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Light scattering microscopy with angular resolution
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Summary

An inverted microscope has been modified for light scatter-
ing experiments with high angular resolution in combination
with transmission, wide-field fluorescence or laser scanning
microscopy. Supported by simulations of Mie scattering, this
method permits detection of morphological changes of 3T3 fi-
broblasts on apoptosis and formation of spherically shaped
cells of about 20 μm diameter, in agreement with visual
observation. Smaller sub-structures (e.g. cell nuclei) as well
as cell clusters may possibly contribute to the scattering be-
haviour. Results of 2-dimensional cell cultures are confirmed
by 3-dimensional multicellular spheroids of 3T3 fibroblasts
and HeLa 2E8 cervix carcinoma cells, where in most cases no
morphological changes are discernable. This offers some ad-
vantage of light scattering microscopy for label-free detection
of apoptosis and may represent a first step towards label-free
in vivo diagnostics.

Introduction

Light scattering experiments with angular or spectral resolu-
tion have been used for more than 30 years for characteri-
zation of various types of cells (Brunstin & Mullaney, 1974;
Mourant et al., 2002) or for measurement of morphological
changes in cells undergoing necrosis or apoptosis (Mulvey
et al., 2009; Mulvey et al., 2011). In particular, these mea-
surements characterize cells as well as cell nuclei of variable
size (Perelman et al., 1998). Various goniometers (Mourant
et al., 2002) or spectrometers (Perelman et al., 1998; Mulvey
et al., 2011) – commonly applied to cell suspensions – have
been described in the literature, but also microscopes with an-
gular or spectral resolution (Liu et al., 2005; Cottrell et al.,
2007; Schmitz et al., 2011; Rothe et al., 2012) are of increas-
ing interest since, in addition to light scattering, they permit
visual control of single cells and their sub-structures.
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In contrast to existing stand-alone scattering microscopes
the present manuscript describes a conventional inverted
microscope with an additional illumination device for
backscattering experiments of living cells with high angu-
lar resolution. Scattering microscopy can thus be combined
with other microscopy techniques including transmission,
wide-field fluorescence or laser scanning microscopy. In ad-
dition, the illuminated part of the sample can be easily ad-
justed by existing diaphragms, and the amount of light can
be controlled in order to avoid phototoxicity or cell damage.
Applications range from measurements of single cells over
smaller cell clusters up to multicellular spheroids. On addition
of an apoptosis-inducing agent, changes of the light scattering
behaviour are examined and correlated with morphological
changes. Angular distribution of light scattering is compared
with the phase functions calculated by solution of Maxwell’s
equations for scattering by homogeneous and concentrically
layered spheres as well as their Fourier transforms.

Materials and methods

Cells

3T3 murine fibroblasts were routinely grown in Dulbecco’s
modified Eagle’s medium culture medium supplemented with
10% foetal calf serum (FCS), Penicillin/Streptomycin and Na-
Pyruvate at 37°C and 5% CO2. For measurements of sin-
gle cells or small cell clusters, cells were cultivated as sub-
confluent monolayers on microscope cover slips. Apoptosis
was induced by addition of 1 or 2 μM staurosporine to the
culture medium, and measurements were performed before
as well as 2, 4 and 6 h after application of staurosporine.
3T3 multicellular spheroids were grown for 5–7 days up to
a diameter of about 200 μm after seeding 1500 cells per
well in agarose gel-coated 96-well plates in Dulbecco’s modi-
fied Eagle’s medium culture medium supplemented with 10%
FCS, Penicillin/Streptomycin and Na-Pyrovate at 37°C and
5% CO2. HeLa 2E8 spheroids were grown for 5–7 days up to
a diameter of about 200 μm after seeding 150 cells per well
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in agarose gel-coated 96-well plates in MEM culture medium
supplemented with 10% FCS, Penicillin/Streptomycin, MEM
NEAA (nonessential amino acids) and G418-BC (selective an-
tibiotic) at 5% CO2 and 37°C. HeLa 2E8 cells correspond to a
mutant of HeLa cervix carcinoma cells with a plasma mem-
brane associated complex of cyan and yellow fluorescent pro-
tein (ECFP-DEVD-EYFP; Angres et al., 2009). A mixture of
90% 3T3 cells and 10% HeLa 2E8 cells was used to study the
infiltration of the cervix carcinoma cells into the fibroblast ma-
trix. For microscopy, cell spheroids were located in rectangular
glass capillaries with the dimensions 4.25 × 1.25 × 50 mm3

using a pipette. Staurosporine was applied for 2, 4 or 6h at a
concentration of 2 μM (in culture medium) for induction of
apoptosis. All samples were measured in sterile filtered Earle’s
balanced salt solution (EBSS).

Microscopy

For light scattering microscopy cells growing on a microscope
cover slip were covered by a second glass slip (thus contain-
ing a small layer of medium between the two glasses) and
fixed on the microscope stage. Small 2-dimensional cell clus-
ters were illuminated by a light spot of about 50 μm diameter
adjusted by a field diaphragm inside the microscope. Multi-
cellular spheroids in glass capillaries were mounted on the
same microscope stage. The illumination spot was again lim-
ited to about 50 μm in diameter to select defined areas of the
spheroids, for example, peripheral parts, where cell morphol-
ogy was more prominent. An illumination device was devel-
oped, where the collimated beam of a 470 nm laser diode (LDH
470 with driver PDL 800-B, PicoQuant, Berlin, Germany) was
deflected by a mirror under a variable (adjustable) angle, ex-
panded by a telescope to a final diameter of about 15 mm and
guided as a parallel beam to the image plane at the entrance
of the microscope (Axiovert 200, Carl Zeiss Jena, Germany).
The further optical path within the microscope resulted in a
focus within the aperture plane of the objective lens and –
according to the position of the focus – a parallel beam un-
der variable inclination in the plane of the sample (Fig. 1A).
Backscattered light collected by the same lens was focused by
a so-called Bertrand lens to an exit pupil with a pinhole located
in its centre, by which an angle of 180 ± 1°was selected prior
to light detection by a photomultiplier. Alternatively a camera
(AxioCam MR, Carl Zeiss Jena, Germany) was used to detect an
image of either the object plane (without Bertrand lens) or the
aperture plane (with Bertrand lens). When using a 40×/1.30
objective lens with immersion oil, backscattering experiments
were thus possible under an angle ranging from 120 to 240°.
Many experiments, however, were limited to 190 to 220°,
thus avoiding a strong overlap by specular reflection on the
cover slip (around 180°) and excluding comparably weak sig-
nals between 220°and 240° from detection. Furthermore, the
background signal originating from the glass surfaces and the
culture medium was determined separately on those parts of

Fig. 1. (A) Scattering microscope with variable angle illumination
(schematic); (B) Image of the object plane (30 μm diameter); (C) Im-
age of the microscope aperture with incident beam (top), reflected beam
(bottom) and measured area (marked in the centre).

the cover slip which were not covered with cells and subtracted
from all experimental curves. In addition to epi-illumination
microscopy, transillumination by a halogen lamp was used to
examine cell morphology.

In Figure 1(B, C) images of the object field (limited in this
case to about 30 μm by a diaphragm inside the microscope)
as well as of the aperture plane are shown. While a single cell
selected for a scattering experiment is depicted in the first case,
the incident and reflected laser beams in the aperture plane are
depicted in the second case with a measured area marked in
the middle between these two beams. Angular precision of the
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Fig. 2. Backscattering of a small cluster of 4–6 3T3 fibroblasts with angular resolution prior to and after apoptosis (induced by 2 μM staurosporine
applied for 4 h) after background subtraction; inset: corresponding images of 100 × 100 μm size upon transmission microscopy.

parallel light beam passing through the sample was ± 0.5°,
as measured after beam deflection to a screen adjacent to the
microscope.

Measurements were performed with at least 15 clusters of 4–
6 individual cells each cultivated as monolayers and a smaller
number (typically 5 to 10) of 3D spheroids in each case. Rep-
resentative results are depicted in the Figures 2–5. For all
experiments the total amount of light (determined from the
power applied to the irradiated object field and the measuring
time) was below 15 J cm–2, and phototoxicity or light-induced
cell damage were not likely to occur (Schneckenburger et al.,
2012).

Simulations

Maxwell simulations rely on a single dielectric (concentric)
sphere being illuminated by a plane monochromatic electro-
magnetic wave, corresponding to a zero order approximation
of an individual cell under investigation. Results from single
sphere scattering are well-known and can often help to

interpret even the scattering of multiple cell clusters (Mourant
et al., 2002). Analytical solutions for both homogeneous and
concentric sphere models are readily accessible by Mie theory
as illustrated by Bohren and Huffman (1998). Pronounced
oscillations can be observed in case of distinct spherical
scatterers with diameters of the order of the wavelength. This
angular pattern is smoothed out, if there is a high variation in
the distribution of scatterers sizes, or if the individual scatterer
shape deviates significantly from the spherical (Nousiainen
et al., 2012). In this paper, the MATLAB code ‘MatScat’
(http://www.mathworks.com/matlabcentral/fileexchange/
36831, see also Schäfer, 2011) was used to simulate light
scattering at 470 nm by a sphere of variable diameter and a
refractive index n = 1.37 (corresponding to the cytoplasm)
in surrounding culture medium (n = 1.335). The intensity
of unpolarized light, depending on the scattering angle,
was calculated and evaluated for the detection range of
backscattering of the microscope (190–220°). Upon variation
of sphere size, changes of the angular scattering function
were compared with the measured intensity distribution.
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Fig. 3. (A) Backscattering of a small cluster of 4–6 3T3 fibroblasts with
angular resolution (190 to 220°) prior to (0 h) and after apoptosis (in-
duced by 1 μM staurosporine applied for 2, 4 and 6 h) after background
subtraction; (B) Fourier transform of angular scattering.

In addition, structured cells including a nucleus of variable
diameter were modelled as concentric spheres with refractive
indices nC = 1.37 (cytoplasm) and nN = 1.40 (nucleus).
The scattering contribution of the nucleus becomes nonneg-
ligible if its diameter is similar to the cell size, thus resulting
in large coupled oscillations, whereas the Mie pattern of a
homogeneous sphere is reached if the nucleus is small in
comparison to the cell diameter.

It is well-known that the frequency of Mie oscillations in-
creases with the size of the scatterers (Bohren & Huffman,
1998). For this purpose, Fast Fourier Transform was applied
to both measured signals and simulations, and the results were
compared. For calculations of Fourier Transforms, mean val-
ues of all measured curves were calculated and subtracted to
remove the constant component.

Fig. 4. Fourier transform for Mie scattering calculated (A) for a sphere
of 20 μm diameter and a refractive index 1.37 surrounded by a medium
with refractive index 1.335 (red curve) and (B) for a sphere of 20 μm
diameter and a refractive index 1.37 (surrounded by medium of refractive
index 1.335) with an inclusion of 15 μm diameter and a refractive index
1.40 in its centre (blue curve). Comparison with experimental scattering
of 3T3 fibroblasts 6 h after induction of apoptosis by 1 μM staurosporine
(green curve).

Results

Figure 2 shows the angular distribution of light scattering
from a small object field of 4−6 individual cells prior to (con-
trol) and after apoptosis (induced by 2 μM staurosporine after
4 h). While the cells show pronounced changes in morphology
after initiation of apoptosis (characterized by shrinking and al-
most spherical shape, see inset of the Figure), the scattering
intensity increases and exhibits pronounced oscillations, as de-
scribed in the literature for Mie scattering (Bohren & Huffman,
1998). An increase in scattering intensity occurs with increas-
ing incubation time, as depicted in Figure 3(A), and fairly well
defined angular frequencies result from Fourier transforma-
tion of the scattering function. In addition to a contribution
close to frequency 0, pronounced maxima appear at 0.15 to
0.4 oscillations per degree, and some less pronounced maxima
at higher frequencies (Fig. 3B). It should be emphasized that
similar curves were observed for all other cell clusters (of 4–6
cells each), and even average values of curves recorded at 0,
2, 4 or 6 h incubation with staurosporine showed oscillations
similar to those depicted in Figure 3(A) (data not shown).

In an attempt to describe this scattering behaviour, Mie scat-
tering was simulated for a sphere of variable diameter and a
refractive index nC = 1.37 surrounded by a medium of refrac-
tive index 1.335, as well as for a sphere of 20 μm diameter
and a refractive index nC = 1.37 (cytoplasm) with an inclu-
sion of variable diameter and a refractive index nN = 1.40
(cell nucleus). As shown by the Fourier transforms of both
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Fig. 5. (A) Backscattering of a HeLa 2E8 multicellular spheroid with an-
gular resolution prior (0 h) and after apoptosis (induced by 2 μM stau-
rosporine applied for 6 h) after background subtraction; (B) Fourier trans-
form of angular scattering.

simulations (Fig. 4), a sphere of 20 μm diameter without in-
clusion describes the scattering behaviour of 3T3 fibroblasts
upon apoptosis fairly well in the range of 0.15–0.45 oscilla-
tions per degree, while the presence of an inclusion (e.g. cell
nucleus with 15 μm diameter) may possibly account for light
scattering at lower angular frequencies.

The angular distribution of light scattering and the cor-
responding Fourier transform of a HeLa 2E8 multicellular
spheroid is depicted in Figure 5 prior to and after apopto-
sis. Similar to cell monolayers, scattering intensity increases,
and oscillations become more pronounced after apoptosis. Fre-
quencies below 0.1 as well as around 0.3 to 0.5 oscillations

per degree appear most prominent, indicating that the sizes
of scatterers are similar to cells within monolayers. However,
in contrast to cell monolayers, no morphological changes can
be recognized visually after apoptosis. Similar results were ob-
tained for further (individual) spheroids of HeLa 2E8 cervix
carcinoma cells as well as 3T3 fibroblasts.

Discussion

This paper shows that a conventional inverted microscope
modified as described above can be used for light scattering,
in particular backscattering experiments with high angular
resolution. Specular reflection on the surface of the cover slip
overlaps the scattering signal of the cells at angles near 180°
but is reduced considerably by using an oil immersion lens.
In addition, a background signal measured from parts of the
cover slip without cells can be easily subtracted. It remains to
consider forward scattering induced by light reflected from the
back surface of the cover slip on which the cells are growing.
Light must, therefore, pass twice through the thickness of the
glass (2 × 170 μm). If the angle of incidence on the cover slip
deviates by more than 10° from the normal direction (corre-
sponding to our experimental condition), the reflected beam is
displaced by more than 60 μm in the lateral direction. In most
cases, this reflected light did not hit any cells of the monolayer
cultures since cells were growing as small sub-confluent clus-
ters. In a control experiment where light was applied to object
fields without cells, no characteristic oscillations which might
result from forward scattering of reflected light were detected.
In multicellular spheroids, the lateral displacement between
incident and reflected light was even larger than in monolayer
cultures (in general more than 200 μm) due to an additional
layer of about 800 μm culture medium between the spheroid
and the upper glass surface of the capillary. Thus forward
scattering of reflected light was excluded from detection.

It is well documented that Mie scattering occurs preferen-
tially in the forward direction and is characterized by angular
oscillations whose frequency increases with the size of the
scatterers (Bohren & Huffman, 1998; Orlova et al., 2008). The
present experiment shows that for backscattering, too, angu-
lar oscillations are pronounced enough to estimate the size
of scattering particles after Fourier transformation. Backscat-
tering experiments offer the principle advantage of being able
to study samples of greater thickness, for example, under in
vivo conditions. Almost spherical cells of 20 μm diameter are
well described by simulations of Mie scattering in the range of
0.15–0.40 oscillations per degree and this corresponds fairly
well to the observed images after apoptosis (see inset in Fig. 2).
It remains to be proven whether the cell nucleus and fur-
ther sub-cellular organelles may contribute to light scatter-
ing at lower angular frequencies, as reported earlier in the
literature (Mourant et al., 2000), and whether scattering by
whole clusters may account for further (less pronounced) max-
ima at higher frequencies. It should be mentioned that, in
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Fig. 6. (A) Backscattering of a multicellular spheroid of 3T3 fibroblasts, HeLa 2E8 cervix carcinoma cells (with membrane associated fluorescent proteins)
and 3T3 fibroblasts with infiltrating HeLa 2E8 cancer cells after background subtraction; inset: transmission microscopy of the spheroid (left-hand side)
and laser scanning microscopy of a single cell layer (thickness: �z = 5 μm; excitation wavelength: 488 nm; detection range: 515–565 nm; image size:
230 × 230 μm; right-hand side).

comparison with 3T3 fibroblasts, morphological changes
upon apoptosis are less pronounced for some other cell lines,
for example, MCF-7 breast cancer cells or HeLa cervix cancer
cells (data not shown). This results in less pronounced angular
variations but in principle yields similar results.

In a first step towards in vivo applications, we applied light
scattering microscopy to 3D multicellular spheroids of about
200 μm diameter. In these experiments, too, oscillations of
angular scattering were detected whenever individual cells be-
came discernable (e.g. in the peripheral parts of the spheroids).
As depicted in Figure 5, changes of the scattering behaviour
become evident after apoptosis, even if no changes of mor-
phology are observed. This seems to offer some advantage of
light scattering experiments for label-free measurements of
apoptosis in comparison with conventional video detection.

Compared to staurosporine, some cytostatic drugs induce
more complex cellular reactions, for example, apoptosis in
combination with necrosis. This may result in different mor-
phological responses but seems to induce similar changes of
angular scattering, as recently shown upon application of dox-
orubicin to 3T3 fibroblasts (Richter et al., 2013). This indi-
cates that measurements of morphological changes by light
scattering may be less specific than measurements with a

well-defined sensor for apoptosis, for example, a genetically
encoded, membrane-associated fluorescence sensor based on
Förster resonance energy transfer (FRET) from a cyan (ECFP)
to a yellow fluorescent protein (EYFP), as reported by An-
gres et al. (2009) for 2D cell monolayers and now verified
for 3D multicellular spheroids (results not shown). In com-
parison with these measurements, however, light scattering
experiments are label-free and can in principle be applied
in vivo.

The possibility of using light scattering experiments for dif-
ferentiation of tumorigenic and nontumourigenic cells has
been under discussion for over 10 years (Bigio et al., 2000;
Mourant et al., 2002). When using the present setup, the an-
gular behaviour of light scattering of 3T3 spheroids changes
upon infiltration of HeLa 2E8 cervix carcinoma cells and
resembles the scattering behaviour of the carcinoma cells
(Fig. 6), thus proving the potential of elastic light scattering
experiments for tumour cell recognition. A combination of
light scattering with additional microscopy techniques (e.g.
laser scanning microscopy) appears to be very helpful for this
purpose, as illustrated in the inset of Figure 6. This inset shows
HeLa 2E8 cancer cells with green-yellow fluorescent mem-
branes distributed in a 3T3 cell spheroid. Infiltration of the
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cancer cells can thus be visualized and explains modifications
of the light scattering behaviour.
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gGmbH. The authors wish to thank Brigitte Angres, NMI Reut-
lingen, for providing the HeLa 2E8 cells. Constructive discus-
sions with Michael Schmitz, Thomas Rothe, Julian Stark and
Petra Weber as well as technical assistance by Claudia Hintze
are also gratefully acknowledged.

References

Angres, B., Steuer, H., Weber, P., Wagner, M. & Schneckenburger, H.
(2009) A membrane-bound FRET-based caspase sensor for detection
of apoptosis using fluorescence lifetime and total internal reflection
microscopy. Cytometry. Part A: J. Int. Soc. Analyt. Cytol., 75, 420–
427.

Bigio, I. J., Bown, S. G., Briggs, G., et al. (2000) Diagnosis of breast can-
cer using elastic-scattering spectroscopy: preliminary clinical results. J.
Biomed. Opt., 5, 221–228.

Bohren, C. F. & Huffman, D. R. (1998) Absorption and Scattering of Light by
Small Particles, Wiley-Interscience Publications, New York.

Brunstin, A. & Mullaney, P. F. (1974) Differential light-scattering from
spherical mammalian cells. Biophys. J., 14, 439–453.

Cottrell, W. J., Wilson, J. D. & Foster, T. H. (2007) Microscope enabling
multimodality imaging, angle-resolved scattering, and scattering spec-
troscopy. Opt. Lett., 32, 2348–2350.

Liu, Y., Li, X., Kim, Y. L. & Backman, V. (2005) Elastic backscattering
spectroscopic microscopy. Opt. Lett., 30, 2445–2447.

Mourant, J. R., Canpolat, M., Brocker, C., Esponda-Ramos, O., Johnson,
T. M., Matanock, A., Stetter, K. & Freyer, J. P. (2000) Light scattering
from cells: the contribution of the nucleus and the effects of proliferative
status. J. Biomed. Opt., 5, 131–137.

Mourant, J. R., Johnson, T. M., Doddi, V. & Freyer, J. P. (2002) Angular
dependent light scattering from multicellular spheroids. J. Biomed. Opt.,
7, 93–99.

Mulvey, C. S., Sherwood, C. A. & Bigio, I. J. (2009) Wavelength-dependent
backscattering measurements for quantitative real-time monitoring of
apoptosis in living cells. J. Biomed. Opt., 14, 064013.

Mulvey, C. S., Zhang, K., Bobby Liu, W. H., Waxman, D. J. & Bigio,
I. J. (2011) Wavelength-dependent backscattering measurements for
quantitative monitoring of apoptosis, part 2: early spectral changes
during apoptosis are linked to apoptotic volume decrease. J. Biomed.
Opt., 16, 117002.

Nousiainen, T., Zubko, E., Lindqvist, H., Kahnert, M. & Tyynelä, J. (2012)
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