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1 Introduction

Abstract. Angularly resolved light scattering and wavelength-resolved
darkfield scattering spectroscopy measurements were performed on
intact, control EMT6 cells and cells stained with high-extinction
lysosomal- or mitochondrial-localizing dyes. In the presence of the
lysosomal-localizing dye NPe6, we observe changes in the details of
light scattering from stained and unstained cells, which have both
wavelength- and angular-dependent features. Analysis of measure-
ments performed at several wavelengths reveals a reduced scattering
cross section near the absorption maximum of the lysosomal-
localizing dye. When identical measurements are made with cells
loaded with a similar mitochondrial-localizing dye, HPPH, we find no
evidence that staining mitochondria had any effect on the light scat-
tering. Changes in the scattering properties of candidate populations
of organelles induced by the addition of an absorber are modeled
with Mie theory, and we find that any absorber-induced scattering
response is very sensitive to the inherent refractive index of the or-
ganelle population. Our measurements and modeling are consistent
with EMT6-cell-mitochondria having refractive indices close to those
reported in the literature for organelles, approximately 1.4. The reduc-
tion in scattering cross section induced by NPe6 constrains the refrac-
tive index of lysosomes to be significantly higher. We estimate the
refractive index of lysosomes in EMT6 cells to be approximately
1.6. © 2007 Society of Photo-Optical Instrumentation Engineers. [DOI: 10.1117/1.2437765]
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Light scattering, in principle, has the ability to report both
organelle sizes and relative changes in organelle sizes that are

There is an increasing body of work in the literature on the
subject of light scattering from intact cultured cells and in
tissues to quantify subcellular morphology. These reports ini-
tially focused on wavelength-resolved or angularly resolved
backscattering measurements from tissues, where nuclear
sizes could be extracted.'™ In cultured cells, where scattering
measurements are free from the diffusive background present
in tissues, there have been a variety of reports demonstrating
that light scattering is sensitive to smaller organelles, and par-
ticularly to mitochondrial morphology changes induced by a
variety of stresses. Boustany et al. used an optical scatter im-
aging microscope to observe mitochondrial swelling from in-
tact cells in response to calcium insult* as well as from cells
undergoing apoptosis by staurosporine exposure.” Schuele et
al.’ were able to observe heat-induced mitochondrial mor-
phology changes using wavelength-resolved backscattering
measurements in cultured cells. Our own studies revealed that
angularly resolved light scattering could be wused to
monitor oxidative-stress-induced changes in mitochondrial
morphology.7
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below the diffraction limit of an optical microscope. This was
demonstrated by Fang et al.,* who used wavelength-resolved
backscattering measurements with 450 to 750-nm light to size
polystyrene microspheres as small as 175 nm with 20-nm ac-
curacy. The authors were also able to size zymogen granules,
extracted from cells, with length scales as small as 150 nm
and confirm their results with electron microscopy.

While light scattering from cells has been modeled using
more complicated methods,“’9 most researchers have used
various Mie-theory-based models to extract morphological in-
formation from their measurements. Mie theory, or the exact
solution to scattering of an infinite plane wave by a homoge-
neous sphere, incorporates the parameters of particle size, par-
ticle refractive index, wavelength of light, and the refractive
index of the surrounding medium. It has been shown that for
organelle sizes smaller than nuclei and for refractive indices
of organelles in cytoplasm reported in the literature,'"" the
shape of both angularly resolved'” and wavelength-resolved
light scattelring8 distributions from a single particle depends
strongly on particle size and weakly on the refractive index.
The relative refractive index of the particle primarily affects
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the total scattering cross section. Because of this, in many
studies it has been assumed in their respective inversion algo-
rithms that all organelles have the same refractive index.

When measurements are made from an ensemble of par-
ticles, such as organelles within intact cells, it has been shown
that the observable signal is governed by the product of the
number density of particles of a particular size and their scat-
tering cross sections."” In an angularly resolved measurement,
we showed that we were sampling a phase function P(6),
which when measured from a collection of particles that
obeyed a size distribution p(r), was written

f a(r)p(r)P(r,0) dr
Plotal(‘g) = > (1)
f o(r)p(r) dr

where o(r) is the scattering cross section. There is an analo-
gous expression for a wavelength-resolved measurement. Be-
cause each particle’s scattering cross section is dependent on
its index of refraction, it is clear from Eq. (1) that a rigorous
model of light scattering from cells must have a priori knowl-
edge of the indices of refraction for different organelle popu-
lations that may blend together in size.

In this paper, we report results of light scattering measure-
ments from cells stained with high extinction lysosomal- and
mitochondrial-localizing dyes. We both model and exploit ex-
perimentally the effects of adding absorbing dyes to or-
ganelles, with specific emphasis on the dependence of
absorber-induced scattering changes on the inherent refractive
index of organelles. Using these measurements and models,
we provide strong evidence that there is a significant differ-
ence in the refractive index of mitochondria and lysosomes in
EMT6 cells.

2 Materials and Methods
2.1 Organelle-Localizing Dyes

To stain lysosomes, we used N-aspartyl chlorine e6 (NPe6)
(Light Sciences Corporation, Snoqualmie, Washington). NPe6
has been shown to strongly localize to lysosomes.14 Beyond
this affinity to lysosomes, NPe6 has a high molar extinction,
with a maximum of 26,000 M~! cm™! at 642 nm in saline or
45,600 M~ cm™! at 666 nm when bound to bovine serum
albumin.

As a mitochondrial stain with similar selectivity and ex-
tinction to NPe6, we chose the dye 2-(1-hexyloxyethyl)-2-
devinyl pyropheophorbide-a (HPPH), which was prepared
from pyropheophorbide-a according to the method of Pandey
et al."” This dye has been shown to localize strongly to
mitochondria'® and has a molar extinction of
47,500 M~! cm™! at 665 nm. Representative fluorescence ex-
citation and emission spectra for NPe6 and HPPH in EMT6
cells are shown in Fig. 1.

To verify that these experiments could be repeated with
other organelle-localizing dyes, we used MitoTracker Deep
Red 633 (Molecular Probes, Eugene, Oregon) with an extinc-
tion of 194,000 M~! cm™! at 640 nm and LysoTracker Green
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Fig. 1 Fluorescence excitation and emission spectra for EMT6 cells
loaded with NPe6 (upper panel) or HPPH (lower panel). For NPe6,
emission spectra were excited at 400 nm, and excitation spectra were
acquired monitoring emission at 720 nm. For HPPH, emission spectra
were excited at 425 nm, and excitation spectra were acquired moni-
toring emission at 725 nm.

(Molecular Probes, Eugene, Oregon) with an extinction of
78,000 M~! cm™! at 505 nm to stain mitochondria and lyso-
somes, respectively.

2.2 Cell Culture and Staining

For angularly resolved light scattering and fluorescence exci-
tation measurements, EMT6 mouse mammary sarcoma cells
were maintained in monolayer in Eagle’s basal medium with
10% fetal bovine serum (complete media) at 37°C and 5%
CO,. When the cells reached 60 to 70% confluence, the media
was removed, and cells were loaded with the appropriate dye.
For NPe6 and HPPH loading, cells were incubated overnight
in complete media at concentrations of 50 ug/ml and
0.5 uM, respectively. For MitoTracker Deep Red and
LysoTracker Green loading, cells were incubated at 250 nM
for 45 min and 75 nM for 2 h, respectively. The cells were
then washed twice with Hanks’ balanced salt solution
(HBSS), lifted from the plate with 0.25% trypsin, and then
suspended in at least 1 part complete media per part trypsin.
They were then centrifuged and resuspended in HBSS at a
concentration of approximately 5 X 10° cells/ml.

For darkfield scattering spectroscopy measurements,
EMT6 cells were grown on 25-mm-round No. 1 thickness
coverslips in complete media. They were then incubated for
24 h in 50 pug/ml NPe6 in complete media in the dark. Prior
to a measurement, the cells were washed twice in HBSS.

2.3 Fluorescence Spectroscopy

Fluorescence measurements of cells stained with either NPe6
or HPPH as already described were made using a Varian
Eclipse (Palo Alto, California) fluorometer. Approximately
10° cells suspended in 400 ul of HBSS were pipetted into a
1-cm-path-length cuvette. For NPe6, excitation scans were
taken monitoring fluorescence emission at 720 nm, and emis-
sion spectra were taken with an excitation wavelength of
400 nm. For HPPH, excitation scans were taken monitoring
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Fig. 2 Schematic of our goniometer for angularly resolved light scat-
tering measurements. A sample (S) is placed above a rotary stage (RS).
Light from a HeNe (633-nm), argon (488-nm), or diode (658-nm)
laser is directed through the sample. The argon or diode lasers are
coupled into a single mode (SM) fiber and then recollimated using a
pair of objectives (Obj). Scattered light is collected through an aper-
ture (A) into a multimode (MM) fiber and measured by a photodiode
(PD).

fluorescence emission at 725 nm, and emission spectra were
taken with an excitation wavelength of 425 nm.

2.4 Angularly Resolved Light Scattering
Measurements

Our goniometer measurements have been reported
previously.7’13 A scattering sample in aqueous suspension is
placed in a cylindrical cuvette, which is positioned above the
center of a rotary stage, and light from a laser is directed
through the cuvette. In these experiments, we used 20 mW of
633 nm light from a HeNe laser, 20 mW of 488 nm light
from an argon laser, or 5 mW of 658 nm light from a diode
laser. Both the diode laser and the argon laser are coupled into
a single-mode optical fiber and then recollimated using a
20X microscope objective with a numerical aperture (NA) of
0.4, while the collimated beam from the HeNe is sent directly
to the cuvette. In all of our measurements, the laser light is
linearly polarized perpendicular to the surface of the rotary
stage. Light scattered from the sample is passed through a
pinhole mounted midway to the edge of the rotary stage and
collected by an optical fiber that is mounted at the edge. Light
exiting the fiber is measured by a photodiode (New Focus
model 2001, San Jose, California). A PC-controlled stepper
motor rotates the stage, and the angular position is read out
from an optical encoder. The stage position and photodiode
voltage are simultaneously recorded every 2.5 deg. The data
acquisition is automated and controlled by a lab-built program
written in LabView (National Instruments, Austin, Texas). A
schematic of our setup is shown in Fig. 2.

For each measurement, a background is taken with only
HBSS in the cuvette. Cells are then added to a concentration
of 10° cells/ml, and the measurements are taken over the
angular range 5 to 90 deg. The background is subtracted from
the data, and a factor of sin(#) is multiplied to the data to
correct for the intersection volume of the laser beam and the
detector field of view."’
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Fig. 3 Schematic of our darkfield spectroscopy setup. This experiment
is built around a standard inverted microscope fit with a darkfield
condenser. The oil-immersion darkfield condenser forms a hollow
light cone that misses the objective. Light scattered from the cell
monolayer is collected by the objective. This light is transmitted
through the internal microscope optics to the camera port, where it is
collected by an optical fiber via a lens mounted inside a lens tube.
The scattered light is then spectrally resolved and detected by a
spectrometer.
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2.5 Darkfield Scattering Spectroscopy Measurements

Darkfield scattering spectroscopy measurements are made us-
ing a method similar to that described by Curry et al."® We use
a Nikon Diaphot inverted microscope with its oil-immersion
darkfield condenser (NA=1.43 to 1.2) and a 20X, NA=0.75,
objective. The light source is the 50-W filament lamp nor-
mally used for brightfield. At the 35-mm camera port, a 1-in.-
diam. lens tube is mounted via a Nikon bayonet-to-C-mount
adapter (B&H Photo Video #GBCMN, New York). Light scat-
tered into the objective is collected by a planoconvex
lens (f=50.0 mm) mounted in the end of the lens tube proxi-
mal to the microscope. This light is then coupled into a
200-um-core, 0.22-NA multimode fiber mounted at the focus
of the lens. The output of the optical fiber is spectrally re-
solved with a resolution of 3 nm and digitized at 16 bits by a
spectrometer (BWtek BTL111-OEM, Newark, Delaware).
Figure 3 shows a schematic of this setup.

To measure darkfield spectra of cells grown on coverslips,
the 25-mm-round coverslip is placed cell-side down on a sec-
ond 43- X 50-mm square No. 1 thickness coverslip to form a
slide. Approximately 10 ul of HBSS is placed between these
two coverslips. The slide is then placed on the stage, as shown
in Fig. 3, and brought into focus under darkfield using the
eyepiece. A spectrum of the field is then taken with integra-
tion times of 3 to 5 s.

The darkfield spectra were corrected for dark counts and
the system spectral throughput. For each measurement, a dark
spectrum was acquired and subtracted from the data. The
spectral throughput of the system was measured by removing
the darkfield condenser, which is reflective and should have
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minimal chromatic aberrations, and placing the TiO, diffus-
ing plate described by Hull and Foster'” at the focus of the
objective. As a second method of measuring the throughput,
we created a slide as already described above with a paste of
the scattering standard MgO (Ref. 20) in water, and recorded
a spectrum with the darkfield condenser in place. This second
method gave us an identical correction spectrum.

The darkfield spectrum is a wavelength-resolved measure-
ment of light scattered from the sample and into the objective.
As already stated, the NA range of the oil-immersion darkfield
condenser is 1.43 to 1.2, which corresponds to an effective
“air NA” of 0.94 to 0.8, and the objective has an NA of 0.75.
These NAs are such that the smallest angle into which light
could be scattered from the sample and into the objective is
3.8 deg, and the largest angle is 116.2 deg. Thus we can
model our darkfield scattering spectrum, I(\), as

116.2 deg
IN)=A J Pioai(0,N) sin (6) d, (2)
6=3.8 deg

where A is a constant, and P, is as written in Eq. (1). The
signal as written in Eq. (2) is similar to an integration of our
angularly resolved measurements already described.

2.6 Mie Theory Fitting to Angularly Resolved Light
Scattering Data

A Mie theory model was fit to angularly resolved light scat-
tering data by methods similar to those reported previously.”"
We assumed that our bulk light scattering signal was a sum of
uncorrelated scattering from homogeneous spheres character-
ized by their radius r and a refractive index of 1.4 surrounded
by medium of refractive index of 1.38 to approximate or-
ganelles in cyotsol.'™!" We further assumed that these spheres
obeyed a particle size distribution p that was a weighted sum
of log normal distributions €,(r) as

p() =3 al,(r). 3

Based on our previous results,13 we used a bimodal distribu-
tion in p to model whole-cell scattering from those cells not
subjected to NPe6. We used Mie theory to calculate the angu-
lar scattering distribution, S(,r), which in the language of
Eq. (1) is written

S(r,0) = a(r)P(r,0), (4)

for individual particles, and from these distributions we cal-
culated test functions 7(6) such that

T(6) =j o(r)p(r)P(r,0) dr. (5)

These T(6) are functions of six parameters, which are the
means fj, widths (standard deviations) wj, and relative am-
plitudes a; for two populations. These parameters were ad-
justed by an iterative, nonlinear fit to minimize the function
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e=3, Lo leh ©)

n

where D,, represents the nth data point, 7, is the correspond-
ing value of the test function, and v, is the corresponding
variance.

To model changes in angularly resolved light scattering
observed in the presence of NPe6, we fit an absorbing sphere
model to our scattering data. Based on calculations presented
in Sec. 3, we adopted a simplified absorbing sphere model in
which the addition of absorption reduced the scattering cross
section of an organelle population and had no effect on that
population’s angular distribution of scattered light. We fit this
to the control cell and NPe6-stained cell data simultaneously,
letting p(r) be a trimodal version of Eq. (3) and forcing the
particle size distribution to be the same for the two cell popu-
lations. We then built test functions for the two data sets in-
dependently as

T:omrol(a) — f o(r)P(r,0) X [a1€1 +at,+ a3€3:| dr,

TNPO(9) = Ccellf a(r)P(r,0) X [a;€, + ayly + Cyazt;] dr,

(7)

which are identical except for the constants C,, which is a
model for the ratio of the scattering cross section of the
stained population to its corresponding unstained population;
and C,., which is an additional constant to account for any
errors in the counting of the cell densities during the measure-
ments.

The two test functions are cumulatively governed by 11
input parameters, namely the means wu;, widths w;, and rela-
tive amplitudes a; of the three populations and the additional

J
two constants Cq and C,. We then minimized the function

) E (]—tl:;ontrol _ D;ontml)z (TIr\IPe6 _ DE,\IPG())Z o
X = n Uconrol r UNP56 ’ ( )

n r

where T°s, D’s, and v’s are as in Eq. (6) but for the control or
NPe6-stained case.

3 Results
3.1 Angularly Resolved Scattering in the Presence
of NPe6

Informed by the excitation spectrum of NPe6 shown in Fig. 1,
we investigated light scattering from cells loaded
with this dye versus scattering from cells that were unstained
using three different laser lines—488, 633, and
658 nm—representing wavelengths of low, medium, and high
NPe6 absorption, respectively. As shown in the top panel of
Fig. 4, the angular distributions of scattered light for both
NPe6-loaded and control cells at 488 nm are nearly indistin-
guishable. When these scattering data were fit by a Mie theory
model, as described by Egs. (5) and (6), the fitting algorithm
returned virtually identical parameters for the two cases that
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Fig. 4 Representative angularly resolved light scattering data for cells
loaded with NPe6 (circles) and control cells (squares) at (A) 488, (B)
633, and (C) 658 nm. At 488 nm, the two curves are indistinguish-
able. At 633 nm, the two curves are virtually identical in the forward-
and side-scattering regions, but there is a reduction in scattering in the
range 15 to 30 deg in the NPe6-loaded cells. At 658 nm, there is an
angularly dependent scattering change similar to that at 633 nm, but
with a slightly larger angular range and with a larger magnitude near
30 deg.

were consistent with studies presented in Wilson and Foster,13
providing evidence that NPe6 staining does not change over-
all cell or organelle morphology.

As shown in the middle panel of Fig. 4, there are differ-
ences in the angularly-resolved light scattering at 633 nm be-
tween control cells and cells stained with NPe6. The two scat-
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Fig. 5 Representative darkfield spectra for NPe6-loaded (gray) and
control (black) cells. These curves were normalized to 1 at 480 nm.
The feature near 680 nm is fluorescence emission from NPe6.

tering spectra are very similar for scattering angles less than
15 deg and for angles greater than 60 deg, while the scatter-
ing changes are most pronounced near 30 deg. The statistical
significance of this change was assessed by a y? test between
the control and Npe6-loaded data sets as described by
Bevington and Robinson.”’ We found a p<0.001 that the
differences in these data sets were due to statistical fluctua-
tions. This scattering change is dramatically inconsistent with
the mitochondrial-type perturbations reported previously by
Wilson et al.,” where the scattering changes associated with
mitochondrial swelling manifested themselves in the first
20 deg. Within a Mie theory model, changes at these larger
angles are consistent with scattering from particles smaller
than mitochondria.

The scattering comparison was made at a third wavelength,
658 nm, chosen to be near NPe6’s absorption maximum.
These data are displayed in the lower panel of Fig. 4. At this
wavelength, we see a scattering change that is similar to that
observed using 633 nm, but with a slightly greater magnitude,
both in the angular range and maximum relative intensity,
again providing evidence for a chromatic effect.

3.2 Darkfield Spectroscopy

Using darkfield spectroscopy we were able to further establish
the relationship between scattering changes and NPe6 absorp-
tion. As stated in Eq. (2), a darkfield spectrum is derived from
wavelength-resolved measurements of scattering integrated
over a range of angles defined by the NAs of the illumination
and detection optics. Darkfield scattering spectra were ac-
quired for cells grown on coverslips with and without incuba-
tion with 50 ug/ml NPe6. Representative spectra are shown
in Fig. 5. These two spectra are identical from approximately
480 to 560 nm. Beyond 580 nm, control cells scatter notice-
ably more light than cells loaded with NPe6. At wavelengths
corresponding to the laser lines used in the angularly resolved
study, the darkfield spectra reveal that control cells scatter the
same amount of light into the objective at 488 nm, roughly
4% more light at 633 nm, and 6% more light at 658 nm. The
feature near 670 nm that appears in the scattering spectrum of
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Fig. 6 Mie theory calculations of the mean scattering cross section at
633 nm (o, versus the imaginary part of the refractive index for a
candidate population of lysosomes that obey a log-normal size distri-
bution with mean and standard deviation of 0.7 and 0.3 um, respec-
tively. The various curves represent populations with differing real
parts of their refractive index. The horizontal axis was plotted on both
a (A) linear and a (B) logarithmic scale. For particles with a high real
part of the refractive index, the scattering cross section drops quickly
with absorption for n; less than 0.1 as demonstrated in (A). For smaller
real parts of the refractive index, this effect is negligible as shown in

(B).

NPe6-loaded cells is fluorescence emission (see Fig. 1). When
the darkfield spectra displayed in Fig. 5 are compared to the
fluorescence excitation spectrum for NPe6 displayed in Fig. 1,
we see that the magnitude of the scattering change scales with
the absorption coefficient of NPe6.

3.3 Modeling Complex Refractive Index

As observations both in darkfield spectroscopy and angularly
resolved light scattering measurements suggest that light scat-
tering changes were associated with the absorption band of
NPe6 in lysosomes, we used Mie theory to model the effects
of adding a dye with large absorption directly to organelles.
Absorption in a particle is represented by the imaginary part
of the particle’s complex refractive index n as

n=n,+in;. 9)

Figure 6 shows the mean scattering cross section {0, of
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Fig. 7 Mie theory calculations of the angular dependence of light
scattering at 633 nm for candidate populations of lysosomes with a
mean size and standard deviation of 0.7 and 0.3 um, respectively,
and n,=1.6 and n; ranging from 0 to 0.2. The upper panel shows the
differential cross section for the various n;. The lower panel displays
the angularly resolved light scattering distribution of a nonabsorbing
(n;=0) particle, the solid curve from the top panel, divided by that of
a distribution with an n; as shown in the legend. These curves are then
normalized to 1 at 5 deg.

a candidate lysosomal population with a mean diameter of
0.7 um and a standard deviation of 0.3 um at 633 nm. On
the horizontal axis is n; from Eq. (9), and the various curves
represent different values of n, spanning 1.4 to 1.6. As was
observed by Kattawar and Plass,” for particle sizes roughly
the size of the incident wavelength there are regions of this
space where increasing n; can serve to reduce the mean scat-
tering cross section, and this effect is highly dependent on n,.
For n,=1.4, which is near the value that has been reported for
organelles in the literature, '™ there is negligible reduction in
the mean scattering cross section as n; increases, whereas for
higher values such as n,=1.6, the mean cross section can
differ by as much as a factor of 2.

Similar forward calculations were made to determine what,
if any, effects on the angular distribution of scattered light
would occur with the addition of an absorber. The results of
these are displayed in Figs. 7 and 8. We chose to represent
both n,=1.4 and n,=1.6 to bracket the range of refractive
indices shown in Fig. 6. For n,=1.6, we found that for values
of n; less than 0.1, there was very little change in the angular
dependence of scattered light. For larger values of n;, there
was a small shift in the angular distribution such that light
scattered into large angles was as much as 15% higher relative
to the light scattered into the forward direction. This is appar-
ent in the lower panel of Fig. 7. For the case of n,=1.4, which
is close to the reported refractive index of organelles,' we
examined a broad range of n; to look for any change in the
angular distribution of scattered light. As displayed in Fig. 8,
we saw no change in the angular distribution of light scattered
for values of n; less than 0.1. For larger values, there was a
slight shift in the angular distribution, however this cannot be
responsible for our observed scattering changes already de-
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Fig. 8 Plots similar to those shown in Fig. 7 for populations with
n,=1.40.

scribed, as for these values the scattering cross section in-
creases (see Fig. 6).

3.4 Angularly Resolved Scattering in the Presence
of HPPH

The scattering changes induced by the addition of NPe6 raise
the question of whether or not the phenomenon of adding
absorption to mitochondria can also change the light scatter-
ing distribution from whole cells. To this end, angularly re-
solved light scattering measurements were taken for cells
loaded with 0.5-uM HPPH, which was specifically chosen
for its high extinction and its strong localization to mitochon-
dria. Multiple angularly resolved measurements were taken
for control and HPPH-loaded cells at 658 nm, which is near
the absorption maximum of HPPH, as shown in Fig. 1. The
results of these experiments are displayed in Fig. 9. There

g
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Fig. 9 Representative angularly resolved light scattering data for cells
loaded with HPPH (circles) and control cells (squares) at 658 nm.
There are no data points outside the error of the measurement. These
data have been plotted over a smaller angular range to highlight the
regions where we would expect to see any scattering changes due to
mitochondria (0 to 20 deg) or lysosomes (20 to 50 deg).
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were no discernable changes in angularly resolved light scat-
tering between the control and HPPH-loaded cell groups.

3.5 Fits to Angularly Resolved Measurements

A Mie theory model for angularly resolved light scattering at
633 nm was fit to both control and NPe6-stained cells indi-
vidually using the methods outlined in Egs. (5) and (6). When
fit individually, both data sets were compatible with a bimodal
particle size distribution and were found to be incompatible
with a trimodal distribution in particle size using this analysis.
There was, however, a shift toward larger particles being re-
sponsible for the light scattering signal from NPe6-stained
cells, consistent with a lower scattering cross section from
NPe6-stained lysosomes.

Informed by our calculations of scattering from spheres
with a complex refractive index, we fit an absorbing sphere
model to our angularly resolved light scattering data at
633 nm using Egs. (7) and (8). As displayed in Fig. 6, the
addition of absorption can have significant impact on the scat-
tering cross section when the real part of the refractive index
is sufficiently high. Also, there is minimal change in the an-
gular distribution of scattered light for regions of Fig. 6,
where (0, is decreasing with increasing n; (see Fig. 7).
Thus, in our model, the addition of NPe6 simply changes the
scattering cross section o, of each lysosome by a dimension-
less factor C,,.

Using the contrast between the angularly resolved light
scattering measurements for NPe6-stained and the unstained
cells at 633 nm shown in Fig. 4(B), we were able to isolate a
third population made up of lysosomes, €5 from Eq. (7),
whose scattering cross sections changed in response to stain-
ing with NPe6. The parameters for this population obtained
by fitting our model to five different data sets taken on differ-
ent days returned particle size distributions typical of
0.6+0.3 um particles, with the exact values extracted vary-
ing from data set to data set within this range. To bracket the
returned parameters, the smallest particle size distribution had
a mean of 0.4 um with a standard deviation of 0.2 wm, while
the largest had a mean and standard deviation of 0.8 and
0.3 um, respectively. We found that C, varied between 0.7
and 0.2, with a typical value near 0.5. If we define the relative
contribution to the total cross section of the j’th population R;
as

Jajfj(r)o'(r) dr
R = (10)

; :
>, J al,(r)o(r) dr

where the sum is over the three populations, then the contri-
bution of this population was found to be between 10 and
16% of the scattering cross section. This is remarkably con-
sistent with darkfield spectroscopy measurements at 633 nm.
We found experimentally that the darkfield signal was roughly
4% lower for NPe6-stained versus control cells at 633 nm,
and with C,, from Eq. (7) being 0.5, our model for the angu-
larly resolved data predicts that NPe6-stained cells scatter be-
tween 5 and 8% less light than control cells at this wave-
length. Representative absorbing sphere fits to the data are
displayed in Fig. 10. To determine whether the returned fits
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Fig. 10 Angularly resolved light scattering data and absorbing sphere
fit as described in the text. The fit parameters returned a stained popu-
lation of spheres of sizes consistent with lysosomes.

for control and NPe6-stained cells were statistically different,
we calculated the x> goodness of fit parameters21 for the best
fits to the control and NPe6-stained data sets, which are the
thin and thick solid lines in Fig. 10, respectively. We then
asked whether the best fit to the control cell data was a good
fit to the data from NPe6-stained cells and vice versa. In both
of these mismatched cases, x> increased by a factor of 25.

An interesting result of this study is that when this trimo-
dal absorbing sphere model was applied, the organelle popu-
lation €, from Eq. (7), which was responsible for 75 to 85%
of the signal, was virtually identical for each measurement
that was made. This population was characterized by a mean
particle size and standard deviation of 1.3 and 0.6 um, re-
spectively. The mean size extracted by our trimodal model for
this population was slightly larger, 1.3 versus 1.1 um, than
for a similar population reported previously in Wilson and
Foster,"> which was attributed to a combination of mitochon-
dria and lysosomes. This discrepancy is consistent with the
smaller organelles, lysosomes, now being isolated from this
population in the absorbing-sphere trimodal model, and the
size parameters for € here principally representing mitochon-
dria. The final population, €, from Eq. (7), with a contribution
to the total scattering cross section, R, of only 5%, was char-
acterized by particles with a mean size and a standard devia-
tion of 0.2 and 0.05 wm, which is very similar to the popu-
lation previously identified in Wilson et al.” to be made up of
secretory granules or other small subcellular compartments.
The three populations, their mean diameters, and their contri-
butions to the scattering cross sections in whole cells are sum-
marized in Table 1.

3.6 Scattering from Cells Stained with Mito- and
LysoTracker Dyes

NPe6 and HPPH were chosen for their organelle selectivity
and high extinction, as well as for their red absorption bands,
which could be readily sampled by our lasers. To address
whether or not these observations could be repeated using
more common organelle-specific  stains, we chose
LysoTracker Green and MitoTracker Deep Red. We observed
changes in angularly resolved scattering between cells stained
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Table 1 Summary of typical diameters [means + standard deviation
(std. dev.) of three populations of scatterers returned from simulta-
neous fits to angle-resolved scattering from NPe6-loaded and control
cells.

Population Std. Dev.
Number (¢) Organelle Mean (um) (jm) R (%)
1 Mitochondria 1.3 0.6 80
2 Secretory granules 0.2 0.05 5
3 Lysosomes 0.6 0.3 15

The population numbers ¢ are defined in Eq. (7); R is the relative contribution to
the total scattering cross section for each of the populations, as defined by Eq.
(10) in the text.

with LysoTracker Green and control cells at 488 nm that were
consistent with 0.7-um particles when both data sets were fit
simultaneously using Eqs. (7) and (8). There were no scatter-
ing changes in angularly resolved light scattering between
these two cell groups when the measurement was made at
633 nm. When angularly resolved scattering was measured
from cells loaded with MitoTracker Deep Red versus control
cells at 633 nm, no changes were observed (data not shown).

4 Discussion

The data presented in this paper demonstrate a phenomenon
that, to the best of our knowledge, has not been described
before. We found that adding a lysosome-specific, strongly
absorbing dye to EMTG6 cells affects the scattering of light
from these cells. At wavelengths near the absorption maxi-
mum of NPe6, scattering changes manifested themselves both
in an angularly resolved and integrated sense. Using a com-
bination of angularly-resolved scattering measurements at
three different wavelengths (Fig. 4) and a method to obtain a
wavelength-resolved measurement of angle-integrated scatter-
ing (Fig. 5), we were able to show that these effects were
prominent only in regions of significant NPe6 absorption. Be-
cause this phenomenon occurs only at wavelengths where ab-
sorption is high, it cannot be due to an NPe6-induced mor-
phology change.

The forward calculations shown in Fig. 6 are striking in
terms of how differently the average scattering cross section
of these particle populations responds to the addition of an
absorber, depending on the real part of the inherent refractive
index. For organelle refractive indices reported in the litera-
ture, which are near 1.4, increasing the imaginary refractive
index has little effect on the scattering cross sections for mod-
est absorptions. As shown in Fig. 6, for regions of very high
absorption the scattering cross section increases for all values
of n,. The physical interpretation of this is one of a particle
becoming increasingly metallic,” which is an effect that is
likely beyond what could be achieved by staining an or-
ganelle. In addition, for weakly absorbing particles, (o,) in-
creases as the real part of the refractive index increases. As
noted by Fang et al.,® within the Rayleigh-Gans approxima-
tion for nonabsorbing particles, the cross section should be
proportional to (m—1)?, where m is the ratio of the refractive
index of the particle to that of the surrounding medium. In
light of Fig. 4(A), where we see no significant scattering
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changes between the NPe6-labeled and unlabelled cell popu-
lations at 488 nm, we conclude that the addition of NPe6 to
lysosomes has little effect on the real part of their refractive
index.

When the absorbing sphere model for scattering changes,
represented by Eq. (7), was fit simultaneously to the angularly
resolved scattering data obtained from control and NPe6-
labeled EMT6 cells, the most interesting parameter to con-
sider from the fitting algorithm was C,. We did not attempt to
directly extract the refractive index of lysosomes by fitting an
exact absorbing sphere Mie theory model to the data, but this
parameter served as an approximation to it. In almost all mea-
surements, we obtained a value for C,, near 0.5. If we assume
that the NPe6 staining brought the mean cross section {o.,)
in Fig. 6 from its nonabsorbing value to its minimum value,
which is modeled by the parameter C,=0.5, then we must
conclude that the real refractive index of lysosomes in this
cell line is near 1.6. Indeed, in Fig. 6, the n,=1.6 curve is the
only one that exhibits absorption-induced changes consistent
with C;=0.5.

When the absorbing sphere model was applied to angularly
resolved scattering at 633 nm from control and NPe6-loaded
cells, the fitting algorithm returned parameters that were con-
sistent with a stained lysosomal population, though the size
distributions that were recovered showed some variability.
From the analysis shown in Fig. 7, we were probably under-
estimating the contribution of NPe6-stained lysosomes at
angles greater than 60 deg during fits, as this is where our
approximation that the addition of absorption did not change
the angular distribution of scattering for the lysosomal popu-
lation is least valid. This assumption may have contributed to
some minimal parameter crosstalk. Therefore, we are not pro-
posing this study as a method to accurately size lysosomes by
using an organelle-specific staining contrast agent in scatter-
ing measurements. However, the size distributions captured
by these fits provide sound evidence that we are in fact ob-
serving lysosomes. To the best of our knowledge, these are
the first scattering signatures from intact cells identified to
come directly from lysosomes reported in the literature.

When we examined angularly resolved light scattering
measurements from cells stained with HPPH at a wavelength
near its absorption maximum, we did not see any discernable
scattering changes between the HPPH-loaded and control
cells. The concentrations of HPPH used in these measure-
ments were guided by the literature'® as well as from fluores-
cence microscopy that we performed to maximize the intrac-
ellular concentration while retaining selectivity to
mitochondria. It is not surprising that there were no scattering
changes between control and HPPH-loaded cells in light of
Figs. 6 and 8. For indices of refraction of mitochondria cited
in the literature, near 1.4, there should be no absorption-
induced scattering changes. The fact that a study designed to
stain mitochondria with a high extinction dye revealed no
changes in the scattering provides strong evidence that the
refractive index of mitochondria differs significantly from that
of lysosomes.

We cannot leave this discussion without commenting on
what this study implies about the mitochondrial contribution
to our observed scattering signals. From the HPPH staining
experiments, we conclude that the refractive index of these
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mitochondria is within the range reported in the literature.
When we fit our absorbing-sphere model to the NPe6-stained
and control cell data at 633 nm, we extracted information
about a population of light scattering centers within cells, €,
from Eq. (7), with a mean diameter and standard deviation of
1.3 and 0.6 wm, respectively, that scatters between 75 and
85% of the light. This represents a population that is similar to
that reported in Wilson and Foster,]3 which had a mean diam-
eter and standard deviation of 1.1 and 0.6 wm, respectively.
In that earlier report, we concluded that this signal originated
from a mixture of mitochondria and lysosomes. In this paper,
we focused on isolating the contribution to the scattering sig-
nal from the NPe6-stained lysosomes. As mitochondria are
larger organelles than lysosomes, the larger mean size ex-
tracted in this paper, 1.3 versus 1.1, is not surprising. We
believe that the €; population extracted in this study repre-
sents the mitochondria and is relatively free from contamina-
tion from scattering associated with lysosomes. This lends
further evidence to support previous assertions that mitochon-
dria scatter a large majority of the light from EMT6 cells at
633 nm and that scattering measurements from these cells are
very sensitive to mitochondrial morphology.

The results of this study are significant in that they are the
first to effectively isolate a lysosomal population of light scat-
tering centers within cells, as well as demonstrate a refractive
index difference between two organelle populations. We also
believe that the observation that staining can cause scattering
changes from certain organelle populations is important in
that this could inform the data analysis for other researchers
studying cell morphology with light scattering. A future study
that this paper suggests is a complete characterization of the
lysosomal contribution to whole-cell scattering. NPe6, with
proper irradiation, has the ability to deposit oxidative stress to
lysosomes in much the same way that aminolevulinic acid-
induced protoporphyrin IX was used to perturb mitochondria.’
Since we now have an understanding of how these staining
effects can influence the scattering data, this should be rela-
tively straightforward. As we continue to generate knowledge
about how individual organelle populations contribute to
whole-cell light scattering signals, light scattering measure-
ments can fulfill their promise as an important tool for study-
ing morphology in cell biology.
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