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illuminating light or the number of cells that passed through
the sample volume during data collection, the resulting phase
functions are normalized to the area under the curve.

2) Spectral System:For each sample and each angle of in-
terest, six separate measurements of intensity as a function of
wavelength are required. The �rst two measurements(I spec.resp)
are made with the detector in line with the illumination (0� scat-
tered angle) to capture the spectral characteristics of the system
at polarization states parallel (P), and perpendicular (S), to the
scattering plane. For the spectral response measurement, the
setup includes all the components except the scattering par-
ticles. The aperture is partially closed to avoid saturating the
detector. The measurement time is a few milliseconds. Next,
background scattering measurements(Pbackground) are made
for both polarizations at each angle of interest with the aperture
fully open, again including all components of the system except
the particles or cells. This allows us to subtract any scattering
from component surfaces or the growth medium itself. Finally,
measurements(Psample) are taken with the cells or particles
at both polarizations at each angle of interest. The measure-
ment time for both the background and cell measurements is
a few seconds. To reduce noise, each measurement was �rst
smoothed using a boxcar with a width corresponding to approx-
imately1 nm. The scattering pattern for each polarization state
is calculated by the following formula:

I particles/ cells =
I sample Š I background

I spec.resp.
.

To get a result that is not dependent on the number of particles
in the illuminated sample space, we normalize the results to the
area under the curve. Measurements were made for the spectral
range 450–800 nm.

C. System VeriÞcation: Phantom Studies

The operation of the nephelometer was previously veri�ed
by comparison of experimentally collected phase functions from
polystyrene spheres in water with Mie calculations [21], [22]. To
verify the operation of the spectral system, measurements were
also made on phantoms of polystyrene spheres(n = 1 .59) with
known size distributions in water. To ensure that light collected
was limited to mostly single-scattering events, suspensions were
prepared such that the probability of a scattering event occurring
as a photon passed through the sample was� 10%. We collected
scattering data from two phantoms, one with a mean diameter
of 3.1µm, and the other with a mean diameter of 2.9µm. Both
size distributions were assumed Gaussian with a variance of 5%,
based on data provided by the manufacturer (Duke Scienti�c
Corporation).

Fig. 3(a) shows experimental scattering at 11.9� from both the
2.9 and 3.1µm particle suspensions. The experimental data are
plotted using solid lines. Mie theory �tting was performed on
the experimental data using a linear least-squares algorithm and
the resulting �ts are shown with dotted lines. Fig. 3(b) shows the
size reconstructions from the least-squares algorithm. It should
be noted that the �tted curves match well with the experimental
data, and the resulting size distributions are consistent with the

manufacturer’s speci�cations for the particles. Fig. 3(c) shows
experimental scattering collected from the 2.9µm particle sus-
pension at scattering angles of 11.9� and 14.9� along with the
best Mie theory �ts.

We note that, despite the small difference in mean particle
size, and the overlap in size distribution, our system can readily
discriminate between the two samples. These two plots taken
together suggest that the system is capable of accurately ob-
serving scattering from particles and has a resolution of at least
200 nm.

D. Apoptosis Induction

To investigate whether ESS can be sensitive to the changes
in morphology that occur during apoptosis, we measured scat-
tering from the samples of Chinese hamster ovary (CHO) cells,
induced to undergo apoptosis, and compared them to the mea-
surements from normally propagating cells. Using standard pro-
cedures, CHO cells were plated on polystyrene culture dishes
and grown in Dulbecco’s modi�cation of Eagle’s medium
(DMEM) supplemented with10% fetal bovine serum (FBS)
and 1% penicillin and streptomycin (PAS). Atmosphere was
held at 37� C and 5% CO2.

To induce apoptosis in CHO cells, they were incubated in
DMEM supplemented with2 µM staurosporine for periods up
to 6 h. Since the staurosporine is carried in solution in dimethyl
sulfoxide (DMSO), the same volume of DMSO was added
to the control samples to compensate for any effects it might
have on the cells. For initial veri�cation that staurosporine
induces apoptosis in CHO cells, an Annexin V-�uorescein
isothiocynate (FITC) versus propidium iodide (PI) �ow cy-
tometry assay was performed on treated and control samples
at various time points. The results of this assay(n = 4) are
shown in Fig. 4(a). The cells treated with staurosporine exhibit
an increasing apoptotic population over time, with about 50%
of the cells exhibiting apoptosis at 6 h, while the control cells
have the same low percentage of apoptotic cells throughout the
experiment.

While the �ow cytometry assay gives a quantitative assess-
ment of apoptosis using a biochemical membrane event, we
are most interested in morphological changes in the cell. To
assess nuclear morphology, we stained treated and untreated
populations of cells with Hoechst 33342, which �uoresces blue
when bound to DNA, at various time points from before treat-
ment until 6 h after treatment. Nuclear condensation appears as
brighter �uorescence. The resulting nuclear images are shown
in Fig. 4(b)–(d). At the time of treatment [Fig. 4(b)], the stain-
ing is relatively uniform, indicating uncondensed DNA in the
nuclei. The condensation of nuclear material becomes evident
at 4 h [Fig. 4(c)] and is widespread by 6 h [Fig. 4(d)].

E. Cell Preparation for ESS Measurements

1) Nephelometer:To prepare for ESS measurements of the
phase function, plated cultures of CHO cells were grown to con-
�uence, then detached from the plate (trypsinized). If measure-
ments were to take place within an hour of treatment, the cells
were �rst trypsinized and resuspended in fresh DMEM. Once
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Fig. 3. Scattering from polystyrene sphere phantoms. (a) Comparison of experimental scattering with best �ts to Mie theory for suspensions of2.9 µm (thin line)
and3.1 µm (thick line) polystyrene spheres. (b) Reconstructed size distributions yielding the best �ts to theory from the experimental data in (a). (c) Experimental
scattering and the corresponding best �ts for 2.9µm particles at 11.9� and 14.9� .

Fig. 4. Induction of apoptosis. (a) Apoptotic population assessed by
AnnexinV-FITC �ow cytometry. Fluorescence microscopy images (Hoechst
33342) of cell nuclei from cultures treated with staurosporine at various values
of t. (b) t = 0 h . (c) t = 4 h . (d) t = 6 h .

transferred to the sample tube, either staurosporine in DMSO or
a control volume of DMSO was added to a �nal concentration
of 2 µM. Scattering measurements were made beginning imme-
diately after the treatment. Between measurements, the sample
tubes were replaced in the incubator, and before each measure-
ment, the tubes were inverted several times to keep the cells
from settling. The same cell culture was measured for times up
to an hour after the treatment. We wanted to minimize the time
that the cells were in suspension, since it is not their native state;

thus, for times later than 1 h posttreatment, we measured a new
culture every half hour for times up to 6 h. These cultures were
treated at the beginning of the experiment and were trypsinized
and suspended in DMEM immediately preceding the measure-
ments. Scattering was collected for the range of angles between
90� and 145� with subdegree resolution.

2) Spectral System:To prepare cells for scattering spec-
tral measurements, they were plated on glass chamber slides
and grown to con�uence. The growth medium was aspirated
and replaced with DMEM (without phenol red, which is nor-
mally used) already supplemented with either 2µM stau-
rosporine/DMSO or an equivalent volume of DMSO. Clear
DMEM was used during ESS spectral measurements to avoid af-
fecting the spectral shape. Scattering measurements were made
on the cells at a scattering angle of 10.5� and the slides were re-
turned to the incubator between measurements. Measurements
were made on the same samples for time points up to 6 h.

III. PRELIMINARY CELL DATA AND DISCUSSION

A. Nephelometer Measurements

Scattering measurements were performed on �ve pairs of
treated and untreated cell suspensions for times up to 1 h. For
later measurement times (1–6 h), a new culture was required for
each measurement. This experiment was repeated four times. In
Fig. 5, we present the angular resolved scattering data from a sin-
gle experiment at representative times to illustrate the changes
in the cell suspension’s phase function over time. The 0, 10,
20, and 40 min measurements were all preformed on the same
cell suspension, and can thus, be easily compared. The 2 and
4 h measurements, however, each required a new sample, and
therefore, a comparison to measurements at other times is more
dif�cult to make. While data from only one trial are presented
here, the phase functions measured in all trials showed the same
trend over time.
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Fig. 5. Phase functions for treated and untreated suspensions of CHO cells
for times posttreatment up to 4 h. (a) P-polarization. (b) S-polarization.

The �rst thing to note is that the cell suspension’s phase
function when using P-polarized light does not appear to vary
signi�cantly between treated and untreated samples at any time
posttreatment [Fig. 5(a)]. The phase function, when measured
in S-polarization [Fig. 5(b)], however, does show a clear differ-
ence between treated and untreated samples at later time points.
It is encouraging that there is little difference between the phase
functions immediately after the treatment, and that the difference
appears to progress for the �rst 20 min. It is rather unexpected,
however, that the difference in phase function appears so early,
beginning at 10 min, and does not change much after 20 min.
Given the short time scale, it is unlikely that the observed dif-
ference in phase function is due to a change in the cells’ nuclear
morphology, as this is not observable by microscopy until some
time later.

We do believe, however, that the change in scattering is likely
due to a cellular event and not simply due to the addition of stau-
rosporine, since there is no signi�cant difference immediately

Fig. 6. Scattering from a single pair of cell cultures over time.
(a) P-polarization. (b) S-polarization.

after adding staurosporine and DMSO to one sample compared
with adding only DMSO to the other. Furthermore, a difference
still exists between samples at later time points, for which the
cells are treated while still on plates, but with the chemicals
being removed when the cells are suspended in fresh medium
before measurement. We also note that the resuspension of
plated cell cultures is not ideal for ESS measurements, since it is
unclear what effects disrupting the cells from their native state
may have on cellular morphology. Despite this drawback in
preparation, however, the fact that a difference in phase function
is observable between treated and control samples, and perhaps,
more importantly, that the progression in phase function over
time has been reproducible in each trial, is encouraging in
developing ESS as a tool for monitoring apoptosis.

B. Spectral System Measurements

For these measurements, cells remain plated on their culture
plates, and we avoid the disruptive process of trypsinizing and
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Fig. 7. Average ratio of the slopes of the treated and control cells at each time
point. (a) P-polarization. (b) S-polarization.

suspending the cells. Fig. 6 shows scattering spectral data from
one representative pair of cell culture plates, one treated with
staurosporine/DMSO, the other treated with a control volume
of DMSO, measured over a period of 6 h using P- [Fig. 6(a)]
and S-polarization [Fig. 6(b)]. We note that in the near forward
direction, the scattering is very similar for both polarization
states, and thus, the two �gures show similar spectra. Immedi-
ately following treatment, the treated and untreated spectra over-
lap and show only a slight change. At subsequent time points,
the two spectra become increasingly separate, suggesting a pro-
gressing cellular process. This trend has proven repeatable over
a large number of samples(n = 18) .

It should be noted, however, that there is some variability
in the shapes of the spectra from sample to sample. In order
to illustrate this variability, we have calculated the slope for

each data set between 550 and 650 nm, and taken the ratio of
the slopes of each pair of treated and untreated samples. The
mean and standard deviation of these ratios were taken for
each time point in both S- and P-polarizations. These data are
shown in Fig. 7(a) and (b). Again, it is encouraging that at very
early time points, the ratio is centered close to 1, indicating
that there is little difference in the shape of the spectra. As time
progresses, the ratio deviates farther from 1, indicating that the
spectra diverge. It is unclear at this time whether the variability
in signal is due to biological variation or due to experimental
artifact, but the statistically strong and repeatable trend is
promising for the use of ESS as a method to monitor apoptosis.

IV. CONCLUSION

We are currently investigating the source of variations shown
in Fig. 7, and an effort must be made to understand the differ-
ences in the scattering signal. A necessary step in developing
ESS as a diagnostic tool for the detection of apoptosis is to relate
the morphological features of the organelles to the bulk optical
properties measured by understanding how light scatters from
structures within the cells [10], [11], [19], [25].

While treatment of the nucleus as a Mie scatterer implies that
much of the scattered light is in the forward direction because
the size parameter is large, there is also an appreciable amount
of backscatter [12]. Backmanet al.have noted that the scatter-
ing cross section of nuclei exhibit a periodicity with wavelength
that introduces a �ne structure to backscattered re�ectance [26].
Different groups have extracted size information with various
types of Mie �tting. [12], [13] While these studies suggest that
measurements of backscatter can extract nuclear size, it is im-
portant to note that cell nuclei may not behave like homogeneous
Mie scatterers. Richards-Kortumet al.have illustrated that Mie
modeling for extraction of nuclear size may be appropriate for
forward scattering, but the �ne detail of nuclear morphology
will have an effect on backscatter [19], [24], [25]. In the case of
apoptosis, this is likely to be especially true, since the nucleus
fragments into multiple smaller structures.

For a future publication, we plan to modify the spectral sys-
tem to allow for backscattering measurements. Furthermore, if
backscattering measurements prove to be sensitive to apoptosis,
the use of a tissue-probe design would be suitable for applica-
tionsin vivo. We are also in the process of modifying the exist-
ing nephelometer to allow for phase function measurements on
plated cells.
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