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Abstract: Theoriginsof side scattering from a fibroblast and cervical cell
line were determined by comparing side-scatter images with images stained
for lysosomes, nuclei, and mitochondria on a cell by cell basis. Lysosomes
or nuclei are the most efficient type of scatterer depending on the cell
type and incident light polarization. The relative scattering efficiencies of
lysosomes and mitochondria were the same for both cell lines, while the
scattering efficiencies of the nuclei differed. The percent 6f Sfattering

from the nucleus, mitochondria, and lysosomes as well as the group of
other internal cellular objects was estimated. The nucleus was the largest
contributor to side scatter in the cervical carcinoma cells. The contributions
of lysosomes, mitochondria, the nucleus, and particles unstained by either
Hoechst, LysoSensor or MitoTracker ranges frem20% to ~30% in
fibroblast cells. The contribution of lysosomes to side scatter was much
stronger when the incident light was polarized perpendicular to the scatte-
ring plane than when the polarization of the side scatter laser was parallel to
the scattering plane. This dependence on side scatter polarization indicates
that lysosomes contain scattering structures that are much smaller than the
wavelength of light used in the measurements (785 nm). In conclusion,
mitochondria were not found to be either the most efficient scatterer or to
have the largest contribution to scattering in either cell line, in contrast to
previous reports. Rather lysosomes, nuclei and unknown particles all have
significant contributions to 90scattering and the contributions of some

of these particles can be modulated by changing the polarization of the
incident light.
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1. Introduction

Light scattering measurements provide information about cells without the need for stains
or other perturbation that might affect the cell or hinder subsequent measurements. Work in
the 1970’s demonstrated that light scattering properties are related to cell morphology [1, 2].
Recently, this fact has motivated the developmenhofivo light scatter techniques for non-
intrusive diagnosis of precancerous conditions. Clinical trials on several different tissue or or-
gan sites have been reported: breast, lymph nodes, cervical tissue, oral tissue, and esophageal
tissue [3-8]. In developing light scattering techniques, it is helpful to understand the origin
of light scattering. A fundamental question is: What physical features of the cell are scatte-
ring light? Many indirect and a few direct measurements have been performed. Early work
by Beauvoitet al. demonstrated that mitochondria are a major contributor to light scattering
from liver cells [9]. However, these results can not be extrapolated to other cell types. Hepa-
tocytes are unusual in that mitochondria make up 28% of the cell volume [10]. In other cell
types, mitochondria are much less of the cell volume. For example, in human skin fibroblasts,
mitochondria are 2.4% and lysosomes are more than 2.7% of the cell volume [11].

To investigate what structures scatter light, some investigators have taken the approach of
modifying one type of organelle and then measuring whether the light scattering properties
changed. Changes in light scattering have been correlated with both alterations in lysosomes
and mitochondria. The locations of light scatter changes in bovine aortic endothelial cells
treated with staurosporine (an inducer of apoptosis) have been demonstrated to be correlated
with the location of MitoTracker Green fluorescence from mitochondria [12]. Light scatter from
lysosomes has been modulated in EMT6 cells. The addition of a strong absorber that localizes
in lysosomes was shown to reduce angular light scattering between the angles 6671B.3].

This information is used in fitting the angular dependent light scattering of a cell to a trimodal
distribution in which three distributions are identified, one with a mean ofu®6being the
lysosomes, a second distribution with a mean ofin2 that is assigned to secretory granules
and a third distribution with a mean of 1;8n that is assigned to mitochondria. This third dis-
tribution was reported to be responsible for 80% of the scattering. Another method of measuring
scattering from subcellular particles is CLASS (confocal light absorption and scattering spec-
troscopic) microscopy [14]. In CLASS microscopy the organelle properties of a small volume
are extracted from the measured spectrum of that confocal volume by data fitting. In a test of
CLASS microscopy, an image of lysosomal fluorescence in a single cell was compared to the
CLASS microscopy reconstruction of the location of lysosomes within the cell [14]. There is a
correlation between the two techniques, but the CLASS microscopy shows lysosomes in some
locations where they are not seen in the fluorescent image.

The approach taken here is to image side scatter and organelle specific fluorescence simulta-
neously for thousands of cells. The images can then be examined to determine if scattering is
correlated with any particular organelle.”duorescence from mitochondria, lysosomes, and
nuclei was simultaneously acquired with side scatter images.

2. Methods

2.1. Cell culture

MR1 rat fibroblast cells and SiHa human epithelial cells were each maintained in monolayer
culture using standard mammalian cell culture &t3@™R1 cells were grown in Dulbecco’s
Modified Eagles Medium (DMEM) supplemented with 5% (v/v) of fetal calf serum (HyClone
Thermo Fisher Scientific, Waltham, MA) and SiHa cells were growalMEM supplemented

with 10% (v/v) of fetal calf serum (HyClone Thermo Fisher Scientific, Waltham, MA). Both
media were further supplemented with 100 units/ml of Penicillin, and @@L of Strepto-
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mycin. To obtain cell suspensions for staining and subsequent flow cytometric analysis, cells
wereharvested from monolayer cultures by treatment with 0.25% trypsin in a phosphate-buffer
(pH 7.4) containing 1 mM EDTA and 25mM HEPES. Immediately after harvesting complete
medium was added to the cells. The cells were counted using a hemocytometer.

We have previously shown that light scattering depends on the proliferation status of the cells
with light scatter above-50° increasing with greater DNA content [15]. The proliferative status
of the cells was determined by fixing @6ells in 70% ethanol and 30% PBS and stored at -20
C at least over night. The fixed cells samples were centrifuged at 140xg for 5 minutes and the
ethanol was removed by aspiration. The pelleted cells were then resuspended in a 1 mL solu-
tion of PBS (HyClone Thermo Fisher Scientific, Waltham, MA) containingg®mL propidium
iodide and 5Qug/mL of RNase A (both from Sigma Aldrich, St. Louis, MO). The cells were
then incubated at 3T for 30 min. and analyzed with a FACSCalibur flow cytometer (Becton-
Dickinson, Franklin Lakes, NJ), using 15 mW 488 nm excitation, with fluorescence emission
collected through a 650 nm longpass filter. Data were analyzed with ModFit LT (Verity Soft-
ware House, Topsham, ME) to determine cell cycle distributions after debris and aggregates
were gated out. The SiHa cells were in the late exponential stage of growth-&@¥ of the
cells in G1,~20% of the cells in S-phase ardL0% of the cells in G2. The proliferative status
of the MR1 cells was variable ranging from exponential to plateau.

2.2. Cell staining

Hoechst 33342 (H1399) was used to stain the nuclei. It is a live cell stain which binds double
stranded DNA. MitoTracker Orange CMTMRos (M7510) was used to stain mitochondria. This
dye concentrates in the mitochondria of live cells. LysoSensor Green DND-189 (L-7535) was
used for staining lysosomes. This dye has a pKa &f2 and accumulates in acidic organelles
as the result of protonation. This protonation also results in an increase in fluorescence intensity.
All dyes were purchased from Invitrogen (Eugene, OR).

MR1 and SiHa cells were suspended in DMEM ardEM complete media, respectively, at
a concentration of fcells/mL. All cell staining was performed at room temperature with the
room lights off. The cells were first incubated in B Hoechst 33342 for 15 minutes. Sub-
sequently, the cells were incubated in 80 nM LysoSensor dye for 5 minutes. Next, the cell sus-
pension was incubated with 584 nM MitoTracker Orange CMTMRos for 5 minutes. To remove
any unbound dyes, 10 mL PBS was added to the cell suspension, the cells were centrifuged
for 5 minutes at 320xg and the supernatant was removed. The cell pellet was gently resus-
pended in 20QuL DMEM or «cMEM complete media and treated again with Hoechst 33342
dye (6.41M). Roughly 10 minutes after the staining was complete, the cells were analyzed by
flow cytometry.

2.3. Flow cytometric imaging

Flow cytometry imaging was performed using an ImageStrefiow cytometer (Amnis Cor-
poration, Seattle, WA). A schematic of the instrument is shown in Fig. 1. As a cell passes
through the laser beam, a plane of the cell is imaged using a time-delay integration CCD. Each
pixel in the raw data images is 0.5x@u®. A 0.75 NA, 40x collection objective with a gm

depth of field was used and data were collected using INSPIRE 4.0 Software. All images were
obtained at 90from the incident excitation except the brightfield image which was obtained in
the standard straight through geometry. Hoechst 33342 was excited with the 405 nm laser and
its emission was detected through a 430-505 nm filter, MitoTracker Orange was excited with
the 488 nm laser and its emission was collected from 595-660 nm. LysoSensor Green was also
excited with the 488 laser with 480-560 nm emission. (The Amnis flow cytometer has a 488 nm
notch filter over all detection channels [16].) A linearly polarized 785nm laser was used to mea-
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Fig. 1. Schematic of the parts of the optical train in the Amnis flow cytometer that we
used.The A/2 waveplate and the linear polarizer were only inserted into the instrument
when measurements were made with the polarization of the 785 nm light scattering laser
perpendicular to the scattering plane. Camera 1 was used for the brightfield, lysosomal and
mitochondrial images while camera 2 collected the nuclear images.

sure side scatter. The polarization of the 785 nm laser beam is normally in the plane containing
the excitation and light collection pathways. Previous work [17] has shown that side scatter
depends strongly on the polarization of the laser beam. Consequently data were also taken with
the polarization rotated 90This was achieved by insertinghd2 waveplate followed by a lin-

ear polarizer into the beam path of the 785 nm laser. The 785 nm laser was set to 5 mW for
parallel polarization and 8 mW for perpendicular, this allowed for similar illumination intensi-
ties at the flow cell. Compensation (e.g., correcting for the fluorescence of LysoSensor in the
Hoechst channel) was performed using the semi-automated procedure provided in the IDEAS
Software that requires data from individually stained samples [16].

2.4. Image and data analysis

A combination of the IDEAS software provided by Amnis Corporation and Igor Pro (Wavemet-
rics, Portland, OR) and was used for data and image analysis. Images of single, in focus cells
were selected for analysis. For each flow cytometry sample more than 1500 cells were used in
the analysis.

Regions of a cell with a specific fluorescence are defined by masks in the IDEAS software.
Fig. 2 shows example images and masks for one cell. The yellow lines are the outline of the
mask used for the cell. Outlines of masks specifying regions of intense fluorescence are shown
in green, orange, and purple on the LysoSensor, MitoTracker, and Hoechst images. The black
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lines outline masks for regions in which the fluorescence of that image did not overlap with the
fluorescencef other dyes. The outline of a region without any strong fluorescence is shown in
red on the side scatter image. These masks were used in the quantification of the image data.

MitoTracke:

@ (b) ©

E@B! SSC and nonfluorescent mask
(d) (e)

Fig. 2. Example raw images: a) Brightfield b) Lysosomes c) Mitochondria d) Nuclei e) Side
scatter (SSC). The yellow lines are the outline of the mask used for the cell. Other colored
lines are the outlines of masks covering areas where the dye fluorescence is considered sig-
nificant. Black lines are the outlines of regions where only the dye in that image fluoresces.
The mask for the non-fluorescent regions is shown on the SSC image. The thick white line
on the Hoechst image has a length ofih@.

Organelle scattering efficiency defined as the intensity of scattering per image area is calcu-
lated because it does not depend on organelle concentration and consequently may be applicable
to a wide variety of cells. The calculation of scattering efficiency for the nucleus is given by
Eqg. 1. Only Hoechst fluorescing regions without overlap from regions under the LysoSenser or
MitoTracker masks were used in the calculation, e.g. the regions outlined in black in Fig. 2.
Analogous calculations were done for lysosomes, mitochondria, non-fluorescent regions, and
regions where both lysosomes and mitochondria fluoresced. The analogous calculation for the
whole cell is shown in Eqg. 2. The data were corrected for the fact that Hoechst staining in-
creased cell scattering as described in Section 3.2. Although scattering efficiency is calculated
as intensity/area, the units are really intensity/volume because the fluorescence is measured
with a depth of field of 4um.

Iscat(nuclear region)
Area(nuclear region)

@)

nuclear scattering efficiency
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Isca (Cell)
Area(Cell)

Estimates of the percent of side scatter for each of the measured cell constituents, lysosomes,
mitochondria, nuclei, and unstained components were made for the case of a non-imaging
measurement where scattering is collected from the entire cell. To estimate the percent of scat-
tering from the nucleus, the area of the image that is the nucleus, as defined by the nuclear
mask, was determined and an effective nuclear radius was calculated by assuming the nucleus
was spherical. Similarly, an effective radius for the cell was estimated by assuming the cell was
spherical and using the area of the mask for the brightfield image. The percent of scattering
from the nucleus was then calculated by expression 3.

cell scattering efficiency:

2

nuclear scattering efficienc>3</ nuclear volumex 100 3)
cell scattering efficiency cell volume

Thearea of images from which lysosomes are the major source of scattering were estimated
by taking the area of only lysosomal fluorescence and adding 1/2 of the area that had both lyso-
somal and mitochondrial fluorescence but no nuclear fluorescence. The corresponding volume
was calculated by constructing an annulus halfway between the nucleus and cell boundaries that
had the same area and then calculating the volume of between two spheres with the diameters
of the inner and outer diameters of the annulus. The analogous calculation was performed for
mitochondria. To estimate the contribution to scattering of nonfluorescent objects, the area of
the image for which there was no fluorescence was determined and then that area was converted
into a volume in the same manner as was used for mitochondria and lysosomes.

3. Results

3.1. Rawimages

Images from one cell are shown in Fig. 2. The brightfield image, (a), is used to define the
outline of the cell for data analysis. The LysoSensor image (b) has a diffuse background which
was present in many but not all cells. The LysoSensor mask is outlined in green and represents
the area of intense LysoSensor fluorescence. The MitoTracker image (c) has less background
and shows more structure within the area defined by the MitoTracker mask. Higher resolution
images of mitochondria in fibroblast cells show a thread-like pattern with some dense areas
within the cytoplasm [18] and our results are consistent with this result. The nuclear image for
this particular cell is more diffuse than the majority of Hoechst images we obtained, but still
shows a well-defined nucleus. Finally, the SSC images show significant structure which will be
discussed later. Superimposed on the SSC image is the outline of a mask of a region that is not
covered by any of the masks for LysoSensor, Hoechst or MitoTracker. We commonly, found
that there was a nonfluorescent region near the edge of the cell. Lysosomes normally cluster
around the cell center but move to the cell edge if the pH is decreased [19, 20]. Therefore, the
edge of the cell is expected to be free of both Hoechst and LysoSensor fluorescence.

3.2. Side effects of staining

Data from singly stained and unstained samples were used to determine if the stains were
affecting any properties of the cells that were to be measured for the triply stained samples.
Based on literature searches and information about the dyes, no effects were expected. However,
there were some surprises.

Average side scatter light intensity for unstained, singly, and triply stained cells for each
experiment are shown in Figure 3. Cells were harvested for MR1 experiments on 7 different
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Fig. 3. Effects of cell staining on light scattering for 4 types of experiments.

days. On four of those days light scattering was measured with polarization of the incident
light parallel to the scattering plane and three days the light scattering was performed with
the polarization perpendicular to the scattering plane. Similarly SiHa cells were harvested on
6 different days and half the experiments used parallel polarization while the other half used
incident light polarized perpendicular to the scattering plane. The graph shows strong evidence
for increased scattering for Hoechst and triply stained cells as compared to unstained cells.
We performed paired t-tests on the average results to determine if the increases in scattering
were significant. At the 95% significance level, all changes between unstained and Hoechst
stained cells were significant, but not all changes between unstained and triply stained cells
were signficant. Table 1 shows the average change in scattering for each experiment type. The
change in scattering upon Hoechst staining was verified using a standard flow cytometer -
FACSCalibur flow cytometer (Becton-Dickinson, Franklin Lakes, NJ). The mean side scatter
for MR1 cells stained with Hoechst increased by 9% same as for the Amnis imaging flow
cytometer.

Comparisons of unstained cells to cells stained with only LysoSensor Green or MitoTracker
Orange showed no significant changes at the 95% level, except for SiHa cells interrogated with
parallel polarization in which the stained cells had decreased scattering (data not shown). This
change was quite small, 4450.6 %. Consequently, the data analysis does not compensate for
any effect of LysoSensor Green or MitoTracker Orange on light scattering.

Our data analysis accounts for the changes in scattering due to Hoechst staining. The total
intensity of scatter from cells calculated from stained imaggg(dells), is multiplied by the
fraction, f, given in Table 1. The change in scattering is assumed to be only due to scattering
from the nucleus. Scattering from nuclear regions is calculated as in expression 4, where all
scattering intensities are obtained from stained imdgggCell) is the side scattering intensity
from the whole cell defined by masks such as those in Figlsgainucleus)is the intensity
of side scattering from the Hoechst stained region define by masks such as the one outlined in
purple in Fig 2dlscai(cytoplasm)s lscai(Cell) minuslsca(nucleus) lsca(nuclear region)s the
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side scatter intensity from the region of the cell for which only Hoechst fluoresces - an example
maskis outlined in black in Fig. 2d. The fraction, f, multiplying:ai(cells)is the inverse of the
factor by which nuclear scattering changes upon staining.

{flscat(Cell) — Isca(Cytoplasm))
]

| nuclear region
scat( 9 Isca (nucleus)

(4)

Table 1. Scattering of unstained samples relative to Hoechst stained samples

Experiment type Fraction,f, of scattering of Hoechst stained
samples exhibited by unstained samples

MR1 parallel polarization 0.915

MR1 perpendicular polarization 0.889

SiHa parallel polarization 0.874

SiHa perpendicular polarization 0.789

Cell size, as determined from the brightfield images, and nuclear size, as determined from
the Hoechst stained area, were also compared for different staining conditions. The stains had
no effect on either cell or nuclear size for the MR1 cells. Hoechst alone had no effect on size of
the SiHa cells, but staining with all three stains did decrease the size of the cells (p = 0.0059) by
~7% as compared to unstained cells. There was also a significant (p = 0.0028), but very small
decrease (2%) in the size of the nuclei of SiHa cells stained with all three dyes as compared to
Hoechst only stained cells.

3.3. Spatial overlap of fluorescence

Some overlap of the fluorescence of the mitochondrial, lysosomal and nuclear stains is expected
in a nonconfocal image. To quantify the fluorescence overlap in each of the more than1500
cells, we used the similarity function provided in the IDEAS software. Similarity is defined by
Eq. 5, where r is Pearson’s correlation coefficient of the corresponding pixel intensities from
two organelle specific fluorescence images of a single cell. When two parameters correlate,
similarity is positive. When two parameters are anticorrelated, the similarity is negative.

similarity = In(%) (5)

The similarity of Hoechst and LysoSensor fluorescence in a region of the cell image where
one or both of them fluoresce was calculated for each cell. Analogous calculations were done
for the Hoechst and MitoTracker fluorescence as well as for LysoSensor and MitoTracker. Ex-
amples from an experiment with MR1 cells are shown in Fig. 4. For the vast majority of cells the
fluorescence of MitoTracker and Hoechst anticorrelate. Also, for most cells, the fluorescence
of LysoSensor and Hoechst is anticorrelated. The fluorescence of MitoTracker and LysoSensor
frequently correlate due to the low resolution of the images. These results are representative
of all of the experiments performed. Means and standard deviations of the similarities for the
3-4 experiments of each type are shown in Fig. 5. The consistency of results indicates that the
staining did not vary due to cell type or during the course of the experiments.

3.4. Organelle scattering efficiency

Organelle scattering efficiency versus cell scattering efficiency is shown for one experiment
using SiHa cells with the 785 nm scattering laser polarized parallel to the scattering plane
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Fig. 4. Correlation of fluorescence intensities in the images from one experiment with MR1
cells. a) The similarity of mitochondrial and nuclear fluorescence demonstrates that mito-
chondrial fluorescence is weak where nuclear fluorescence is strong and vice versa. b)
Similarity of lysosomal and nuclear fluorescence demonstrates that for most cells lysoso-
mal fluorescence is weak where nuclear fluorescence is strong and vice versa. c) The sim-
ilarity of mitochondrial and lysosomal fluorescence shows that for many cells the location
of mitochondrial and lysosomal fluorescence overlaps significantly.
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Fig. 5. Mean and standard deviation of the average similarity between the fluorescence of
two dyes. a) Similarity of Hoechst and MitoTracker Orange fluorescence. b) Similarity of
LysoSensor Green and MitoTracker Orange fluorescence. c) Similarity of Hoechst and Mi-
toTracker Orange fluorescence. Results are for 3 each of the SiHa experiments and for 3
experiments with MR1 cells using parallel polarization and 4 experiments with perpendic-

ular polarization.

in Fig 6. These results show that for this particular experiment, scattering from cell regions
showing only LysoSensor fluorescence (green) scattered with roughly the same efficiency as the
cell on average. Scattering from regions with only MitoTracker fluorescence (orange) scattered
less efficiently and non-fluorescent regions (black) were on average the least efficient. Regions
emitting only Hoechst fluorescence (purple) scattered with slightly higher efficiency than the
cell on average. Finally, a cell region was defined which include areas where only LysoSensor
fluoresced and areas where only MitoTracker fluoresced as well as areas where LysoSensor
and MitoTracker fluorescence overlapped. Scattering from these MitoTracker and LysoSensor
emitting regions (brown) appears to be slightly less efficient than those with only LysoSensor
fluorescence.

Measurements of absolute scattering efficiencies or scattering cross sections are quite dif-
ficult and were not possible with the instrumentation used. Therefore, our scattering must be
plotted either with arbitrary units or relative to something. Fig. 7 shows scattering efficiencies
plotted relative to the scattering efficiency of the entire cell. The ratios of scattering efficiencies
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Fig. 6. Scattering efficiencies of cell regions stained only with specific dyes or in one case
(d) with no fluorescence compared to the total cell scattering efficiency on a cell by cell

basis. Results are for SiHa cells with the 785 nm light scattering laser polarized parallel
to the scattering plane. a) LysoSensor. b) MitoTracker. ¢) Hoechst. d) Nonfluorescent. e)
MitoTracker, LysoSensor or both.

(region/cell) were calculated on a cell by cell basis. Histograms demonstrated that the distribu-
tions of relative efficiencies were not symmetric and had a tail that resulted in the mean being
consistently higher than the median. The distribution of values was likely due to both instru-
mental and biological effects and is discussed in more detail in the discussion section. To assure
that the tail of the distribution was not confounding our results, both the mean and the median
of the distributions of scattering efficiency ratios were computed. Only the median is shown in
Fig. 7. These results clearly show that mitochondria are not the most efficient scatterer when
the incident light polarization is perpendicular to the scattering plane.

To facilitate comparison of data obtained for different cell types and with different scatte-
ring polarizations, the data in Fig. 7 and similar data were divided by the average results for
mitochondrial scattering efficiency. Fig. 8 shows the mean and median of the distribution of
scattering efficiencies of various regions of the cell relative to the mean (or median) scattering
efficiency of mitochondria. The top two figures, Figs. 8a and b are results obtained with the 785
nm laser polarized parallel to the scattering plane, and the two bottom figures, Figs. 8c and d
are results obtained with the 785 nm laser polarized perpendicular to the scattering plane. The
right figures are averages of the medians calculated for each experiment while the left figures
are averages of the means calculated for each experiment. The open symbols shown for the
nuclei indicate the error associated with correcting the scattering efficiency of the nucleus due
to Hoechst staining discussed in Section 3.2.

A striking result of Figs. 8a and b is the weak scattering from the nucleus of the MR1 cells.
Clearly, the nucleus of MR1 cells does not scatter light at@0efficiently as the cytoplasm. A
second result of Figs. 8a and b is that the relative scattering efficiency of lysosomes, mitochon-
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Fig. 7. Medians of distributions of scattering efficiencies divided on a cell by cell bases
by the scattering efficiency of the cell. The data points and error bars are the averages and
standard deviations of the medians from three separate experiments each with more than
1500 cells.

dria, and non-fluorescent regions is the same for MR1 and SiHa cells. It is only the scattering
efficiency of the nucleus that differs between the two cell lines.

From light scattering theory, it is known that scattering of light with the polarization perpen-
dicular to the scattering plane will be at least as intense or more intense than scattering with the
polarization parallel to the scattering plane. For a distribution of large particlegr(y,Iscat-
tering will be independent of polarization [21]. For small particles, scattering is greater when
the polarization is perpendicular to the scattering plane (see for example [22]). Figs. 8c and d
demonstrate that the scattering efficiency of lysosomes increases more than that of mitochon-
dria. It appears that the non-fluorescent particles in SiHa cells differ from those in MR1 cells,
because the scattering increases more when the polarization is changed for MR1 cells, than for
SiHa cells. The changes in scattering efficiency with incident light polarization provide infor-
mation on the morphology of the scattering structures. Compared to the scattering efficiency of
mitochondria, the scattering efficiencies of all objects measured increases when the polarization
is changed from parallel to perpendicular. (Note the change in scale between Figs. 8c and d
and Figs. 8a and b.) Therefore, the scattering structures in mitochondria are on average larger
than for the other organelles/objects. The increase in scattering efficiency is greatest for lyso-
somes demonstrating that lysosomes contain a large number of highly scattering small (<100
nm) particles.

We hypothesize that the relative scattering efficiency of lysosomes and mitochondria does
not vary between cells types, but that the scattering of the nuclei or of other unstained struc-
tures may. This hypothesis can be checked by taking the ratio of lysosomal and mitochondrial
scattering efficiencies and seeing if they are the same for MR1 and SiHa cells. In Fig. 8b and d
population ratios were calculated. In Fig. 9 the ratio of scattering efficiencies was calculated on
a cell-by-cell bases and then the ratios were averaged for each experiment. If there was no cell
to cell variability, the results would be the same for both calculations. Figs. 8 and 9 demon-
strate that there are some minor differences in results depending on whether population ratios
or cell-by cell ratios are calculated, but the conclusion that the relative scattering efficiency of
lysosomes and mitochondria does not very between cell types can be drawn from either graph.
When the polarization is parallel to the scattering plane, lysosomes scatter roughly 20% more
efficiently than mitochondria. When the polarization is perpendicular to the scattering plane,
the increase jumps to roughly 60%.
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Fig. 8. Average and standard deviation of the mean and median of the distributions of
scattering efficiencies normalized to the scattering efficiency of mitochondria. The plotted
data are the averages of three or more experiments each with at least 3000 cells. a) and
b) Average and standard deviation of the mean and median, respectively, for MR1 and
SiHa cells with parallel polarization. c) and d) Average and standard deviation of the mean
and median, respectively, for MR1 and SiHa cells with perpendicular polarization. The
open symbols show the maximum and minimum nuclear scattering efficiency due to the
uncertainty in the calculated increase in nuclear scattering due to Hoechst staining.
3.5. Percent of scattering from different organelles and structures

The percent of scattering from nucleus, mitochondria, lysosomes and the set of structures that
were not stained was estimated as described in Section 2.4. The sum of the resulting calculations
of scattering was 91 - 93%. Those calculations likely overestimated the contribution of the
nucleus, because all area under the Hoechst mask was assigned to the nucleus regardless of
overlap with other fluorescence. Consequently, equal amounts (2-3%) were added to the three
other categories to make the sum 100%. The nucleus is clearly the largest contributor to side
scattering in SiHa cells. The larger contribution of the nucleus to the SiHa cells than for the
MR1 cells, is consistent with the nucleus beir@6% of the volume of SiHa cells, while it

is about~20% of the volume of MR1 cells. For MR1 cells, the contributions to scattering are
more evenly distributed, with the nucleus and lysosomes likely being the strongest scatterers. In
all cases, the contribution of the lysosomes is greater than the contribution of the mitochondria,
with the difference being greatest for incident light with a polarization perpendicular to the
scattering plane.
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Fig. 10. Estimates of the percent of side scattering originating from each type of structure.
The results are offset slightly for MR1 and SiHa cells for clarity.

4. Discussion

A goal of this work was to elucidate the relative scattering efficiencies of specific cellular or-
ganelles. The results clearly show that objects stained with LysoSensor Green are as efficient
or more efficient than other cellular structures. We have assumed that LysoSensor Green only
stains lysosomes, however, it should be noted that Lyosensor Green may not be specific to
only lysosomes. LysoSensor Green DND-189 has a pkabo® and does not fluoresce at neu-
tral pH. The fluorescence intensity increases with acidification. Several cellular organelles are
acidic including the Golgi apparatus and lysosomes. The trans-Golgi network has aj@-Dof
and recycling endosomes have a pH of less than 6.0. Secretory vesicles have a-pt of
and lysosomes have a pH 6.5 [23]. Therefore, while lysosomes are expected to exhibit the
strongest fluorescence, secretory vesicles and recycling endosomes may have contributed to the
fluorescence of LysoSensor Green.

For each experiment, there was a wide distribution of scattering efficiencies (see for example
Fig. 6) as discussed in Section 3.4. The wide width of the distributions likely has at least two
fundamental causes, scattering from different cellular structures and speckle. The 785 nm laser
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used in this work is coherent and consequently generates speckle. This speckle may be the
causeof some of the structure seen in the side scatter image and makes the interpretation of
individual images difficult. However, by imaging and averaging results of thousands of cells in
each experiment the intensity variations due to speckle should average out. A further advantage
of averaging thousands of cells is that any effects on cell scattering due to cell orientation [24]
are averaged out.

Throughout the paper, the assumption was made that scattering from regions with only a
specific fluorescence was due only to that particular organelle. For example, scattering from
regions with only MitoTracker fluorescence was assumed to be only due to mitochondria. In
addition, however, there could have been a contribution to the scattering from nonfluorescent
objects. This contribution can be estimated from Fig. 8c and d, in which scattering from the
nonfluorescent particles was different for MR1 and SiHa cells. We assume that lysosomes and
mitochondria have the same scattering efficiency in both cell types and that the contributions
of nonfluorescent particles are the same in MitoTracker and LysoSensor fluorescing regions of
both cell lines. The result is that nonfluorescent particles~é&e 20% of the scattering effi-
ciency from lysosomal and mitochondrial regions when the incident light is perpendicular to the
scattering plane. Since, the nonfluorescent particles are more scattering than mitochondria, but
less scattering than lysosomes, the difference between lysosomal and mitochondrial scattering
efficiencies is probably greater than shown in Fig. 8.

Presented data support previous results that the nucleus is an efficient side scatterer. The
nucleus is not homogeneous, but has many inhomogeneities [17] with a maximum chromatin
clump size of about um [25]. FDTD simulations demonstrate that the greater the index of
refraction variations within the nucleus, the more they scatter light at a wide variety of angles
including 90 [25]. Additionally, in our own work modeling the angular distribution of scatte-
ring from nuclei, we found that homogeneous nuclei could not be used to explain the scattering
from isolated nuclei - the scattering at®9@as significantly low (fig. 12 of [17]) and smaller
scattering centers were needed to model the measured light scattering.

Wilson and Foster previously reported that lysosomes scatter approximately 14-15% of the
light from EMTG6 cells at 633 nm [26] while we estimate that lysosomes are 20-30% of the
side scattering at 785 nm. Their results were based on measurements of angularly light scatte-
ring from ~7° to 83 before and after the ablation of lysosomes. The contribution of lysosomal
scattering to side scatter was found to be much greater in our work, between 20% and 30%
depending on polarization and cell type. Our results may slightly overestimate the contribution
of lysosomes due to the contribution of nonfluorescent particles (as discussed above). In com-
paring our work with Wilson and Foster, the facts that the wavelengths are different and that
our work only looks at side scatter must be considered. Our data was taken at 785 nm versus
Wilson and Foster’s data at 633 nm. Generally, the contribution of smaller particles to scatte-
ring decreases as wavelength is increased and our data demonstrate that the scattering centers in
lysosomes are small. Based on this comparison, our results would be expected to give a lower
contribution of lysosomes. On the other hand, from Fig. 2 of Wilson and Foster [26], it can be
inferred that lysosomes contribute more of the scattering atteh at angles less than 30
Our results would, therefore be expected to show a higher contribution of lysosomes to scatter
than was found by Wilson and Foster. Furthermore, our stain may have stained some low pH
vesicles in addition to lysosomes. In conclusion, our results indicate a higher contribution of
lysosomes to side scatter than the contribution to total scatter reported by Wilson and Foster.

A more profound difference between our results and previously reported resultsakathe
contribution of mitochondria and lysosomes to scattering. We found that not only are lysosomes
much more efficient scatterers than mitochondria, lysosomes contribute at least as much and
possibly more to side scatter in both MR1 and SiHa cells especially when the polarization is
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perpendicular to the scattering plane. Wilson et al., however, reported about a 5 times greater
contrikution from mitochondria than from lysosomes to the total scattering cross section [13,
26]. Potentially, this discrepancy is due to the fact that Wilson et al. assumed that their light
scattering signal was due to objects in the cytoplasm. Some of the scattering from particles
that were assigned to mitochondria by Wilson et al. might be from the nucleus. We found that
~30% of the side scattering from MR1 cells and5% of the side scattering from SiHa cells

was due to the nucleus.

The discrepancy between the result of Wilson et al. that mitochondria have a factor of 5
greater contribution to total scatter than total scatter than lyosomes and our result that lyso-
somes contribute similarly or slightly more to “side scatter” is unlikely to be primarily due to
the fact that we measured side scatter while Wilson et al. [26] were measuring total scatter. Our
measurements used a microscope objective with an NA of 0.75. Therefore we were collecting
light over an angle range e$97° centered at 90 Consequently, for the ratios of total scatter,
and side scatter to vary greatly, there must be a huge difference in the light scattering from mito-
chondria and lysosomes in the near forward or near backscattering directions. These differences
are unlikely since mitochondria and lysosomes are similarly sized particles. Mitochondria are
elongated particles which can vary in size with the cell cycle. Based on the results of Kennady
et al. [27], the mitochondria in our MR1cells were roughly 0.7 tar8 long. Lysosomes are
generally spheric or ovoid and vary in size frepd um to a little over a micron in many cell
types including CHO (Chinese hamster ovary) cells [28]. In conclusion, the difference in some
of the measurement angles between our work and that of Foster and coworkers may be the
cause of some of the differences in results for the relative contribution of mitochondria and
lysosomes. However, the inclusion of the nuclear contribution to side scattering in our work
and possibly the inclusion of more low pH organelles (not just lysosomes) in the lysosomal
contribution in our work likely contributed more to the differences in results.

In addition to providing insight into the fundamental question of what is scattering light, this
paper also demonstrates some of the intrinsic advantages of measuring unstained/unprocessed
samples over measuring stained samples. Images of stained samples can be used for localization
of organelles and can provide beautiful pictures for insight into cellular phenomena. However,
applications requiring the assumption that the dyes do not alter the cell should be undertaken
with caution. In our case we found that Hoechst staining increases side scattering from the
cells. Additionally, the size of SiHa cells increased when they were stained with all three of the
dyes used. While it is beyond the scope of this paper to understand the biochemical interactions
causing the changes in scattering or in cell size, the results demonstrate that frequently used
stains have marked affects on the cells and that care must be used when interpreting results of
experiments using fluorescent dyes.

5. Conclusions

1. Lysosomes are more efficient side scatterers than mitochondria, especially when the in-
cident light is polarized perpendicular to the scattering plane.

2. Side scattering efficiency of unstained regions of the cells (i.e. regions not stained with
Hoechst, MitoTracker or LysoSensor) is the same or greater than that of regions stained
with MitoTracker. Unstained regions have a similar contribution to the total side scatter
from MR1 and SiHa cells as mitochondria and lysosomes.

3. The nucleus contributes more than 40% of the side scattering from SiHa cervical carci-
noma cells, but has a contribution of onh80% for MR1 fibroblast cells.

4. The relative side scattering efficiency of lysosomes and mitochondria does not appear to
depend on cell type.
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5. Some of the scattering centers in many organelles are much smaller than the organelle
itself. The scattering centers in lysosomes and other low pH organelles are much smaller
than the wavelength of light used (785 nm) as evidenced by the fact that they are much
stronger side scatterers when the incident light polarization is perpendicular to the scat-
tering plane.

Light scattering in mammalian cells is due to a wide variety of structure sizes [17, 29, 30].
Near forward scattering is related to size, while scattering at slightly larger angles is related to
nuclear size [24] (and references within). As the scattering angle gets larger (947 ®),
the structures responsible for scattering generally get smaller [17]. These smaller structures
sometimes reside in larger organelles such as the nucleus [25] and even the lysosomes. The
nucleus, lysosomes, as well as particles unstained by Hoechst, LysoSensor or MitoTracker are
each as significant for light scattering as mitochondria.

There are many applications of light scattering from biological cells, from cancer diagnosis
in tissue to single cell measurements in flow cytometry to identify specific cell populations.
This work provides fundamental information about light scattering for interpretation of data for
these applications and may facilitate the development of new methods. Previously, it has been
shown that the contribution of different structures to light scattering can be controlled by the
choice of measurement angle [17,24]. In this work, we have demonstrated that even at a single
angle, 90, the contribution of different organelles to light scattering can be controlled by the
choice of polarization.
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