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Hyperspectral microscopy is a versatile method for simultaneous spatial and spectroscopic characterization of nonfluorescent
samples. Here we present a hyperspectral darkfield imaging system for spectral imaging of single nanoparticles over an area of
150 x 150 um? and at illumination intensities compatible with live cell imaging. The capabilities of the system are demonstrated
using correlated transmission electron microscopy and single-particle optical studies of colloidal hollow gold nanoparticles. The
potential of the system for characterizing the interactions between nanoparticles and cells has also been demonstrated. In this
case, the spectral information proves a useful improvement to standard darkfield imaging as it enables differentiation between
light scattered from nanoparticles and light scattered from other sources in the cellular environment. The combination of low
illumination power and fast integration times makes the system highly suitable for nanoparticle tracking and spectroscopy in

live-cell experiments.

1 Introduction

Advances in nanoscience have resulted in the development of
many new types of inorganic nanoparticles (NPs), which are
finding use in a range of applications based on their excep-
tional chemical and physical properties. ' Amongst the wide
range of inorganic NPs available, gold NPs have been used
extensively in research, and are being developed as medical
therapeutics.*> Information about the interaction of gold NPs
with biological tissue is important considering that gold NPs
are already in the first stages of clinical trials (e.g. as part of
a cancer treatment). %’ The impact of the exposure to tissues
and different organ systems of NPs has to be assessed.® In
particular, the nervous system is very likely to come in con-
tact with NPs by multiple routes of delivery due to its spatial
distribution within the body, and its close proximity to the NP
exposure sites, for example skin. Therefore, there is an in-
creasing need for understanding the interaction of inorganic
NPs and neurons.

In recent years, a range of techniques has been developed
and refined for imaging of nonfluorescent NPs at the single-
particle level. !© Darkfield microscopy, the detection of light
that is elastically scattered by the NPs, is a powerful tool for
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imaging and spectroscopy of metallic NPs with sizes exceed-
ing tens of nm.'!"!3 Darkfield spectroscopy, in combination
with the high sensitivity of the localized surface plasmon res-
onances (LSPR) of metal NPs to small changes in the local
environment, has been used extensively for sensing, 14 with an
accuracy approaching the single-molecule limit. 1316

While a broadband single-particle spectroscopic approach
is suitable for high-resolution and/or fast imaging of individ-
ual NPs, it has several disadvantages. Importantly, the appli-
cation of a broad spectrum of irradiation at once can produce a
significant heating of the particle, which is especially unfavor-
able for in-vitro studies of sensitive biological systems. 718
Further, applications involving NP counting and/or tracking
favor a wide-field approach in combination with spectroscopic
characterization. Various different approaches have been pre-
sented based on hyperspectral imaging where individual spec-
tral components are filtered. 2! Commercially available hy-
perspectral microscopy is capable of analyzing distributions
of NP in biological systems.?>>3 However, all of these tech-
niques rely on spectral filtering of light collected from the
sample, which does not solve the phototoxicity issue.

The development of high power collimated light sources
based on supercontinuum fibre technology has enabled new
opportunities for fast hyperspectral imaging. By combining a
spectrally filtered source with a standard darkfield microscopy
arrangement it is possible to perform spectral imaging over a
large area with fast (millisecond) integration times. Here, we
present a hyperspectral darkfield microscopy arrangement us-
ing an acousto-optic tuneable filter to sweep the illumination
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source over a spectral range from 500-1000 nm. The sepa-
ration of spectral components at the illumination side has the
additional advantage of allowing correction of chromatic ab-
berations using a piezo focusing stage, which significantly ex-
tends the useable spectral range of the high-numerical aperture
microscope objectives.

The applicability of the hyperspectral imaging system is
demonstrated by performing spectral measurements on a se-
lection of samples of hollow gold nanoparticles. Hollow gold
particles are of particular interest for biomedical applications
because their LSPR falls in the biological near IR window. '8
Additionally biological molecules can be selectively encap-
sulated within and released from the hollow particle.?* In
our current work, scattering spectra of colloidal hollow gold
nanoparticles and particle clusters were measured and corre-
lated with TEM images, and theoretical spectra were produced
using finite element analysis to interpret the observed reso-
nances. The hyperspectral imaging system was used to iden-
tify single nanoparticles that are taken up by SHSY-5Y cells
after incubation of the cells for 1hr in the presence of nanopar-
ticles, in order to demonstrate the potential of the system for
cellular imaging applications.

2 Experimental

2.1 Synthesis of hollow gold nanoparticles (NPs)

Hollow gold NPs were prepared by first synthesizing spheri-
cal silver NPs and using them as templates in a galvanic re-
placement reaction. Initially, silver nanoparticles (seeds) were
synthesised by silver nitrate (2.5 mM, 1 ml) reduction in the
presence of trisodium citrate (2.5 mM, 1 ml), Milli-Q water
(8 ml) and ice-cold sodium borohydride (0.001 M, 25 ul).
A growth solution was prepared containing Cetyl trimethy-
lammonium bromide, (CTAB) (0.2 M, 80 ml), silver nitrate
(0.05 M, 400 ul) and freshly prepared L-ascorbic acid (0.1 M,
2 ml) at 35 °C. The silver seeds (400 ul) were injected to the
growth solution, followed by the addition of sodium hydrox-
ide solution (1 M, 2 ml). A colour transition was observed
from colourless to orange-yellow, signifying the formation of
silver NPs (templates for the formation of hollow gold par-
ticles). The reaction was completed after 24 hours and the
final product was purified from excess CTAB by centrifuga-
tion/decantation (2500 rcf, 15 min) and redispersed in Milli-Q
water (40 ml). The hollow gold NPs were formed by a slow,
constant addition of sodium tetrachloroaurate (III) dihydrate
aqueous solution (1 mM, 0.25 ml) to a silver nanoparticle so-
lution (10ml), which was heated to reflux. There was a colour
transition from orange-yellow to deep blue, indicating the for-
mation of hollow gold NPs. The NP solution was left to cool
down to room temperature and was stored at 4 °C. Figure 1
shows a Transmission Electron Microscopy (TEM) image of
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Fig. 1 Transmission Electron Microscopy (TEM) image of
CTAB-coated hollow gold nanoparticles.

the CTAB-coated hollow gold nanoparticles.

Hollow gold NPs were capped with mono-carboxy (1-
mercaptoundec-11-yl) hexaethylene glycol (OEG-COOH), to
ensure colloidal stability and allow further functionalisation of
the NPs (e.g. with peptides) via the COOH end of the ligand.
In detail, a fresh OEG-COOH solution (5 mg/ml, 200 ttl) was
prepared and injected into a colloidal solution of hollow gold
NPs (0.5 O.D, 5 ml) while sonicating at 4 °C for one hour.
Then, the NP solution was stirred for 30 minutes at room tem-
perature. The reaction mixture was kept overnight at 4°C and
was finally purified from the excess ligand by three centrifu-
gation/decantation steps (8000 rpm, 15 min). NPs were re-
dispersed in sodium borate buffer (0.1 M, pH 9) and kept for
futher use.

A neuron targeting peptide (Tetl- KHLNILSTL-
WKYR) was conjugated to the OEG-capped gold
NPs in the presence of (1-(3-(dimethylamino)propyl)-
3-ethyl-carbodiimidemethiodide (EDC) and N-
hydroxysulfosuccinimide (s-NHS) coupling agents. Namely,
the peptide (100 ul, 0.15 mM; 0.1 M sodium borate buffer
pH 9) was added to 5 ml of gold NPs (0.3 O.D.; 0.1 M
sodium borate buffer pH 9), followed by the addition of EDC;
50 ul, 0.2 M) and s-NHS; 100 ul, 0.2 M), and shaken gently
overnight at room temperature. The peptide-OEG-NPs were
purified from excess peptide ligands and coupling reagents
by three purification steps (13,400 rpm, 15 minutes per step),
and redispersed in 100 ul of cell growth media.

2.2 Cell preparation

SH-SYSY cells were maintained in F-12 cell media which
was supplemented with penicillin/streptomycin, non-essential
amino acids and 5% fetal bovine serum, in a humidified atmo-
sphere of 5% CO; and 95% air, at 37 °C. They were seeded
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Fig. 2 Experimental Setup for hyperspectral darkfield microscopy
using a supercontinuum fibre light source and acousto-optic
tuneable filter in the illumination.

in a 12-well plate on glass coverslips, at a density of 2 x 104
cells per well, in 1ml supplemented cell media. The following
day, cells were differentiated by the addition of retinoic acid
(1 pl, 3 pg/mi).

SH-SYSY cells were incubated with the peptide-OEG-NPs
for 1 hr (1 O.D.), and then washed three times with PBS (x1,
pH 7.4). The samples were fixed by 15 minute incubation
with 4% paraformaldehyde. All reagents were pre-warmed at
37 °C, to achieve good fixation of the samples. The fixative
was then removed by washing the samples three times with
PBS, followed by water. The glass coverslips were washed
again with plenty of Milli-Q water (excess water was blotted
off) and then mounted with 4’, 6-diamidino-2-phenylindole
(DAPI, a fluorescent dye which stains the cell nuclei) mount-
ing media onto a glass microscope slide.

2.3 Hyperspectral darkfield microscope

The experimental setup is shown schematically in Fig. 2. A
supercontinuum light source (Fianium SC400-2) produced a
collimated beam of white light with a total power of 2 W
and a spectral power density of several mW/nm. A co-linear
acousto-optic tuneable filter (Crystal Technology) was driven
by a USB-controlled RF generator/amplifier (Isomet) to spec-
trally filter the broadband source over an octave-spanning
range from 450 nm to > 1000 nm, with a bandwidth of around
1% of the center wavelength. The diffracted light from the
AOTF was focused into a multimode optical fibre. By tilting
the fibre to an angle of around 20°, it was possible to cou-
ple into a high-order mode producing a donut-shaped angu-
lar profile at the output. The diverging angular donut of light
was collimated and sent into the 0.95 N.A. reflective illumina-
tion ring of the microscope objective (Nikon CFI LU Plan BD
100x, 0.9 N.A.). The transmitted optical power of 0.1 mW
at 700 nm was illuminating an area of around 150 pum in di-
ameter, resulting in relatively low illumination intensities of

< 0.5 W/cm?. Light scattered from the sample (ie. at the same
wavelength as the illumination light) was collected by the re-
fractive central part of the objective and was imaged onto an
EMCCD camera (Andor Luca R). No EM-gain was used for
the measurements of this work. The sample was mounted on
a 3D piezo stage to enable precise adjustments of position and
focus.

Hyperspectral images were collected using a Labview pro-
gram which controlled both the AOTF and the EMCCD cam-
era. Between each wavelength step, a manual correction of the
image for chromatic aberrations was done using the 3D piezo
stage by optimizing the image of a bright reference particle.
Further image processing was done using Matlab. Areas of
interest were selected from the image, roughly corresponding
to the diffraction-limited spots of individual nanoparticles. In-
tensity spectra were extracted from the datacube from these ar-
eas, including a tracking algorithm which corrected for small
residual image drift. The spectra were corrected for spectral
response of source, camera, and optics by using a spectrum
taken from a calibration sample. The calibration was done us-
ing a layer of strongly scattering white paint (TiO,) which pro-
duced a uniform and wavelength-independent, diffuse Lam-
bertian scattering pattern. The resulting calibrated intensity
scale corresponds to 1000 EMCCD counts for a value of 1.0
at 630 nm wavelength. In addition to darkfield scattering, flu-
orescence images from cells stained with DAPI were obtained
using excitation by a 405-nm laser diode and a 430-nm long-
pass emission filter in the detection beam path (see Fig. 2).

2.4 Correlated TEM analysis

For the purpose of comparing single nanoparticle spectra with
transmission electron microscopy (TEM) images, hollow gold
nanoshells were deposited onto copper TEM finder grids,
which had previously been coated with formvar and carbon.
TEM images were taken using a transmission electron micro-
scope (FEI Tecnai 12) at 120 kV.

2.5 Finite element analysis

The optical response of hollow gold nanoparticles was mod-
eled using Comsol Multiphysics 4.2a. All models used a
spherical volume with a radius of 250 nm and 30 nm thick
PMLs. The sizes and separation of nanoparticles were es-
timated from the TEM images. The shell thickness of the
nanoparticles was estimated by comparing the theoretical
spectra to the experimental data. The Johnson and Christy
data was used for the dielectric response of gold.?> The host
refractive index was modeled using a simple effective medium
approximation based on the mean of the refractive index of air
and that of the formvar coating used on the TEM-grids, re-
sulting in an effective refractive index of 1.22. The theoretical
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Fig. 3 a. TEM images i)-iii) of nanoparticles on a marked finder grid, individual objects are labeled a — p. iv) Darkfield image at 713 nm
wavelength of the corresponding area. b. Spectra of objects m, k, g, n, [ and i obtained from hyperspectral images (integration time: 0.2 s per
point), shown along with the corresponding TEM and darkfield (A = 713 nm) images of the nanoparticle. Scale bars: 100 nm for TEM and
1 u for darkfield images. Red lines: numerical model calculations of spherical hollow gold NP with optimized shell thickness. c. Calculated
near-field maps of the local field enhancement |E /Ey| for the models of single particle m and dimer g.

scattering spectra were produced by performing a surface in-
tegral of the scattered electric field over a spherical shell sur-
rounding the nanoparticles and taking the absolute value of
this parameter. The theoretical spectra were scaled vertically
to match the experimental intensity.

3 Results and Discussion

3.1 Hyperspectral Measurements of Hollow Gold

Nanoparticles

To test the sensitivity of the setup in detecting single-
nanoparticles, we performed a correlated TEM and optical
study using OEG-coated hollow gold NPs deposited onto a
marked TEM-grid. Figure 3 shows three TEM images at dif-
ferent magnifications and one image taken with the darkfield
microscope with incident light at a wavelength of 713 nm. The
letters a to p correspond to clusters of nanoparticles identified
in the images. Spectra of selected individual objects are shown
in Fig. 3b, along with close up TEM and darkfield images of
the objects. Objects m, k correspond to single hollow gold
NPs, while objects g, n are NP dimers, and /, i are NP trimers.
Overall variations in the optical intensity are observed which

are thought to originate from variations in the focus alignment
of each image. Significant corrections of the focal distance of
up to 20 um were necessary to correct for chromatic abbera-
tions at wavelengths longer than 700 nm, due to the limitations
of the achromatic darkfield objective. Despite these correc-
tions, reproducible results could be achieved within 20% of
the intensity, as was found by repeated hyperspectral scans of
the same NPs (not shown).

As can be seen Fig. 3b, the single hollow gold NP m shows
a resonance at 685nm + 10nm. This resonance is in agree-
ment with other single-particle studies on hollow gold?’ or
Au/Au,S nanoshells. >0 We have qualitatively reproduced the
spectral response (red line) using a numerical model for a hol-
low gold nanoparticle with a diameter of 83 nm and a shell
thickness of 5.5 nm. The NP diameter was obtained from
the TEM image, however the shell thickness was optimized to
achieve agreement with the spectral resonance position. De-
tailed TEM images such as Fig. 1 show that a large variation of
shell thickness exists between different NP and that the thick-
ness varies even within a single hollow gold NP. In addition,
the exact morphology deviates from a perfect sphere for most
particle, which further complicates quantitative analysis of the
spectral response. The mode profile corresponding to the peak
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of the spectral resonance of particle m is shown in Fig. 3c. The
near-field map shows that the resonance can be attributed to
a dipolar mode of the hollow gold NP, with a local field en-
hancement of one order of magnitude. In comparison to m,
particle k£ shows a much weaker response. The difference in
absolute intensity between the two particles reflects the dif-
ference in particle size as observed from the TEM images.
We recall that, for small NP, the scattering cross-section scales
with the square of the particle volume, which means that small
variations in size can result in large differences in detected in-
tensity. The measurement of NP k shows that the setup has the
sensitivity to detect individual nanoparticles with sizes below
50 nm with good signal to noise and relatively short integra-
tion time (0.2 s).

In comparison to the single nanoparticles, the dimer
and trimer clusters show a redshifted spectral response,
in agreement with the expectation for strongly interacting
nanoshells. >® The theoretical spectrum shown for NP g in fig-
ure 3b was produced by modeling two nanoparticles with di-
ameters of 60.5nm and 79nm and a shell thickness of 3.7 nm,
with a separation distance of 24nm. This separation was rel-
atively large compared to the other clusters n,i,/. As can
be seen more clearly in Fig. 1, some agglomeration of parti-
cles occurs on the TEM grid, resulting in very narrow gaps
and concomitantly large spectral redshifts due to NP inter-
actions. The trimer cluster i shows an even more complex
response of multiple resonances, possibly due to plasmonic
Fano-resonances caused by the interference of the different
sized NP in the trimer.??

3.2 Hyperspectral Measurements of SHSY-5Y Cells In-
cubated with Hollow Gold Nanoparticles

We demonstrate the potential of our hyperspectral darkfield
microscope in studying the interactions of single nanoparticles
with mammalian cells, such as the cells of the central nervous
system. The uptake of hollow gold NPs by SHSY-5Y cells
was used as a model system for imaging. SHSY-5Y cells have
been incubated for 1 hr with hollow gold nanoparticles coated
with Tetl peptide. The cells were imaged using brightfield
microscopy and DAPI fluorescence, and the resulting infor-
mation was overlayed with the darkfield scattering image at
713 nm to identify the positions of nanoparticles relative to
the cells. Figure 4 shows the results for a SHSY-5Y incubated
with NPs coated with Tetl peptide. A clear contribution of
darkfield intensity can be identified in the spatial map which is
associated with the position of the cell. Individual bright spots
were selected for further spectroscopic analysis, as shown in
spectra i - iv of Fig. 4. The spectra of i, iii, and iv show a
peak around 700nm which is consistent with the approximate
spectral resonance and intensity of individual hollow gold NPs
as established from our correlative TEM study. In addition,
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Fig. 4 (a) Darkfield image at 713 nm and (b) a combined false
colour image showing darkfield, DAPI fluorescence and brightfield
images of a SHSY-5Y cell that has been incubated with hollow gold
nanoparticles for 1hr are shown along with spectra i - iv, taken from

different bright spots indicated on (a). Integration time: 0.1 s per
image.

the spectrum of position ii shows a more complex redshifted
response, which is consistent with the typical response for a
cluster of two or more NPs. The amount of nanoparticles in-
side the cell and their degree of clustering depends strongly on
the type of NP coating.?® Generally, polyelectrolyte-capped
NPs show less nonspecific uptake, whereas the Tetl peptide
specifically binds to the trisialoganglioside clostridial toxin
receptor on neurons, possibly promoting a receptor-mediated
endocytosis.>°

Figure 5 shows images of a cell from a control sample of
SHSY-5Y cells, which was not incubated with hollow-gold
NPs. Again, intensity is observed when the cell is viewed in
darkfield. Overall the intensity is lower and smooth over the
entire cell, without sharp features. We attribute this intensity
to light that has been scattered from the cell. This contribution
can be clearly differentiated from the nanoparticle signals by
examining the measured spectra i-iv. The spectra measured
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Fig. 5 (a) Darkfield image at 713 nm and (b) a combined false
colour image showing darkfield, DAPI fluorescence and brightfield
images of a control SHSY-5Y cell that has not been incubated with
hollow gold nanoparticles are shown along with spectra i - iv, taken
from different bright spots indicated on (a). Integration time: 0.1 s
per image.

for the control cell do not show the characteristic peaks of
nanoparticle resonances and are about 5 times lower than the
signals obtained from the individual NPs.

Applications of metal NPs in biomedicine cover a wide
range from laser hyperthermia to plasmonic biosensing.
Therefore, sensitive techniques capable of assessing their in-
teractions with living cells are of importance. Compared
to nonfluorescent scattering NPs, luminescent quantum dots
generally have advantages related to imaging applications
and long-term cell tracking, especially in combination with
multiphoton and confocal detection.3!*?> Metal NPs can be
functionalized with additional fluorescent labels, however co-
functionalization of several moieties on the surface increases
complexity and may affect the biophysicochemical proper-
ties. Metal NPs are stable and do not photobleach, allowing
for long-term tracking. Thus, while our hyperspectral dark-
field microscope cannot compete with confocal fluorescence
in terms of sensitivity, it opens up new opportunities for the
monitoring of nonfluorescent particles.

A promising next step will be the implementation of real-
time spectral sensing using the plasmonic (LSPR) response of
gold NPs. Here, our method will have a potential advantage

over other hyperspectral techniques !°>* as we can strategi-

cally select a number of wavelengths around the LSPR. This
in principle allows fast readout of the LSPR of a large num-
ber of NPs, e.g. in biological systems or in microarray type
devices. The feasibility of this approach for real-time parallel
sensing will be explored in future studies.

4 Conclusions

We have demonstrated a hyperspectral darkfield microscope
using a scanned supercontinuum light source. The setup has
been successful for imaging and spectroscopy of individual
gold nanoparticles. Comparison with TEM showed the ca-
pability of measuring individual hollow gold NP as small as
50 nm with a short integration time per image of 0.2 s. The
system also allows identification of these individual hollow
gold NP in fixed cell preparations, at illumination intensities
< 0.5 W/ecm?. Such intensities have been shown to result in
minimal toxicity for cells incubated with metal NPs '8, This
advantage of using a scanned illumination source will be im-
portant for future live cell studies of nanoparticle uptake and
processing in cells, where phototoxicity is currently a limita-
tion. Such a capability will enable new investigations of NP
uptake and transport, and the use of single NP as spectral sen-
sors of specific sub-cellular activity 233
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