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ABSTRACT

We describe a unigque approach to hyperspectral optical microscopy, herein achieved by
coupling a hyperspectral imager to various optical microscopes. Hyperspectral
fluorescence micrographs of isolated fluorescent beads are first employed to ensure
spectral calibration of our detector and to gauge the attainable spatial resolution of our
measurements. Different science applications of our instrument are then described.
Spatially over-sampled absorption spectroscopy of a single lipid (18:1 Liss Rhod PE)
layer reveals that optical densities on the order of 10-3 can be resolved by spatially
averaging the recorded optical signatures. This is followed by three applications in the
general areas of plasmonics and bioimaging. Notably, we deploy hyperspectral
absorption microscopy to identify and image pigments within a simple biological system,
namely, a single live Tisochrysis lutea cell. Overall, this work paves the way for
multimodal spectral imaging measurements spanning the realms of several scientific

disciples.
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INTRODUCTION

Recent advances in optical spectroscopy, microscopy, and their combinations have
greatly advanced our understanding of fundamental processes of relevance to energy,
environmental, and biological sciences [1,2]. In the realm of optical micro-spectroscopy,
fluorescence is by far the most widespread and well-established imaging contrast
mechanism; even few-molecule fluorescence line-scan images were recorded as early as
1976 [3]. It is interesting to compare the latter with single molecule (the ultimate)
detection sensitivity obtained in (i) optical absorption-based imaging experiments,
initially in a solid held at 1.6 K [4] and subsequently under ambient laboratory conditions
[5,6,7], which eluded practitioners over 1 and 2 additional decades, respectively, and (ii)
Raman imaging measurements [8], which still comprise a topic of great interest and
active research [9,10,11]. Overall, the aforementioned biological and chemical imaging
technologies are ever-evolving. For instance, various flavors of fluorescence microscopy,
including laser scanning confocal, two-photon, super-resolution, and single molecule-
based imaging have been developed over the years and have transformed the way we
visualize micro and nanoscopic analytes, particularly in the life sciences [12,13,14,15].
Of relevance to the present study are recent reports of hyperspectral fluorescence imaging
capabilities, primarily geared towards biological applications [16,17,18,19,20,21,22].
Fluorescence imaging technologies however suffer from several inherent limitations, the
most mundane of which has to do with the fact that most molecules in nature absorb and
scatter, but do not fluoresce [23]. The need for novel microscopic and micro-
spectroscopic tools that rely on different contrast mechanisms to visualize, e.g., unlabeled

biological systems as well as non-fluorescent metal nanoparticles and/or molecular



systems presents itself in this context [5-7,23,24]. The latter is evident in recent and
ongoing efforts aimed at advancing novel imaging methodologies based on linear,
nonlinear, and/or surface-plasmon-enhanced vibrational and electronic spectroscopy
[23,25,26,27,28,29,30].

Besides fluorescence-based super-resolution optical imaging methods [15], far-field
optical scattering and absorption techniques are generally diffraction limited. The latter-
mentioned experiments are nonetheless relatively straightforward to setup and are
potentially greatly informative, particularly if spectroscopic information is encoded in
each pixel, i.e., in spectral imaging measurements [31,32,33,34]. In addition to
hyperspectral fluorescence imaging [16-22], spectrally resolved dark field optical
microscopy [35,36,37,38,39] comes to mind in this context; prior works [35-39] explored
the information content in dark field spectral images of individual and interacting
plasmonic nanostructures of different shapes and sizes in various media. Our recently
reported approach to hyperspectral dark field optical microscopy [39] relied on the
combination of a portable hyperspectral imager and a conventional dark field microscope.
What distinguishes our approach [39] from previously described analogues is that it
requires neither sample scanning, light source spatial/spectral scanning, nor point by
point detection schemes, which (i) are typically more time consuming and as a result may
introduce uncertainties (e.g. as a result of image drift under ambient laboratory
conditions), (ii) often involve more convoluted setups and subsequent numerical
analyses, and (iii) involve more costly hardware. The aforementioned advantages are
carried over to the present work, in which we build on and significantly expand the scope

of our prior report [39]. Namely, we describe diffraction-limited hyperspectral



fluorescence, dark field, as well optical absorption microscopy measurements. Our
experimental and data analysis schemes are illustrated through exemplary measurements
targeting samples that are strategically selected to explore the advantages and limitations

of our approach to multimodal hyperspectral optical microscopy.

EXPERIMENTAL SECTION

Hyperspectral Detector and Data Acquisition. The described hyperspectral optical
microscopy (HOM) measurements are based on a hyperspectral imager (Surface Optics,
SOC710-VP), which can be coupled to any research grade optical microscope through a
standard C-mount. Three dimensional (3D) HOM images are recorded by (i) projecting a
narrow line of an optical micrograph onto a 30 um-wide slit, (ii) dispersing the slit image
through a grating onto a 2D (x,y) sensor array (1392x1040 pixels, Sony HAD), and (iii)
scanning the slit across the image plane to span the second spatial dimension. Our imager
is equipped with an internal slit scanner. As such, 3D image cubes are recorded without
the need for sample stage scanning. Binning (factors of 8 and 2 in the 1040 spectral and
1392 spatial dimensions) and subsequent truncation of data points in the spectral and
spatial dimensions (1 and 88 from each edge of the detector, respectively) followed by
scanning the slit over 696 lines results in a 696x520x128 hyperspectral image cube,
which is recorded at a rate of 25-120 s/full cube. The recorded images are spatially
calibrated using NIST-traceable standards; using a 100X objective, the resulting
diffraction-limited HOM image cubes are sampled at 84 nm?/pixel over a field of view of

43.7 pum x 58.5 pm.



Light Source Considerations. Much like in standard optical microscopy, any broad
band light source (e.g. a tungsten-halogen lamp) may be used to record bright/dark field
HOM images. That said, with losses through the optical components (chiefly the
objective) along the light path and the overall detector efficiency in mind, the choice of
light source becomes an important consideration. To take advantage of the full spectral
range of the detector, we employ a broad band incoherent laser-driven light source (EQ-
1500 LDLS, Energetiq Technology Inc.), unless otherwise indicated. Our LDLS features
high spectral irradiance (up to > 10 mW/mm?nm/sr) and a quasi-flat profile across a
broad spectral range spanning the deep-ultraviolet (measured down to 180 nm) to the
near-IR (measured up to 1200 nm). The choice of light source used was made
empirically; we tested out various commercial sources including a variety of tungsten-
halogen lamps, mercury vapor lamps, and light emitting diodes. The flat spectral profile
and high irradiance of our LDLS proved superior for the purposes of our bright and dark
field HOM measurements.

Data Analysis. While fluorescence micrographs recorded using suitable laser sources
(herein continuous wave lasers at 473, 532, and 630 nm) and filters (500-550 band pass,
570 long pass, and 690 long pass, respectively) are essentially background free,
transforming spectrally-resolved intensity images into hyperspectral absorption or dark
field image cubes requires a few additional steps. For instance, obtaining a hyperspectral
absorption micrograph from a transmitted light bright field spectral image would require
measuring a reference ‘Io(X,y,A)’ cube, whereby e.g., light is transmitted through a thin
coverslip that supports the target. Much like in standard absorption spectrometry, we then

take —10g10(lsampie(X,Y, A)/1o(X,y,A)), in which lsampie(X,y,A) corresponds to the spatially



(down to 84 nm%/pixel at 100X) and spectrally (377-1051 nm, AL = 5 nm) resolved
intensity across the sample image plane, and lo(x,y,A) denotes the hyperspectral image of
the background. Reflectance and dark field spectral micrographs can be similarly
obtained as lsampie(X,y,A)/ lo(X,y,A), where lo(X,y,A) are reference spectral image cubes
recorded using specular and diffusive reflection standards, respectively. Overall, our
analysis schemes ensure that the spectral micrographs of the sample are not affected by
(i) the spatial/spectral characteristic of the light source, (ii) intensity losses along the
optical path, and (iii) the overall efficiency of our detector. The resulting image cubes are
essentially internally calibrated.

Helium lon Microscopy. Our helium ion microscope (Zeiss Orion) was operated at an
optimal imaging voltage of 30 kV, an aperture size of 10 um, a spot size of 4 um, and a
beam blanker current of 0.5-1.5 pA. An Everhart-Thornley (E-T) detector was used to
image the samples. The working distance was varied in the 5-8 mm range.

Sample Preparation. The first sample consists of tetraspeck beads of 200 nm in diameter
(ThermoFisher Scientific), drop casted onto a 0.1 mm-thick glass coverslip. These
spherical beads are infused with four different fluorescent dyes, yielding nanoscopic
targets that display 4 different manufacturer-specified excitation/emission peaks at
360/430 nm, 505/515 nm, 560/580 nm, and 660/680 nm. The second and third samples
are similarly prepared by drop casting citrate stabilized silver nanoparticles of ~100 nm
in diameter (Sigma-Aldrich) onto either (i) a 0.1 mm-thick glass coverslip, or (ii) a
corrugated 20 nm-thick silver film (~5 nm surface roughness) sputtered onto a glass
coverslip by arc-discharge physical vapor deposition (Cressington 208HR, target: Ted

Pella Inc., 99.99% purity). The fourth sample was similarly prepared by coating a



commercial silicon atomic force microscopy probe (Nanosensors, ATEC; 20 nm radius of
curvature) with 35 nm of silver. The tip was subsequently immobilized on a glass
substrate with the cantilever pointing away from the support. The fifth sample comprises
a single layer of 18:1 Liss Rhod PE (Avantilipids), deposited using a Langmuir-Blodgett
trough (model 611B) on a 0.1 mm-thick glass coverslip. The glass substrate was first
immersed in water, followed by spreading 30 uL of a 1 mg/mL CHCI; solution of the
lipid at the water air interface. The lipid layer was subsequently compressed to a surface
pressure of 18 mN/m and maintained at that pressure throughout the monolayer coating
process, which was achieved by pulling the slides at a rate of 3 mm/minute. For the sixth
sample, Tisochrysis lutea cells were grown under phototropic conditions in Keller
medium cultured with a 12 hour diurnal cycle using 12 hour light entrainment with 470
nm and 650 nm LED light sources (~9 mW total power, ~80 pmoles of photons m?s™)
[40]. Cells were harvested at late log growth and concentrated by centrifuging an aliquot
at 700G for 2 mins prior to drop casting 3uL of the culture onto a poly-lysine coated
microscope slide. The sample was subsequently enclosed using a 0.17 mm glass coverslip

prior to conducting the optical measurements.

RESULTS AND DISCUSSION

Hyperspectral Fluorescence (HF) Microscopy. HF micrographs of a sparse distribution
of tetraspeck beads cubes were recorded using a wide field fluorescence microscope
(Zeiss AxioObserver) equipped with a 100X oil immersion objective (numerical aperture
= 1.4). The recorded 3D micrographs contain both spatial and spectral information and

can be analyzed by taking image slices at different wavelengths and/or by inspecting the



spectra at each pixel [39]. Selected image slices extracted from 3 different HF image
cubes recorded following 473, 532, and 660 nm laser irradiation are shown in Figure 1.
The three images track the same set of particles near the emission maxima of the different
fluorophores with which they are infused. The enumerated particles are further analyzed
in Figures 2 and 3. Figure 2 shows the spectral response in a selected region of the HF
image cube that contains a single fluorescent bead (particle 7 in Figure 1). Shown in
Figure 2A-C are individual pixel (84 nm%/pixel) as well as spatially averaged (3x3 pixel
area) spectra of the same particle. Ample signal to noise is obtained in the spatially
averaged fluorescence spectra; the recorded signal maxima are consistent with the
manufacturer-provided values of 515, 180 and 680 nm, within the spectral resolution of
our detector (< 5 nm). A horizontal fluorescence cross-section at excitation/emission
wavelengths of 532/580 nm is shown in Figure 2D. A Gaussian fit to the recorded
intensity profile indicates a full width at half maximum of 280 + 8 nm, which (i) is
consistent with the theoretical value of (0.61%580) / 1.4 = 253 nm, and (ii) ensures that
the spectra are that of a single bead. The above-described analysis was then performed to
extract diffraction-limited spectra of the particles highlighted in Figure 1 (particles 1-17).
The results are shown in Figure S1 of the supporting information section, which also
illustrates the average fluorescence signal of all 17 particles considered in this analysis.
Overall, our HF measurements illustrate that (i) HF microscopy is feasible by coupling
our hyperspectral detector to a wide field fluorescence microscope, (ii) our detector is
spectrally calibrated, (iii) diffraction limited images may be extracted from the recorded
HF image cubes, and (iv) single fluorescent beads can be analyzed one particle at a time

via HF microscopy. Evidently, a camera optimized for fluorescence spectroscopy would



be needed to detect nominally weaker fluorophores; the latter is nonetheless not the goal
of this report. Rather, in the following, we illustrate that (iii) and (iv) may also be
achieved by relying on the ground to excited electronic state transitions of the embedded
fluorophores.

Hyperspectral Optical Absorption (HA) Microscopy. Shown in Figure 3A is a selected
region of the HA image cube that contains the same fluorescent bead analyzed in Figure
2. These measurements were performed using 100X microscope objective with a
numerical aperture of 0.8. We again extract a total of 9 single pixel spectra (3x3) and
their average, as illustrated in Figure 3B. Inspection of the absorption spectra of the
single bead reveals that the absorption signals of the red chromophores with excitation
maxima at 660 and 560 nm are convolved; only a single broad absorption peak is
observable in the 525-750 nm spectral region. The blue chromophore however exhibits a
single absorption maximum a ~488 nm. A horizontal absorption profile taken towards the
center of the fluorescent bead at the absorption maximum is shown in Figure 3C. A
Gaussian fit to the recorded intensity profile indicates a full width at half maximum of
370 £ 10 nm, which again (i) is consistent with the theoretical value of (0.61x488) /0.8 =
372 nm, and (ii) ensures that the recorded spectra are that of a single bead. We repeat the
above-described single particle analysis to extract the spatially averaged single particle
spectra (1-17 in Figure 1), which are shown in Figure 3D along with the average
absorption from all particles. These results are consistent with the HF measurements and
observables therein; slight variations in the optical properties of the various particles are
evident, but the overall spectra are similar. These measurements further suggest that

fluorescent molecular ensembles can be identified and imaged by relying on their optical
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(electronic) absorption in a HA microscopy scheme. In an ensuing section of this work,
we will take advantage of the latter-mentioned feature to identify and image native
fluorophores within a single live cell.

Hyperspectral Dark Field (HDF) Optical Microscopy. Our recent report of HDF
optical microscopy [39] targeted prototypical silver nanospheres (100 nm diameter)
dispersed on a glass microscope slide. The attainable signal-to-noise in the recorded
spectral images allowed us to examine and image one plasmonic silver nanoparticle at a
time [39]. Analysis of the scattering spectra of 31 different nanoparticles revealed marked
differences between the optical properties of the nanospheres, including their (i) relative
scattering efficiencies, (ii) surface plasmon resonance maxima, and (iii) derived peak
widths. While (iii) is directly related to the dephasing of the coherent electron oscillations
[41], (i) and (ii) are associated with nanometric imperfections in the structures of the
plasmonic particles [39,42,43]. The latter is exemplified in the measurements shown in
Figure S2 of the supporting information section and Figure 4, whereby 100 nm plasmonic
silver nanoparticles deposited either on a glass or a corrugated (~5 nm rms surface
roughness) silver thin film are interrogated by HDF microscopy. The results shown in
Figure 2S are similar to those of our previous report [39], to which the reader is referred
for a more detailed analysis. Figure 4 however shows that although the averaged
plasmonic response (thick solid red line) of the nanoparticles on the metal thin film
strongly resembles its analogue that was recorded on the glass substrate (thick solid red
line in Figure 2S), the individual particle spectra comprising the former construct exhibit
dramatic spectral variations. These include well-defined resonances in the 500-675 nm

spectral region, a few of which are highlighted using red arrows in Figure 4B, and
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attributed to hybrid nanoparticle-corrugated metal film plasmonic resonances. These
localized surface plasmon resonances are governed by the varying local topology of the
corrugated metal film with which each particle is interacting. Interestingly, the averaged
optical response masks the heterogeneity of the scattering spectra of the individual
particles, which in effect broadcast interactions taking place over length scales much
finer than the spatial resolution attainable using the all-optical technique described herein
[39,42,43]. In a similar experiment, we correlate helium ion images of an Ag-coated
atomic force microscopy tip with HDF micrographs of the same tip, see Figure 5. Similar
tips are often used in tip-enhanced Raman spectroscopy (TERS)-based nanoscale
chemical imaging and analysis [34]. Herein, we illustrate that HDF optical microscopy
can be used as a routine tool to measure the characteristic plasmon resonances of such
metallic probes. A hyperspectral image slice at the plasmon resonance maximum (417
nm) of the tip (Figures 5B) and subsequent spectral slices (Figures 5C and 5D) allow us
both to locate the apex of the tip in 3D space and to measure its characteristic resonance.
This all-experimental analysis is particularly valuable for TERS practitioners, as most of
the existing knowledge of the plasmonic response of the probes is based on numerical
simulations that assume idealized tip shapes. In practice nanometric corrugations that are
sustained on TERS probes (evident in Figure 5A) are expected to affect the properties of
the tip, and hence, the recorded enhanced Raman spectra and images. Our approach in
invaluable in this regard.

Spatially-Oversampled Absorption Spectroscopy of Continuous Samples. Besides
single particle combined spatial-spectral analysis, our approach can also be used to record

ultrasensitive optical spectra of continuous samples. This may be readily achieved by
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averaging the optical spectra recorded at different spatial positions, essentially yielding a
spatially oversampled optical response of a sample of interest. To illustrate the principle,
we recorded the transmitted light optical absorption hyperspectral image of a lipid (18:1
Liss Rhod PE) monolayer on a glass coverslip. Spatial averaging over 3120 single pixel
spectra (520 pixels/linesx6 lines) yields the absorption spectrum shown in Figure 6.
Several observations are noteworthy. First and foremost, spatial averaging increases the
signal to noise ratio and allows us, in this example, to reliably resolve optical densities on
the order of ~1x107 in the 450-650 nm spectral region. Notably, we only average < 10%
of the pixels which comprise the recorded spectral image to obtain the demonstrated level
of sensitivity; the smallest measureable signal using this approach is yet to be determined.
Second, the monolayer absorption spectrum exhibits several differences when compared
to a standard visible absorption spectrum recorded from a dilute lipid/CHCI; solution. For
instance, a 21 nm red-shifted absorption maximum is observed when the lipid spectrum is
compared to its solution-phase analogue (580 vs 559 nm). As the dielectric constants of
the solvent (4.81) and the coverslip (~5) are comparable, the observed red-shift is
indicative of strong intermolecular interactions in the lipid monolayer. In the same vein,
the lowest energy excited vibronic bands observable in both the lipid (544 nm) and
solution (525 nm) spectra are suggestive of modified topologies in the Franck-Condon
regions of the excited electronic states in the two cases. Namely, the derived excited
vibronic state frequencies are 1159 and 1141 cm™ in the solvated species and molecular
film, respectively; the potentials of the optically accessible excited vibronic states are

stiffened in the latter. Further insights into the exact intermolecular interactions that lead
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to the aforementioned differences in the two cases would require further experimental
and theoretical investigations that stem beyond the scope of this work.

Single Cell Imaging via HA Microscopy. That fluorescent molecular ensembles can be
addressed through their ground to excited electronic state transitions in a HA microscopy
scheme is advantageous from a biological imaging perspective [24]. To illustrate the
concept, we recorded HA micrographs of a single live Tisochrysis lutea cell, see Figures
7 and 8. Recent efforts aimed at exploring high lipid accumulating strains of oleaginous
algae identify Tisochrysis lutea as a candidate for maximizing neutral lipid content for
biofuel feedstocks [44,45,46]. To explore some of the information content of the recorded
HA micrographs of Tisochrysis lutea, we rely on three key pioneering works [47,48,49].
The first report explored algal pigments, and reported the in vivo specific absorption
coefficients of chlorophylls and carotenoids [47]. The authors found that whereas
chlorophylls A, B, and C as well as carotenoids all absorb in the 400-500 nm spectral
region, only carotenoids are responsible for optical absorption in the 500-550 nm range
[47]. The second report [48] reveals that under the growth conditions used in our present
work, the optical signatures of chlorophyll A and carotenoids are expected to dominate
the spectral images. Namely, the chlorophyll C content in Tisochrysis lutea cells is
expected to be minimal under phototropic growth conditions [48]. In the third work,
transmission electron micrographs of closely related systems, including Tisochrysis lutea
sp. nov., were recorded [49]. Of the various subcellular compartments that were
identified and visualized [49], the plastid was found to be crescent-shaped and traces the

outer cell membrane of a nearly spherical cell of 4-6 um in diameter.
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Figure 7A shows the 518 nm absorption image of a live Tisochrysis lutea cell
immobilized on a poly-lysine coated microscope slide. As carotenoids are the primary
absorbing pigments at this wavelength [47], regions of high absorption (red) correspond
to regions of the cell to which carotenoids are localized. Not surprisingly, the carotenoid
absorption map essentially traces the plastid [49]. A comparison of two single pixel
spectra taken at (i) the plastid, and (ii) towards the center of the cell further illustrate the
distinct optical signatures in different regions of the cell, see Figure 7B. Namely, whereas
the spectrum recorded at (i) is dominated by the optical response of carotenoids [47],
spectrum at (ii) is essentially a convolved response from the various algal pigments. The
latter effect is even more evident in the global analysis of the HA micrograph of the
imaged cell, see Figure 8. The 503 nm absorption image of the same cell is shown Figure
8A, and absorption profiles tracing the indicated horizontal and vertical profiles (dashed
lines) at the same wavelength are shown in Figure 8B. Besides the plastid, other
subcellular components, the rigorous unambiguous assignments of which would require
further works, are observable in the 503 nm image, see Figure 8A. The full spectral
response at each of the individual pixels tracing the horizontal and vertical profiles
highlighted in Figure 8A can be visualized in the 2D contour profiles shown in Figures
8C and 8E. We also compare selected single pixel spectra at the positions marked by
dashed horizontal lines in Figures 8C and 8E in Figures 8D and 8F, respectively. These
spectra reveal that although the blue region of the spectrum is broad and congested, as
several pigments absorb in the 400-500 nm range [47], the well-defined chlorophyll A
red absorption maximum at ~675 nm can be used to image the spatial distribution of this

pigment intracellularly. The 675 nm absorption image (not shown) is similar to the image
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shown in Figure 7A, and reveals that much like the carotenoids, chlorophyll A molecules
are chiefly localized at the plastid. Overall, our above-described preliminary single cell
HA wide-field imaging measurements are encouraging. Namely, our observables are
similar to previously described HF single cell point scanning confocal imaging
measurements of other algal cells [21], but insights herein are gained using optical
absorption contrast in spectral imaging experiments. As such, the above results pave the
way for identifying and imaging non-fluorescent macromolecules and small molecules
including, e.g., hemoglobin and cytochromes which efficiently absorb visible light but do
not efficiently fluoresce as a result of ultrafast non-radiative decay pathways in such (and
structurally related) systems. It is important to concede that a single cell in a controlled
medium is very different from a real life biological sample where scattering media
typically obfuscate the recorded extinction-based spectral images. That said, using a
single optical microscope that is capable of both scattering and absorption measurements
would allow us to distinguish between the total extinction (in absorption mode) from the
pure scattering (in dark field mode) response. The aforementioned demonstrations
suggest that the current incarnation of the hyperspectral imager used in this study can be
adopted to accomplish the latter.
CONCLUSIONS AND OUTLOOK

This work describes spectrally and spatially resolved fluorescence, dark field, and
optical absorption microscopy measurements targeting several model systems, including
(1) single fluorescent nanospheres, (ii) single plasmonic nanoparticles residing in varying
local environments, (iii) a plasmonic atomic force microscopy tip, (iv) a lipid (18:1 Liss

Rhod PE) monolayer, and (v) an isolated live Tisochrysis lutea cell. Although elegant
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demonstrations of hyperspectral fluorescence [16-22] and dark field [35-39] microscopy
have been previously reported, hyperspectral optical absorption microscopy experiments
are scarce, particularly in the realm of biological imaging. We concede the limitations of
the approach described in this work. First, the limited signal-to-noise ratio of the CCD
camera used in our measurements limits the range of target systems that can be addressed
using the various imaging contrasts demonstrated herein. In this regard, our team is
currently working on interfacing the hyperspectral imager with a more
sensitive/spectroscopic grade CCD camera. This is particularly needed for fluorescence
and nonlinear optical micro-spectroscopy measurements. Second, achieving multimodal
(fluorescence, absorption, dark field, nonlinear) hyperspectral optical microscopy from
the sample would require a microscope that simultaneously supports all of the
aforementioned imaging modalities. A home built optical microscope that achieves the
latter is currently under construction in our laboratory.

AUTHOR INFORMATION

“patrick.elkhoury@pnnl.gov

Pacific Northwest National Laboratory

902 Batelle Boulevard

P. O. Box 999, MSIN K8-88

Richland, WA 99354, USA

Tel: 509-371-6048

Fax: 509-371-6145

COMPETING FINANCIAL INTERESTS

The authors declare no competing financial interests.

ACKNOWLEDGMENTS

PZE acknowledges support from the Laboratory Directed Research and Development

Program at Pacific Northwest National Laboratory (PNNL). A.B. was supported by the

17



Department of Energy’s (DOE) Office of Biological and Environmental Research (BER)
Bioimaging Technology project #69212. YG and WPH are supported by the US
Department of Energy (DOE), Office of Science, Office of Basic Energy Sciences,
Division of Chemical Sciences, Geosciences & Biosciences. IVN, CRS and JEE were
supported by DOE-BER Mesoscale to Molecules Bioimaging Project #66382. This work
was performed in EMSL, a national scientific user facility sponsored by DOE’s Office of
Biological and Environmental Research and located at PNNL. PNNL is operated by
Battelle Memorial Institute for the United States Department of Energy under DOE

contract number DE-ACO05-76RL1830.

18



FIGURES

+ 532/580

§ 1
i

Figure 1. Wide field fluorescence images of a sparse distribution of 200 nm tetraspeck
beads on glass at 518 (panel A), 580 (panel B), and 680 (panel C) nm, recorded following
473 (panel A), 532 (panel B), and 660 (panel C) nm continuous wave laser excitation (~1
mW/um?), respectively. Note that the images shown in all three panels were taken from a
stack of 128 images forming a hyperspectral image cube; the wavelengths chosen for
visualization correspond to the fluorescence maxima of three different chromophores
selectively excited using our three different laser excitation wavelengths. The field of
view in all three panels is 44x10.5 pm® The rainbow color scheme used throughout this
figure is set such that blue and red correspond to 0 and 200 counts per 500 ms,

respectively. The enumerated particles are further analyzed in subsequent figures.
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Figure 2. Panel A-C illustrate spatially averaged (3%3 pixel area, thick red line) and
individual pixel (thin lines) fluorescence spectra in the regions of interest highlighted
using black squares in the inset. Background (thick black line) spectra recorded at a
nearby region of the flat glass substrate are shown on the same plots. The images shown
in the insets track a single particle (7 in Figure 1) at the designated excitation/emission
wavelengths (nm), and the scale bar therein indicates 336 nm. Panel D shows a
fluorescence intensity profile taken from the center of the isolated tetraspeck bead
(dashed line in panel B). A Gaussian fit (full width at half maximum = 280 + 8 nm) of the

experimental trace is shown in the same panel.
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Figure 3. Panel A shows a 488 nm absorption image of the same particle analyzed in
Figure 2. The black square highlights a region of interest from which single pixel (thin
lines in panel B) and spatially averaged (3x%3 pixel area, thick red line in panel C)
absorption spectra are taken. A horizontal 488 nm absorption profile is taken towards the
center of the image shown, and plotted in panel C, along with its best Gaussian fit (full
width at half maximum = 370 = 14 nm). Spatially averaged (3x3 pixel area) absorption
spectra of the 17 tetraspeck beads highlighted in Figure 1 (thin lines) along with the
average absorption spectrum of all 17 particles (thick red line) are shown in panel D. The

scale bar in the inset of panel A indicates 252 nm.

22



4000 +

w

o

o

o
1

2000 -

Intensity (arb. units)

=

o

o

o
I

400 450 500 550 600 650

Wavelength (nm)
Figure 4. Panel A shows the 498 nm dark field optical image of a sparse distribution of
silver nanoparticles of ~100 nm in diameter on a sputtered thin silver film (rms height
distribution of ~5 nm). The field of view in this image is 14x31 um? The dark field
scattering spectra of the 20 particles highlighted in panel A are spatially averaged (3x3
pixel area) and shown on the same plot in panel B (thin lines and symbols). Also shown
in panel B is the average scattering (thick red line) from all 20 particles considered in this

analysis.
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Figure 5. Panel A shows a helium ion image of an AFM tip sputtered with Ag. A
hyperspectral dark field image slice (417 nm image) of the same tip is shown in panel B.
The dashed vertical line in panel B traces the spatial positions at which the spectral
changes are monitored in the 2D contour plot shown panel C. Similarly, the horizontal
dashed line in panel C traces the spectral response at the apex of the tip, and it is shown

in panel D.
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Figure 6. The visible absorption spectrum of an 18:1 Liss Rhod PE monolayer is

compared to the bulk absorption spectrum of the same species in CHCIs. Note that the

solution spectrum was normalized (1/41X) to fit to scale.
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Figure 7. A 518nm absorption image of a live Tisochrysis lutea cell residing between a
poly-lysine coated microscope slide and a 0.17 mm glass cover slip is shown in panel A.
The field of view in this panel is 6.4x6.9 um?. Single pixel absorption spectra taken at the

positions highlighted in panel A are compared on the same plot in panel B.
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Figure 8. Panel A shows an absorption image of a single Tisochrysis lutea cell between a
poly-lysine coated microscope slide and a 0.17 mm glass cover slip. The field of view in
this panel is 10x7 pm?, and be readily gauged by inspecting panel B, where horizontal
and vertical absorption profiles (dashed lines in panel A) at 503 nm are plotted. Panels C
and E show the spatial variation in absorption along the vertical and horizontal directions

(dashed lines in panel A), respectively. Select single pixel spectra taken from panels C
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and E (spectral cuts highlighted using white dashed lines) are shown in panels D and F,

respectively.
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