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Abstract. We propose a new, simple theory-based, accurate polariza-
tion microscope for birefringence imaging of cytoskeletal structures of
biological cells. The new theory lets us calculate very easily the phase
retardation and the orientation of the principal axis of a particular area
of a biological living cell in media by simply measuring the intensity
variation of a pixel of a CCD camera while rotating a single polarizer.
Just from the measured intensity maxima and minima, the amount of
phase retardation & between the fast and the slow axis of the sample
area is obtained with an accuracy of 5.010+£0.798 X 1073 rad. The
orientation of the principal axis is calculated from the angle of the
polarizer for the intensity maximum. We have compared our micro-
scopes with two previously reported polarization microscopes for bi-
refringence imaging of cytoskeletal structures and demonstrated the
utility of our microscope with the phase retardation and orientation
images of weakly invasive MCF7 and highly invasive MDA MB 231

human breast cancer cells as an example. © 2010 Society of Photo-Optical
Instrumentation Engineers. [DOIl: 10.1117/1.3327280]
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1 Introduction

Linearly polarized light travels at one speed in one polarized
direction and at another speed in another polarized direction
in a birefringent material. Birefringence, first found in calcite
crystals in the 1600s, results from the anisotropic arrangement
of atoms or molecules in a material. Birefringence has been
observed not only in anisotropic crystals, stressed fibers, and
polymers, but also in biological cells and tissues where pro-
teins are regularly arranged in a fibrous fashion: human crys-
talline lens,I retina,z’3 collagen4 and connective tissues,” and
cerebral amyloid pathologic regions.® Phase retardation in a
birefringent material is defined as the phase difference be-
tween the two orthogonal principal axes of the material. The
relation between the phase retardation and the birefringence
of a material measured with a polarization microscope can be
mathematically expressed as

2
Phase retardation = Tﬂ- -An-t, (1)

where N\, An, and ¢ indicate wavelength of light, birefrin-
gence, and traveling distance of light in the birefringence ma-
terial, respectively.

Polarization microscopy can reveal anisotropically ordered
fibrous structures in biological materials without having to
stain or label them. This is a big advantage of polarization
microscopy, since staining or labeling a protein might affect
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its vital function. Specifically for biological applications, two
different types of polarization microscopes have been
reported.7’8 One type uses two liquid crystal variable phase
retarders for generating four discrete input polarization states,
and the other type uses two Faraday rotators for continuous
rotation of linearly polarized light with respect to a sample by
controlling an external magnetic field.

The first type of polarization microscope was proposed by
Oldenbourg et al.” and has been used for cell imaging appli-
cations such as the observation of dynamic behavior of cy-
toskeletal fine structures in the lamellipodium of nerve growth
cones.”'’ Four intensity images of a biosample are measured
through an analyzer while the polarization states of the in-
coming light to a sample are changed into four predetermined
states: left circular, right circular, crossed, and parallel polar-
ization states. From these intensity images, four Stokes polar-
ization parameters can be calculated on a pixel-by-pixel basis.
A major advantage of this polarization microscope is its fast
measurement speed. This microscope employs a commer-
cially available high-speed liquid crystal phase retarder
(LCPR). Only four discrete intensity measurements are made
in this microscope, whereas many measurements at different
polarization angles are required in other microscopes. Due to
the white beam source and the bandpass filter employed in
this microscope, however, the beam coming into the LC vari-
able phase retarders is not monochromatic.”® For example, the
birefringence An of a commercially available, nematic, LC
phase retarder for wavelengths of 610 and 630 nm are
0.138036 and 0.137028, respectively."’ For AN of 20 nm at
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A=630 nm, a spread of 3% in wavelength, each LC retarder
could yield an error of 0.001 in birefringence.

The second polarization microscope, with two Faraday ro-
tators, proposed by Kuhn et al., is called a “modulated polar-
ization microscope.”8 The two Faraday rotators, one posi-
tioned before a specimen and the other after the specimen, are
used to modulate polarization angles. Since the high current in
the solenoid of Faraday rotators generates a lot of heat, cool-
ing systems were added to the Faraday rotators of the micro-
scope. This makes the system expensive, and the whole as-
sembly becomes bulky, which makes it difficult to fit this
system into existing laboratory microscopes.

In this paper, we propose a new, simple theory—based, easy
to build, less expensive, compact microscope by single polar-
ization modulation, and we present some birefringence im-
ages of human breast cancer cells observed under our micro-
scope. In terms of specifications and capabilities, our
microscope is compared with the two microscopes described
earlier. It is well known that only discrete data points such as
five- or four-phase retardation values are good enough to ob-
tain the complete birefringence information of a sample.’"!
Even though the measurement speed of these previous meth-
ods are very fast, the accuracy in a measured phase retarda-
tion image is limited in these methods. The major advantage
of our method is that more accurate phase retardation can be
obtained compared to previous methods by having 30 or even
more phase scanning data points and fitting them with a sine
function. In general, a method for obtaining the phase retar-
dation of a sine function by fitting a set of equally spaced
phase data with a sine function is much accurate than previous
methods. Since we fit a set of data with a sine function of a
linearly scanned phase, there is no error related to the accu-
racy of a phase retarder used in conventional phase retarda-
tion measurement methods, where the phase retardation of a
sine function is obtained from four or five measured intensi-
ties of a sine function at given discrete phase values.

2 Experimental Setup

The optical components in our polarization microscope are
arranged as shown schematically in an exploded view in Fig.
1. The light source for this microscope is a randomly polar-
ized He-Ne laser beam with 7-mW average power (1137, JDS
Uniphase Corp.). In order to eliminate the problems associ-
ated with a coherent imaging system, a rotating diffuser (Ko-
rea Electro-Optics Co.) is placed just after the laser. Un-
wanted speckle patterns appearing in a coherent image are
effectively eliminated by rotating the diffuser during
measurements.'* Scattered light from the rotating diffuser is
collimated with a condenser lens. This partially collimated
laser beam is folded by 90 deg with an Au-coated mirror. The
elliptical envelope due to different reflectivity of the polariza-
tion components of the gold-coated mirror can be ignored.
The intensity changes randomly with changing rotation angle
of the polarizer, which shows that the elliptical envelope of
the Au-coated mirror is negligible. A motorized rotating po-
larizer is placed after the mirror. Another condenser lens,
placed after the rotating polarizer (linear, A=632.8 nm; Thor-
lab), receives the linearly polarized beam from the polarizer
and focuses it to illuminate the sample. A 60X microscope
objective lens (NA: 0.85; Edmund Optics) used for imaging is
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Fig. 1 Arrangement of optical components of the polarization micro-
scope. The polarizer is rotated by a stepping motor.

placed after the sample. A quarter-wave plate (QWP, zero or-
der, N\=632.8 nm; Thorlab) and a fixed analyzer (linear, A
=632.8 nm, Thorlab) are placed just after the objective lens.
The angle between the fast axis of the QWP and the polarizer
is set to make 45 deg. The magnified images of a sample are
detected by a CCD camera (8 bit, 640 X 480 pixels; COHU)
and are digitized by a frame grabber with 8-bit resolution. In
order to remove the interference effect between the CCD sen-
sor and its protecting cover glass, the cover just in front of the
CCD camera is removed.”® A series of intensity images are
acquired at 30 different angles of the rotating polarizer scan-
ning from 0 to 180 deg. The intensity variation of each pixel
in the series of measured images is fitted with a sine function
of the input polarization angle to find the principal axis and
the phase retardation of each pixel.

3 Theory

Figure 2 shows the relative polarization angles of the optical
components in our newly proposed polarization microscope
with a single rotating polarizer. The polarizer, initially set to
0 deg with respect to the z axis of the diagram, rotates from
0 deg to 180 deg. Image acquisition is synchronized to the
rotation of the polarizer such that successive image frames are
captured as the polarizer rotates. Let us consider a birefringent
sample whose phase retardation is 6 and whose fast axis is
located at ¢ with respect to the z axis. Light passes through
the fixed quarter-wave plate (QWP) and the fixed analyzer
before it is detected by the CCD. The polarizing angles of the
fast axis of the QWP and the analyzer are set to 45 deg and
90 deg with respect to the z axis, respectively. Jones matrix
representations of the polarization state of the light just after
each polarization component can be written as follows:

 Polarization state of the light after the polarizer whose
angle is 6 with respect to the z axis:

E, cos 0 .
=| . Eye'™. (2)
E, sin 6
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Fig. 2 Orientation angle of each polarization component of the polar-
ization microscope. The polarizer rotates from 0 to 180 deg, while
the QWP is set at 45 deg from the z axis and the analyzer at 90 deg.

* Polarization state of the light just after the birefringent
sample whose phase retardation is &, and its fast axis is ro-
tated ¢ with respect to the z axis:

{E;}_[coscﬁ —sind)}[l 0 }[com;’) sin¢>]{Ez]
E, “lsing cos¢ [[0 e ||[-sing cos¢]|E, ]|
3)

* Polarization state of the light just after the QWP whose
fast axis is rotated 45 deg with respect to the z axis:

2]
A i ey
IEE

 Polarization state just after the analyzer whose fast axis
is rotated 90 deg with respect to the z axis:

E" ={0 0} E! .
E) 0 1]LE] ’

Then, the intensity of the light detected by the CCD camera as
a function of the rotation angle 6 of the polarizer I(6) can be
written as

) [ () ool
o)

13

I
1) =|E!?+|E)|= 50[1 +sin &-sin(20-2¢)], (6)

where 1,/ 2=E0E(*)/ 2 is the average intensity of the sinusoidal
intensity variation, and |E.'|* in Eq. (6) is identically zero. As
seen in Eq. (6), the intensity will vary sinusoidally with re-
spect to the angle € of the rotating polarizer. Figure 3 illus-
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1=(I,/2)-sinS-sin(20-2¢)+1,/2
I =I—°+—sino‘ 'y
2 2 /  (Iy/2)-siné
o/2 *
I 1—°—I—sinb
2
[ 0

Fig. 3 Theoretical intensity of the light from a given point on a sample
varies sinusoidally as the polarizer rotates from 0 to 180 deg.

trates typical sinusoidal intensity data as a function of the
rotating polarizer angle. The amplitude of the sinusoidal in-
tensity variation depends on the phase retardation &, and the
average intensity I,/2. From Eq. (6), we can obtain the phase
retardation O as

I .. —1
o= arcsin(L

min) ) (7)
max T I min

Equation (6) indicates that the maximum intensity of mea-
sured data is obtained when 26,,,,—2@= /2. Therefore, we
can obtain the orientation angle of the principal axis of the

sample as

¢= amax_ 77/4’ (8)

where 0,,,,, is the angle of the rotating polarizer corresponding
to the maximum intensity with respect to the z axis.

4 Accuracy and Precision of the Microscope

When the phase retardation & is 0 in Eq. (6), the intensity
should become constant, //2, even if the angle 6 of the po-
larizer changes. The phase retardation & becomes zero if the
sample has no retardation or when there is no sample in the
polarization microscope. But in reality, there is a minute,
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Fig. 4 Intensity variations were measured 10 times without a sample

to check the accuracy and precision of the polarization microscope.
Without a sample, the intensity should not change theoretically.
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Table 1 Specifications and capabilities of three types of polarization microscopes.

Main components

Polarization
modulation

Optical source

Source wavelength

Accuracy
Precision
Measurement

speed

Sources of
potential errors

Oldenbourg et al.
(Refs. 7, 9, and 10)

1 polarizer

1 analyzer

1 quarter-wave plate
2 liquid crystal (LC)

phase retarders

Phase retardation
modulation

of (LCs)

by voltage control

Arc lamp light plus band pass filter

Nc=546 nm
(AN=10 nm)

No remark
No remark
Fast (milliseconds)
Set of four images

Electric control

AN/ \ effect on two LC
retarders

Kuhn et al. (Ref. 8)

1 polarizer
1 analyzer
2 Faraday rotators

Polarization state
modulation of polarizer/analyzer
by Faraday rotators

Arc lamp light plus band pass filter

Ac=436 nm
(No remark on AN)

No remark

No remark

Fast

Continuous rotation

Electric control

Heating effect on
Faraday rotators

This work

1 polarizer

1 analyzer

1 quarter-wave plate
1 stepping motor

Polarization state
modulation of polarizer by rotating
the polarizer

He-Ne laser plus diffuser

Ac=632.8 nm
(AN~107% nm)

0.005010 (rad)
0.000798 (rad)
Relatively slow
Continuous rotation

Mechanical control

Intensity variation due
to the light scattering

particles in the diffuser

inherent fluctuation of the diffused laser beam because the
particles of the diffuser scattering the coherent laser beam are
not homogeneous in size and position. In addition to the in-
tensity fluctuation of the beam source, digitizing the intensity
for curve fitting can also be a source of minute error. These
factors could affect the accuracy of the microscope.

We measured the intensity variation as a function of the
rotating polarizer without any sample for 10 times, and the
result is shown in Fig. 4. Ten images were averaged to pro-
duce one data point in each intensity plot. As expected from
the random nature of the intensity variation caused by the
diffusing particles, the intensity changes randomly with
changing the rotation angle of the polarizer. Intensity fluctua-
tion data shown in Fig. 4 represent all possible noise sources
in our measurement system, which include laser intensity
fluctuation, the effect of rotating diffuser, and digitizing error
in our CCD camera with a frame grabber, etc. Even though
each plot does not seem to show any periodic variation with
respect to the angle of the rotating polarizer, the calculated &
by fitting it with a sine function yields nonzero phase retarda-
tion. The mean value of 10 different plots shown in Fig. 4 is
0.0050 rad, while their standard deviation is 0.00079 rad.
Without a sample, & is supposed to be zero. Since the average
phase retardation is about six times larger than the standard
deviation, we believe that there exists a certain amount of
intrinsic birefringence in the optical measurement system
used in our experiment. We believe that this nonzero birefrin-
gence of air measured by our proposed method is due to the
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nonuniform reflectivity of the 90-deg folding mirror used in
our experimental setup. Therefore, the accuracy of & mea-
sured in our microscope is 0.00501 rad, the minimum detect-
able value of phase retardation using our microscope, and its
precision is 0.000798. These values of accuracy and precision
can be converted to the birefringence values of 0.000025 and
0.000004 by assuming that the thickness of the cell is 20 um.
Our slow measurement speed can restrict the spatial reso-
lution of our birefringence measurement if the sample is mov-
ing. Since the measurement speed of the polarization micro-
scope is as low as 0.05 frames/second, it takes about 20 s to
obtain a single birefringence image. Therefore, the movement
of our sample cells within the measurement time of 20 s
needs to be less than the spatial resolution of our system,
which is about 300 nm.

(a) (b)
Fig. 5 Cytoskeletal structures of (a) MCF 7 and (b) MDA MB 231

breast cancer cells are not visible at all in the micrographs obtained
with a conventional optical microscope.
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Fig. 6 Cytoskeletal structures of (a) MCF 7 and (b) MDA MB 231 breast cancer cells are clearly visible in the micrographs obtained with the

polarization microscope.

5 Comparison with Other Polarization
Microscopes

Table 1 shows a comparison of our microscopes with two
other microscopes reported by Oldenbourg et al.”>!% and
Kuhn et al.® respectively. As briefly explained in Sec. 1 the
major difference of these polarization microscopes is the
modulation method of polarization. Oldenbourg et al. use two
voltage-controlled LC phase retarders to make a set of four
polarization states of the incoming light, and Kuhn et al. use
two current controlled high-voltage Faraday rotators to con-
tinuously rotate the polarization state of the incoming light. In
these microscopes, there are no mechanically moving or ro-
tating components. Thus, the measurement speed is supposed
to be fast. In our microscope, we use a stepping motor to
mechanically rotate the polarizer instead of electrically or
magnetically changing the polarization state of the light.
Since we are not using LC retarders or Faraday rotators, our
microscope is comparatively low cost, simple, and easy to
build in laboratories.

Since the light sources in other microscopes are not mono-
chromatic, this could act as a potential source of error. For the
microscope by Kuhn et al., another source of error comes
from the heating of Faraday rotators due to the large current
flowing in the solenoids of the Faraday rotators. Although it is
not mentioned in their published papers, if there were any
hysteresis in the LC retarders or Faraday rotators, this could
be another source of error when repeated measurements are
required. Unfortunately, the accuracies of the microscopes

could not be compared because the accuracies of the two mi-
croscopes were not mentioned in the papers.

6 Birefringence Images of Human Breast
Cancer Cells

To demonstrate the utility of our microscope, human breast
cancer cells from two cell lines, weakly invasive MCF 7 and
highly invasive MDA MB 231, were observed for their bire-
fringence images. The cells were selected as the samples for
birefringence imaging because the cells’ movement speeds are
below 10 nm/s, which is appropriate for the polarization mi-
croscope with the frame rate of 0.05 frames/s. The cells were
cultured for two days in the standard condition of 37 °C, 5%
CO,, 95% humidity, and in a culture medium of (Dulbecco’s
modified Eagle’s medium DMEM; Gibco) supplemented with
10% fetal bovine serum (Hyclone) and antibodies."*"

The micrographs in Fig. 5 are the optical images of MCF 7
[Fig. 5(a)] and MDA MB 231 [Fig. 5(b)] cells captured with a
conventional microscope. The micrographs in Fig. 6 and Fig.
7 show the phase retardation distributions & and the principal
axis orientation distributions ¢ for these two breast cancer
cells. The scale bars in Fig. 6 indicate phase retardation values
in rad, and the scale bars in Fig. 7 indicate the orientation of
the principal axis in radian with respect to the vertical y axis.

Either microtubules® or actin’ filaments are known to con-
stitute the cytoskeletal structures of cells—the sources of bi-
refringence in cells. Even though the size of an actin filament

(b)

Fig. 7 These micrographs show the orientations of the principal axis of each pixel in the phase retardation micrographs shown in Fig. 6. The arrows
indicate the additional features that are not seen in the phase retardation map in Fig. 6.
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or a microtubule is much smaller than the resolution of an
optical microscope, our results shown in Fig. 6 and Fig. 7
indicate that the aggregated distribution of actin filaments or
microtubules can produce large amount of birefringence,
which can be measured by our system. Whereas the optical
micrographs in Fig. 5 do not show any hints of cytoskeletal
structures, the phase retardation images in Fig. 6 clearly show
distribution of the cytoskeletal structures, especially in the
periphery of the cells’ nuclei and membranes. It is noteworthy
that the principal axis plots in Fig. 7 show distribution of
more structures of cells, indicated by the arrows, which are
not clearly seen in the phase retardation plots in Fig. 6.

7 Conclusions

In this paper, we proposed a new theory for polarization mi-
croscope imaging, compared the specifications and capabili-
ties of our polarization microscope with two other micro-
scopes reported previously, and demonstrated the utility of the
microscope with the birefringence images of human breast
cancer cell lines MCF 7 and MDA MB 231. The theory is
simple in that a series of intensity measurements of a pixel on
a CCD, measured while rotating a polarizer from
0 to 180 deg at an interval of 6 deg, is fitted to a sine curve
to find the maxima and minima of the curve. From the inten-
sity maxima and minima, the phase retardation of the sample
area corresponding to the pixel is obtained. The orientation of
the principal axis of the sample area is simply the rotation
angle of the polarizer where the intensity is the maximum.
Due to lack of a standard reference specimen for birefrin-
gence, we checked the accuracy and precision of the micro-
scope without a sample in the optical axis of the microscope.
The accuracy was 0.005010 rad, and the precision was
0.000798 rad. The cytoskeletal structures of the breast cancer
cells were clearly visible in the birefringence images obtained
from the polarization microscope, while the same structures
were not at all visible in the images obtained from a conven-
tional microscope.
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