500 600 700 800 900
A (nm) A (nm)

This journal is © The Royal Society of Chemistry 20xx

Nanoscale, 2013, 00, 1-3 | 3


http://dx.doi.org/10.1039/C6NR01257D

Published on 08 June 2016. Downloaded by Ecole Polytechnique de Montreal on 08/06/2016 11:18:58.

Nanoscale

selective targeting of CD44-overexpressing MDA-MB-231 cells
with CD44-AgNPs, CD44-AuNPs and CD44-AuNRs (Fig. S3).
Since EGFR-AuUNSs and Ky1.1-AuNRs were weakly detected on
EGFR" Ky1.1" MDA-MB-231 cells by standard darkfield
microscopy, a more robust imaging technique based on RLM
was used.

2.3 3D wide-field fNP imaging in cellular environment

Our RLM optical set-up for wide-field 3D imaging was used to
estimate the total number of fNPs selectively labelling the
targeted cell surface biomarkers. First, we recorded the
sequence of optical section images taken at different z
positions with 100 nm step in a narrow spectral range (580 nm
spectral filter for EGFR-AuUNS). The resulting typical
experimental 3D and 2D intensity profiles of cells targeted
with fNPs obtained at different focal planes are presented in
Fig. 3. A 1.3 NA objective in backreflection provides a high
contrast of the fNPs over the cells and allows precise 3D fNPs
localization (Fig. 3A,B).23 The method's reliability for fNPs
quantification is improved by applying numerical 3D
deconvolution (Imagel) using experimental point spread
function (PSF) (Fig. S4). The non-uniform background created
by cells’ light scattering is removed from the images (Fig.
3C,D), thus enhancing the fNPs contrast over cells. 3D image of
EGFR-AuNSs on CD44" EGFR" Ky1.1® MDA-MB-231 cells
obtained with 100 nm step z-scan by RLM set-up with
consecutive image deconvolution is shown in Fig. S5. The real-
time animation for 3D microscopy scan of EGFR-AuNSs on the
cells can be found in Video S1, and the corresponding 2D
image obtained by z-stacks' integration from this video is
presented in Fig. S6. Here, we applied Imagel 3D Viewer plug-
in for the final image data treatment and visualization.

Fig. 3 Example of optical sectioning by using z-scan in the
proposed RLM set-up. 3D (A,C) and 2D (B,D) intensity profiles
of EGFR-AuNSs on CD44" EGFR® Ky1.1* MDA-MB-231 cells
obtained at three different planes separated by 4 um
(Objective 100x). (C,D) Deconvolution of the images using
experimental PSFs.

Page 4 of 9
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A consecutive application of local maximum filtering and 3D
Object Counter (Imagel) was used to obtain the total number
and 3D position of fNPs proportional to the relative
concentration of the targeted biomarkers. An image of a cell
taken by annular oblique illumination combined with
calculated 3D fNPs position is shown in Fig S5C. Spatial
position and distribution of fNPs can be useful to estimate the
local concentration and clustering state of targeted
biomarkers.

2.4 Spectroscopy of single fNPs in cellular environment

Experimental verification of the spectral characteristics and
potential discrimination contrast provided by fNPs was
performed by using RLM optical set-up for fNPs
microspectroscopy. We evaluated backscattering spectra of
single CD44-AgNSs, EGFR-AuNSs and K,1.1-AuNRs selectively
attached to targeted biomarkers expressed by MDA-MB-231
cells. Spectra of NPs in water were also measured for
comparison. Mie theory was applied to obtain theoretical
scattering spectra of NPs in mediums with different RI, and
AuNR spectrum was evaluated by COMSOL software (Fig. 4).
The experimental plasmon peaks of CD44-AgNSs in the cellular
environment were located around 472-487 nm and were red-
shifted by ~16 nm relative to the plasmon peak wavelength of
bare AgNSs in water at 464 nm (close to the predictions by Mie
theory) (Fig. 4A). The theoretical plasmon peak position of
AuNSs in water was about 580 nm. After functionalization and
attachment to the cells, the scattering peaks of EGFR-AuNSs
were red-shifted to 587-597 nm (Fig. 4B). The theoretical
plasmon peak position of bare AuUNRs was 700 nm and showed
a larger experimental distribution from 660 to 700 nm. The
Ky1.1-AuNRs presented red-shifts to 713-734 nm in the
cellular environment (Fig. 4C). Our calculations show that for
each type of NPs, the observed experimental plasmon peak
red-shifts can be explained by a change of the local RI (to 1.37
— 1.43) due to the NP functionalization with OPSS-PEG-Ab (RI =
1.49) and thiolated PEG chains (Rl = 1.46)20, and the
interactions with the complex cellular environment containing

proteins, sugars and different biomolecules.
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Microspectroscopy of single fNPs showed that EGFR-AuNSs
are stable, with high optical contrast and low level of
aggregation. CD44-AgNSs also provide high optical contrast,
but 10-15% of them were aggregated (Fig. S7A). Further
optimization of their functionalization and stabilization can
contribute to decrease their size heterogeneity in biological
environment. Ky1.1-AuNRs are stable, with low level of
aggregation. Since AuNRs can attach to the targeted
biomarkers in random orientation, the scattering intensity and
experimental optical contrast can vary between these optical
labels, especially with polarized light detection (Fig. S7B). This
spatial effect is low in RLM since the illumination uses
unpolarised light and the high NA objective provides a wide
range of angles for illumination and detection.

Fig. 4. Normalized scattering spectra of CD44-AgNSs (A, n = 5),
EGFR-AuUNSs (B, n = 11) and Ky1.1-AuNRs (40 nm x 92 nm, C, n
= 9) measured by RLM. Theoretical (dashed line) and
experimental spectra (coloured lines) of fNPs. Black symbols
show experimental intensities obtained with three spectral
filters: 500, 580 and 700 nm. (D) Normalized experimental
scattering spectra from panels A, B and C at 500, 580 and 700
nm for the construction of the look-up table for fNP
discrimination.
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2.5 3D multiplexed reflected light microscopy

In this article, we propose multiplexed immunoplasmonics
microscopy based on the precise 3D localization of fNPs by
RLM and simplified spectral discrimination of three plasmonic
labels using 3 points spectral analysis. To prove such
methodology, we present data obtained by 3D cells-fNPs
scanning with three different spectral filters. It allows the
detection of three different optical labels targeting cell surface
biomarkers on a cellular sample. Experimentally, CD44" EGFR"
Ky1.1" MDA-MB-231 and CD44 EGFR Ky1.1" 661W cells were
incubated during 3 h with CD44-AgNSs, EGFR-AuNSs and Ky1.1-
AuNRs, washed, fixed and observed with 3D RLM and the
spectral filters at 500, 580 and 700 nm.

First, we needed to establish a look-up table to quickly
identify the type of each detected optical label (CD44-AgNS,
EGFR-AuUNS or Kyl1l.1-AuNR) based on the light scattering
intensities measured with the spectral filters. Using the
method described in section 2.3, we calculated the total
number of fNPs and merged the resulting three tables with 3D
coordinates (x,y,z) of each single fNP. All localizations of fNPs
in duplicate were removed and final data were completed with
the corresponding intensity data measured with the spectral
filters. The intensities obtained with the three optical filters
were compared to confirm the type of each single fNP. In Fig.
4A-C, colour symbols (squares, triangles and circles) show the

Intensity (a.u.)

500

Intensity (a.u.)

0.0
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distribution of experimental intensities obtained with the
spectral filters. These results were used for the construction of
the look-up table (Fig. 4D) that serve as a reference for further
automatic 3 points NP spectral discrimination.

The multiplexed immunoplasmonics microscopy was
applied for identification of CD44, EGFR and Ky1.1 biomarkers
on CD44" EGFR® Ky1.1" MDA-MB-231 cells. These cells were
incubated during 3 h with mixture of CD44-AgNSs, EGFR-AuNSs
and Ky1.1-AuNRs, washed, fixed and observed with 3D RLM
and the spectral filters. Total number of each type of fNPs was
obtained using the look-up table for fNP spectral identification
(Fig. 4D). The resulting false-colour 2D image taking into
account the average plasmon peak wavelength of each fNP is
presented in Fig. 5A. The number and the spatial distribution
of targeted biomarkers can be estimated for cellular analysis
from 3D distribution of fNPs (Fig. 5B).

Fig. 5 ldentification of CD44, EGFR and Kyl1l.1 cell surface
biomarkers on CD44" EGFR" Ky1.1" MDA-MB-231 cells by 3D
RLM and 3 points spectral analysis (green: CD44-AgNS, yellow:
EGFR-AuUNS, red: Ky1.1-AuNR (53 nm x 107 nm), objective
100x). 2D (A) and 3D (B) distribution of fNPs. Representative
images were obtained from two independent experiments (n =
3).

The next experiments were performed to compare the
selectivity and sensitivity of immunofluorescence and
immunoplasmonics detection (Fig. 6). The expression levels of
targeted cell surface biomarkers on MDA-MB-231 and 661W
cells were detected by immunofluorescence imaging (Fig. 6A—
F). Human cancer MDA-MB-231 cells expressed strongly CD44
and at a lower level EGFR and Ky1.1 (Fig. 6A—C). Low level of
Ky1l.1 was detected on 661W cells in the absence of CD44 or
EGFR (Fig. 6D—F). Exposure time was 80 ms for Abs anti-CD44
and 500 ms for Abs anti-EGFR and anti-K,1.1. Background
signals from secondary fluorescent Abs were low in the
absence of primary Abs (Fig. S8). By increasing the exposure
time, fluorescence background and photobleaching can
become more important. This problem is solved with
immunoplasmonics. The primary Abs used for
immunofluorescence were then functionalized on NPs for
immunoplasmonics. The CD44" EGFR' Ky1.1* MDA-MB-231
cells and reference CD44" EGFR Ky1l.1" 661W cells were
incubated during 3 h with CD44-AgNSs, EGFR-AuNSs and Ky1.1-
AuNRs, washed, fixed and observed using immunoplasmonics
(Fig. 6G—L). A large number of CD44-AgNSs and EGFR-AuNSs
were observed on MDA-MB-231 cells, and a smaller number of
Ky1.1-AuNRs were observed on both MDA-MB-231 and 661W
cells. Similar results were obtained by simultaneous addition of

6 | Nanoscale, 2016, 00, 1-3
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the three types of fNPs in 2D (Fig. 7). These results obtained
with immunoplasmonics are in a very good agreement with
those obtained with immunofluorescence, thus confirming the
proposed method's reliability.
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Fig. 6 Identification of CD44, EGFR and Kyl1l.1 cell surface
biomarkers on CD44" EGFR' K,1.1° MDA-MB-231 and CD44
EGFR* Ky1.1" 661W cells by immunofluorescence and
immunoplasmonics. (A-F) Immunofluorescence with primary
Abs detected with fluorescently-labelled secondary Abs: red-
emitting Cy3 conjugated to goat anti-rat 1gG Abs (A and D,
exposure time of 80 ms) or green-emitting Alexa Fluor 488 dye
conjugated to goat anti-mouse (B and E, exposure time of 500
ms) or goat anti-rabbit (C and F, exposure time of 500 ms) I1gG
Abs (Objective 20x with additional 1.5x magnification). Cell
nuclei were stained with 4',6-diamidino-2-phenylindole
dihydrochloride (DAPI, blue). Representative images were
obtained from four independent experiments. (G-L) RLM with
cells incubated for 3 h with 8 ug mL? CD44-AgNSs, EGFR-
AuNSs and Ky1.1-AuNRs (40 nm x 92 nm, objective 100x).
Representative images were obtained from three independent
experiments.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 7 2D image of CD44-AgNSs, EGFR-AuNSs and K,1.1-AuNRs
(53 nm x 107 nm) on CD44" EGFR" Ky1.1" MDA-MB-231 and
CD44 EGFR Ky1.1" 661W cells by using RLM and spectral filters
at 500, 580 and 700 nm (green: CD44-AgNS, orange: EGFR-
AuNS, red: Kyl.1-AuNR, objective 100x). Representative
images were obtained from two independent experiments (n =
3).

3. Experimental

3.1. Materials

Rat 1gG2a monoclonal Abs anti-human CD44 (Hermes-1,
ab119335, 1 mg mL™) and mouse 18G2b monoclonal Abs anti-
human EGFR (EGFR1, ab30, 1 mg mL'l) were purchased from
Abcam (Toronto, ON, Canada). Rabbit polyclonal Abs anti-
Ky1.1 (APC-161, 0.8 mg mL™) were purchased from Alomone
Labs (Jerusalem, Israel). OPSS-PEG(5 kDa)-NHS and HS-PEG
(5kDa) were purchased from Nanocs (New York, NY, U.S.A.).
AgNSs were purchased from Ted Pella (Redding, CA, U.S.A.),
AuNSs and AuNRs were purchased from Nanopartz (Loveland,
CO, U.S.A.) (Table S1). Citrate-capped AgNSs, AuNSs and
AuNRs were stored at 4 °C in the dark to minimize
photoinduced oxidation. Methanol was purchased from VWR
International (Mississauga, ON, Canada). NaCl, Na,COs;,
phosphate-buffered saline (PBS) and 4',6-diamidino-2-
phenylindole dihydrochloride (DAPI) were obtained from
Sigma-Aldrich (Oakville, ON, Canada). Dulbecco's Modified
Eagle's Medium (DMEM containing 4.5 g Lt D-glucose, 584 mg
Lt L-glutamine and 110 mg L sodium pyruvate), penicillin
10,000 units mL'l, streptomycin 10,000 pg mL'l, trypsin 0.25%-
EDTA, fetal bovine serum (FBS), secondary fluorescently-
labelled Abs (Alexa Fluor 488 dye conjugated to goat anti-
mouse or goat anti-rabbit IgG (H+L) and Cy3 dye conjugated to
goat anti-rat IgG (H+L)) were purchased from Life Technologies
(Burlington, ON, Canada). Normal goat serum was purchased
from Jackson ImmunoResearch Laboratories (West Grove, PA,
U.S.A.). Vectashield mounting medium for fluorescence was
purchased from Vector Laboratories (Burlingame, CA, U.S.A.).
Water was purified with a Millipore treatment system (18.2
MQcm, Etobicoke, ON, Canada).

3.2. Antibody conjugation to OPSS-PEG-NHS

The NHS end function of OPSS-PEG-NHS was coupled to Ab’s
amine residues through an amide linkage to provide great
conformational freedom and improve its efficiency for binding
with the targeted biomarker. The Abs stored in PBS were
diluted at 0.1 mg mLYin aqueous Na,CO3; 10 mM pH 8.5. Then
9 parts of these Abs were quickly added to a filtered solution

This journal is © The Royal Society of Chemistry 20xx

of OPSS-PEG-NHS diluted in Na,CO3; 10 mM pH 8.5 (58.9 ug mL’
Y. The reaction mixtures (100 pg mL", Ab:OPSS-PEG-NHS
molar ratio: 1:1.88) were vortexed briefly and kept at 4 °C for 3
h. Aliquots of the solutions were kept at -20 °C until use.

3.3. Functionalization of NPs

NPs were prepared by following a procedure reported
; 17,2023 _ . e .

previously with modifications. An aqueous solution of

citrate-capped NPs (2 mL) was treated with aqueous Na,CO;
10 mM pH 8.5 (222 or 212 pl) and a solution of OPSS-PEG-Ab
(0 or 10 pL, 100 ug mL'l) to reach a volume of 2.222 mL. The
OPSS end’s disulfide group of OPSS-PEG-Ab complex form
strong covalent bonds with the NP surface made of Ag or
AuY The remaining free sites on the NPs were blocked with
thiolated PEG chains which can assemble into a densely
packed coating. After 1 h incubation at 4 °C, an aqueous
solution of HS-PEG (247 uL, 0.4 mM) preventing NPs
aggregation in saline environment was added to the
suspensions of NPs-PEG-Ab. Water or HS-PEG was also added
to suspensions of NPs prepared under the same conditions (2
mL NPs treated with 222 uL Na,CO; 10 mM pH 8.5). After 1 h
incubation at 4 °C, two samples (320 uL) were taken for
analysis. A sample (1.65 mL) was subjected to centrifugation at
4610 g during 2 min. The supernatant was then removed and
replaced with 1.34 mL phenol red-free DMEM. Aliquots of the
resulting mixtures (320 plL) were treated with water or 10%
NaCl (35.5 pL) at 4 °C during 30 min and analysed by UV-
visible-NIR spectroscopy in a 96-well plate.

3.4. UV-visible-NIR spectroscopy measurements
UV-visible-NIR absorption spectra (300 to 900 nm, 2 nm step)
were acquired with an Epoch microplate spectrophotometer
(BioTek Instruments, Winooski, VT, U.S.A.) controlled with the
Gen5 Data Analysis software version 1.11.5. A blank spectrum
(solvent without NPs) was subtracted from each sample
spectrum.

3.5. Cell culture

Human MDA-MB-231 breast cancer and mouse 661W
photoreceptor cell lines (American Type Culture Collection,
Manassas, VA, U.S.A.) were cultured at 5000 ceIIs/cm2 in cell
culture-treated polystyrene T75 flasks (Sarstedt, Saint-
Léonard, QC, Canada). Cells were grown in DMEM
supplemented with 10% FBS and antibiotics (100 units mL?
penicillin and 100 pg mL? streptomycin, 1% PS) in a humidified
incubator at 37 °C under a 5% CO, atmosphere. Confluent cells
were removed by trypsinization and seeded for experiments in
DMEM supplemented with 10% FBS/1% PS.

3.6. Immunofluorescence microscopy

Cells were grown in 8-well glass chamber slides (75,000
cells/well, BD Biosciences, Mississauga, ON, Canada). After 2
days, the cells were washed once with PBS, then fixed with ice-
cold 70% methanol/30% acetone for 5 min. The samples were
blocked with 10% normal goat serum diluted in PBS for 1 h at
20 °C. All subsequent steps were followed by three PBS
washes. The cells were incubated for 1.5 h with 1% (v/v)

Nanoscale, 2013, 00, 1-3 | 7
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primary Abs. Then, 1% (v/v) secondary fluorescently-labelled
Abs were incubated with the cells for 1.5 h. The cell nuclei
were stained with 2.5 pg mL™ DAPI for 5 min and the slides
mounted with Vectashield. Samples were examined with an
Eclipse Ti microscope (Nikon, Mississauga, ON, Canada)
equipped with a 20x objective (NA = 0.45, Nikon), a 60x
objective (NA = 0.7, Nikon), a 100x oil immersion objective
(variable numerical aperture NA = 0.5-1.3), an available
additional 1.5x magnification, a darkfield condenser (NA =
0.95-0.80, Nikon), three commonly used filters (ET-DAPI (ex
350425, em 460+25), ET-GFP (ex 470+20, em 525+25), ET-
DsRED (ex 545+15, em 620+30), Chroma Technology, Bellows
Falls, VT, U.S.A.), a fluorescence lamp C-HGFI Intensilight
(Nikon) and a QlClick monochromatic digital CCD camera
(Qlmaging, Surrey, BC, Canada). Pictures were taken with the
NIS-Elements BR microscope imaging software version 4.00.03
(Nikon).

3.7. Immunoplasmonics microscopy
Cells were seeded onto 19.625 cm? glass bottom dishes (5000
ceIIs/cmz, MatTek, Ashland, MA, U.S.A.). At 85% confluence,
cells were washed once with PBS before adding NPs diluted to
8 ug mL™ in DMEM/10% FBS/1% PS.”° After 3 h incubation at
37 °C, cells were washed three times with PBS to remove
unbound NPs and fixed with ice-cold methanol during 10 min
at 20 °C. Samples were examined with immunoplasmonics
microscopy. The RLM system for 3D wide-field and spectral
imaging of NPs-cells was built on the basis of the inverted
Eclipse Ti microscope used for immunofluorescence imaging. A
flat top inverted microscope motorized stage (ProScan, Prior
Scientific, Rockland, MA, U.S.A.) equipped with a z-translation
motor allowed fine 3D spatial sample translation and fast z-
scanning. A standard white light source (Nikon) with 50 W
halogen lamp provided smooth illumination spectrum in the
operating range from 450 to 700 nm. Optical beamsplitter
(90:10) and spectral 10 nm bandpass filters (Thorlabs, Newton,
NJ, U.S.A.) at 500, 580 and 700 nm were used to produce
illumination with limited spectral range to ensure spectral
discrimination and 3D imaging of detected fNPs. 3D
deconvolution (Imagel, National Institutes of Health, U.S.A))
was applied using experimental PSFs.

For single NP microspectroscopy, the microscope image of
a single plasmonic NP, which appears as an isolated bright dot,
was aligned with the input slit on an imaging spectrograph
(Shamrock 550, Andor Technology, Belfast, UK) equipped with
a CCD detecting camera (Newton 940, 2048 x 512 pixels, Andor
Technology) and a 150 lines/mm grating providing 364 nm
bandwidth. The corrected spectrum intensity was obtained by
using the background spectrum adjacent to the single NP and
the spectrum of the white light standard reference (Edmund
Optics, Barrington, NJ, U.S.A.).37 A custom-written LabView
software (National Instruments, Austin, TX, U.S.A.) controlled
the motorized stage displacements and performed 3D image
acquisition.
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3.8. Statistical analysis

Results are expressed as means + standard deviation (SD) in all
experiments. Statistical computations were performed with
GraphPad Instat 3.00 software (GraphPad Software, San Diego,
CA, US.A). The Tukey-Kramer multiple comparison test
(ANOVA) was used. Values were considered significantly
different if p < 0.05.

4. Conclusions

Selective labelling of human CD44" EGFR® Ky1.1* MDA-MB-231
cancer cells and reference CD44 EGFR Ky1.1" 661W cells was
achieved with stable CD44-AgNSs, EGFR-AuNSs and Kyl.1-
AuNRs in cell culture medium containing serum proteins. The
developed immunoplasmonics technology for cell imaging is
simple and compatible with standard fluorescence microscopy
set-ups. Immunoplasmonics microscopy allows fast counting,
identification and 3D localization of fNPs targeting different
cell surface biomarkers, and it can offer an extended
multiplexing capacity for detecting various biomarkers by
taking advantage of the wide distribution of plasmon peaks
from different plasmonic fNPs. Experimental demonstration of
the immunoplasmonics microscopy with spectral filters
corresponding to the plasmonic peak wavelengths of each type
of fNP can benefit from recent development in the field of high
power LED sources and sensitive imaging camera working from
visible to near-infrared (NIR). Final set-up can be designed as
independent microscopy system or rather simple upgrade to
existing epi-fluorescence microscopes. This technology based
on immunoplasmonics microscopy of biomarkers is ready for
biological and clinical applications as a cost-efficient
alternative to immunofluorescence.
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