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Abstract. Digital holographic microscopy provides new facilities for
contactless and marker-free quantitative phase contrast imaging. In
this work, a digital holographic microscopy method for the integral
refractive index determination of living single cells in cell culture me-
dium is presented. Further, the obtained refractive index information
is applied to full field thickness and shape determination of adherent
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1 Introduction

Holography and speckle interferometry are well established
tools for industrial nondestructive testing and quality control,
which is usually performed by the detection of object dis-
placements while applying static stress, temperature changes,
or shock waves, or by vibration monitoring.l’3 Therefore, up
to the present, various holography and speckle interferometry
systems have been developed. Also, for biomedical applica-
tions, holographic and speckle interferometric metrology
opens up new perspectives for the visualization and detection
of displacements and movements. Here, for the early diagno-
sis of malignant tumors, it is of interest to distinguish between
different tissue elasticity or to inspect cavities
endoscopically.*™® Furthermore, in the fields of life sciences
and biophotonics, there are growing requirements of an opti-
cal instrumentation for timely and spatially high resolution
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analysis, measurement, and documentation in supra-cellular,
cellular, and subcellular range. In combination with micros-
copy, digital holography offers new fields of application for a
contactless and marker-free quantitative phase contrast
imaging.L10 Compared to other phase contrast methods,""?
interferometry-based techniques,m_]5 and optical coherence
tomography (OCT) or optical coherence microscopy
(OCM),'*"  digital holographic microscopy”'® provides
quantitative phase contrast with subsequent digital focus cor-
rection from a single recorded hologram. This feature is of
particular advantage for measurements of cellular specimens
with high magnification optics for the detection of fast pro-
cesses as well as for long term measurements, where focus
tracking is required due to mechanical instability or thermal
effects.

Pancreatic cancer is a devastating malignancy in western
countries and the fourth most common cause of cancer-related
deaths.” One of the causes for the poor prognosis of pancre-
atic adenocarcinoma is its tendency to form micrometastases
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Fig. 1 Schematic setup for an inverse off-axis digital holographic mi-
croscopy system with transmitting light illumination of the sample (for
explanation of HP, z), z;p, and Az, see text).

before clinical symptoms arise and before the tumor is detect-
able by diagnostic medical imaging techniques. The molecu-
lar mechanisms that determine the highly malignant growth
and dissemination pattern of pancreatic cancer are poorly un-
derstood. Recent findings suggest that the cell-cell contact
protein E-cadherin and the associated catenin complex play a
key role in pancreatic cancer progression.ﬂ’22 Since proteins
of the cadherin/catenin complex proteins are involved in the
organization of the actin cytoskeleton, which determines cell
shape, it is a key challenge to obtain data related to the tumor
state directly from analysis of the tumor cell morphology.

In the first part of this contribution, a digital holographic
microscopy method for the determination of the integral re-
fractive index of cells in cell culture medium is presented.
Thereby, the applied algorithm for digital holographic recon-
struction enables the propagation of in-focus (or near the im-
age plane) recorded holograms with constant image scale.
Subsequently, in the second part of the work, the obtained
information about the integral refractive index is applied to
contactless and marker-free full field determination of thick-
ness and shape of adherent pancreatic tumor cells, as well as
to the quantitative analysis of dynamic drug-induced changes
on single cell morphology.

2 Quantitative Digital Holographic Phase
Contrast Microscopy

2.1 Setup for Digital Holographic Microscopy

Figure 1 depicts the schematic setup of the applied digital
holographic microscopy system. An inverse microscope ar-
rangement, in combination with a transmitting light illumina-
tion, enables the investigation of transparent samples in a
liquid-filled Petri dish, such as living cells in culture medium.
The emitted light of a frequency-doubled Nd: YAG laser (A
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=532 nm, P~ 10 mW) is divided into an object illumination
wave O and a reference wave R. A condensing lens is utilized
for an optimized illumination of the sample as for conven-
tional white light illumination. The reference wave is guided
directly by a beamsplitter to a charge-coupled device (CCD)
sensor with IEEE1394 interface (Sony XCD-X700, 8 bit,
1024 X 768 pixels, pixel pitch 6.25X6.25 wm) that is ap-
plied for the digitalization of the holograms in the hologram
plane HP at z=z;,. Holographic off-axis geometry is realized
by a slight tilt of the reference wavefront with the beamsplit-
ter against the wavefront of the object wave. To enhance the
system’s lateral resolution that is restricted by the pixel pitch
of the applied CCD sensor, the transmitted object wave is
magnified by a microscope lens. The magnification is chosen
in such a way that the smallest imaged structures, given by the
restriction of the Abbe criterion, are oversampled by the im-
age recording device (microscope lenses: Zeiss Acroplan LD
20X, NA=0.4, Zeiss Acroplan LD 40X, NA=0.6). In this
way, the maximum diffraction-limited resolution of the opti-
cal imaging system is not decreased by the numerical recon-
struction algorithm described in Sec. 2.2.

2.2 Quantitative Holographic Phase Contrast
Measurement

The reconstruction of the digitally captured holograms is per-
formed by the application of a nondiffractive reconstruction
method (NDRM). The intensity distribution Iyp(x,y,zp) in
the hologram plane HP, located at z=z(, is formed by the
interference of the object wave O(x,y,z=7;) and the refer-
ence wave R(x,y,z=2p):

IHP(x7y7Z0) = 0()@)”20)0*()@)”20) +R(x’y7ZO)R*(x7y7Z0)
+0(x,y,2)R"(x,y,20) + R(x,,20) 0" (x,,2)

=1p(x,y,20) + Ir(x,y,20)

+ 2V’[IO(x’y’ZO)IR(x’y’ZO)]COS A¢HP(x’y’Z0) 5
(1)

with I,=00"=|0|? and I,=RR"=|R|* (" denotes the conju-
gate complex term). The parameter Adgyp(x,y,zo)
=r(x,y,20)— Po(x,y,z9) denotes the phase difference be-
tween O and R at z=z;. In the presence of a sample in the
optical path of O, the phase distribution represents the sum
¢0(X,y,20) = ¢00(X,y,Z())+A(,Ds(X,y,Z()), where ¢()O()C,y,Z0)
denotes the pure object wave phase, and A¢(x,y,7y) repre-
sents the optical path length change that is effected by the
sample. For areas without sample, A ¢y p(x,y,70) is estimated
by a mathematical model”:

Ad)HP(x’y’ZO) = ¢R(x’y’20) - ¢00(X,y,Z0)
=2m(K x> + K, y* + Lx+Lyy). (2)

The parameters K, and K, in Eq. (2) describe the divergence
of the object wave and the properties of the applied micros-
copy lens. The constants L, and L, denote the linear phase
difference between O and R due to the off-axis geometry of
the experimental setup. For quantitative phase measurement
from Iyp(x,y,z9), in a first step the complex object wave
O(x,y,z=7¢) in the hologram plane is determined pixel-wise
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by solving a set of equations that is obtained from the inser-
tion of Eq. (2) into Eq. (1). For that purpose, neighboring
intensity values within a square area of 5 X 5 pixels around a
given hologram pixel are considered by application of a spa-
tial phase shifting algorithm (for details see Refs. 9 and 23).
The utilized algorithm is based on the assumption that only
Adpp(x,y.20)=Pr(x,y,20) = Po, (X, ,20) between the object
wave O(x,y,7,) and the reference wave R(x,y,z) varies rap-
idly spatially in the hologram plane. In addition, due to the
spatial phase shifting algorithm, the object wave’s intensity
has to be assumed constant within an area of about 5X5
pixels around a given point of interest of the hologram. For
the described experiments, these requirements are fulfilled by
an adequate relation between the magnification of the micro-
scope lens and the image recording device. Therefore, the
magnification of the microscope lens is chosen in such a way
that the smallest imaged structures of the sample that are re-
stricted by the resolution of the optical imaging system due to
the Abbe criterion are oversampled by the CCD sensor. In this
way, the lateral resolution of the reconstructed holographic
phase contrast images is not decreased by the spatial phase
shifting algorithm’ (see also Sec. 2.1).

The parameters K, K, L,, and L, in Eq. (2) cannot be
obtained directly from the geometry of the experimental setup
with an adequate accuracy, and for this reason are adapted
once before the measurements by an iterative fitting process
in an area of the hologram without sample (for a detailed
description, see Ref. 9).

Digital holographic phase contrast microscopy requires, in
correspondence to microscopy with white light illumination, a
sharply focused image of the sample. For the case that the
object is not imaged sharply in the hologram plane HP during
the hologram recording process, e.g., due to mechanical insta-
bility of the experimental setup or thermal effects, in a second
evaluation step a further propagation of the object wave to the
image plane can be carried out for subsequent focus correc-
tion. The propagation of O(x,y,z,) to the image plane z;p that
is located at z;p=z¢+Az in the distance Az to HP can be
carried out by a Fresnel transformation’'%** or, as in this con-
tribution, by a convolution algorithm®***:

O(X,y,Z[p =79+ AZ)
=F YF[O(x,y,z0) lexp[imANAz(V? + 2]} (3)

In Eq. (3), \ is the applied laser light wavelength, v and u are
the coordinates in the frequency domain, and F denotes a
Fourier transformation. During the propagation process, the
parameter Az is chosen in such a way that the holographic
amplitude image appears sharply, in correspondence to a mi-
croscopic image under white light illumination. A further cri-
terion for a sharp image of the sample is that diffraction ef-
fects due to the coherent illumination appear minimized in the
reconstructed data. As a consequence of the applied algo-
rithms and the parameter model for the phase difference
model A¢yp in Eq. (2), the resulting reconstructed holo-
graphic images do not contain the disturbing terms “twin im-
age” and “zero order.” In addition, the method, in comparison
to propagation by Fresnel transformation, as in Refs. 7, 9, and
10, allows a sharply focused image of the sample in the ho-
logram plane, which is of particular advantage for the align-
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Fig. 2 Experimental setup for refractive index determination of cellu-
lar specimen. d is the distance between the glass capping and carrier
slide.

ment of the experimental setup. The propagation of O by Eq.
(3) enables in this way the evaluation of image plane holo-
grams containing a sharply focused image of the sample, and
effects no change of the image scale during subsequent refo-
cusing. In the special case that the image of the sample is
sharply focused in the hologram plane with Az=0 and thus
Z1p=20, the reconstruction process can be accelerated, because
no propagation of O by Eq.(3) is required.

From O(x,y,z;p), in addition to the absolute amplitude
|O(x,y,z;p)| that represents the image of the sample, the
phase information Agg(x,y,zo) of the sample is reconstructed
simultaneously:

Aes(x,y.20) = Po(x.y,20) = o, (x.¥20)

Im{O(X,Y»ZIP)}
Re{o(x’y’Z[P)}

After removal of the 27 ambiguity by a phase unwrapping
process,l the data obtained by Eq. (4) can be applied for quan-
titative phase contrast microscopy, which is the main topic of
interest in the presented communication.

= arctan (mod 2'77) . (4)

2.3 Refractive Index Determination and Shape
Measurement of Living Cells

The reconstructed object wave phase information
¢o(x,y,z;p) obtained from Eq. (4) can be applied under suit-
able conditions for the integral refractive index determination
of semitransparent samples, such as cells in culture medium.
Figure 2 shows the scheme of an experimental setup for the
measurement of the refractive index of cells by digital holo-
graphic microscopy. The cells are covered with a capping
glass that is pressed onto the sample in such a way that the
distance d to the carrier glass is nearly constant in the inves-
tigated image field. In this case, the phase change A, af-
fected by a cellular sample in comparison to the culture me-
dium with the known homogenous refractive index 7,,cdium 1S:
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A(Pcell = T(ncell - nmedium) : d’ (5)

with the integral refractive index n of the cell and the
wavelength \ of the applied laser light. The distance d can be
obtained by the determination of the phase change Ay,
which is affected by included air near to the cellular sample
with the refractive index n,;, and taking into account the re-
fractive index of the culture medium 7,,.4;um:

Mo, 1
d — (pall' . . (6)
2 Nmedium ~ Mair
Insertion of Eq. (5) into Eq. (6) yields for ng:
A@een
Neen = A_Ce(nmedium - nair) * Nmedium- (7)

air

Consecutively, the thickness d of the investigated cells can
be determined by measuring the optical path length change
A of the cells to the surrounding medium.

VAY Peell . 1

2m Neell — Mmedium

(8)

dcell =

For fully adherently grown cells, the parameter d is esti-
mated in first order to describe the shape of single cells (see
results in Sec. 3).

2.4 Cell Culture

The investigated human pancreatic ductal adenocarcinoma
cell lines PaTu 8988S and PaTu 8988T were obtained from
the German Collection of Microorganisms and Cell Cultures
(DSMZ, Braunschweig, Germany). Both cell lines were estab-
lished in 1985 from a liver metastasis of a primary pancreatic
adenocarcinoma from a 64-year-old woman. PaTu 8988S rep-
resents a highly differentiated carcinoma cell line, PaTu
8988T a poorly differentiated adenocarcinoma with a high
metastatic potential.26 PaTu 8988T cells were retrovirally
transduced with an E-cadherin expression construct contain-
ing an E-cadherin ¢cDNA in the expression vector pLXIN
(Clontech, Palo Alto, California). Cells were selected, cloned,
and analyzed for E-Cadherin expression.”” The morphology of
the cell lines was examined by scanning electron microscopy
(SEM).

Pancreas tumor cell lines were cultured in Dulbecco Modi-
fied Eagle Medium (DMEM) supplemented with 5% fetal calf
serum (FCS), 5% horse serum, and 2-mM L-glutamine at 5%
CO,. For the digital holographic investigations, the cells were
trypsinized, seeded subconfluent on glass slides or tissue cul-
ture plates, cultured for 24 h, and analyzed at room tempera-
ture and normal atmosphere.

For the dynamic measurements, cells were incubated with
10 uM of the cell permeable actin cytoskeleton disrupting
toxin Latrunculin B (Calbiochem, San Diego, California).”®
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Fig. 3 Refractive index determination of living pancreas cells by digi-
tal holographic microscopy: (a) digitally captured hologram of a PaTu
8988T cell; (b) holographic amplitude image reconstructed from (a);
(c) wrapped phase contrast image modulo 2 reconstructed from (a);
(d) cross section through the unwrapped phase contrast image along
the dashed white line in (c).

3 Results
3.1 Refractive Index Determination of PaTu 8988
Cells

In a first experimental step, the refractive index of the three
pancreas tumor cell lines is determined. Therefore, adherently
grown cells (PaTu 8988S, PaTu 8988T, and PaTu 8988T
pLXIN E-Cadherin) on a glass carrier are covered with a cap-
ping glass as described in Sec. 2.3. Afterward, holographic
phase contrast images are obtained from the samples by ap-
plication of the experimental setups depicted in Figs. 1 and 2.
Figure 3 shows an exemplary result of an investigated PaTu
8988T cell for refractive index determination that also illus-
trates the evaluation process of the measurement data. Figure
3(a) depicts the region of interest (451X 451 pixels) from a
captured digital hologram of the PaTu 8988T cell that is lo-
cated near enough to included locked air. Figure 3(b) shows
the reconstructed holographic amplitude image, while Fig.
3(c) presents the corresponding wrapped quantitative phase
contrast image of the PaTu 8988T cell modulo 2. For imag-
ing, both amplitude and phase are transformed to 256 gray
levels. Figure 3(d) shows the plot of an unwrapped cross sec-
tion through the phase distribution along the dashed white line
in Fig. 3(c). As a result, Ag,;;=5.02+0.25 rad and A,y
=0.94+0.25 rad are determined. With the refractive index of
the culture medium 7yegium=1.33720.001 (obtained by an
Abbe refractometer), 71,,=1.000292,” and N=532 nm, by
application of Egs. (6) and (7) a distance between the capping
and the carrier glass of d=1.26+0.063 um and n.y
=1.40+0.016 is obtained. Figure 4 shows in comparison the
wrapped quantitative phase contrast image modulo 277 of the
three different cell types in 256 gray-level representation [Fig.
4(a) PaTu 8988S, Fig. 4(b) PaTu 8988T, and Fig. 4(c) PaTu
8988T pLXIN E-Cadherin). For noise suppression, the aver-
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Fig. 4 Refractive index determination of pancreas tumor cells: (a) un-
wrapped phase contrast image of PaTu 8988S cells (256 gray-level
representation); (b) unwrapped phase contrast image of PaTu 8988T
cells; and (c) unwrapped phase contrast image of PaTu 8988T pLXIN
E-Cadherin cells. White marked areas are the phase data evaluated for
the refractive index determination (A is air, C is cell, and M is the
culture medium).

aged phase data obtained in the white marked areas are in-
serted into Eq. (6) to calculate the refractive index values.
Table 1 shows the results for n.. obtained from the investi-
gation of 12 single cells (four of each cell type), as shown in
Fig. 4. Within the error obtained from the standard deviation,
no difference between the values for n. of the three cell
types is detected. For this reason, the further data evaluation
in Sec. 3.2 is carried out for all pancreas tumor cells by ap-
plying the average value 7. =1.38+£0.015 obtained from all
measured refractive index values.

3.2 Shape Measurement of Living PaTu 8988T Cells

In the next experimental step, the information about the inte-
gral refractive index data obtained from Table 1 is applied to
determine the thickness of adherently grown living PaTu
8988T cells in a Petri dish with cell culture medium. For the
experiments, holograms of adherent PaTu 8988T cells and
PaTu 8988T pLXIN E-Cadherin cells are captured in the
transmitting light arrangement (see Fig. 1). From the deter-
mined phase data that represent the optical path length change
affected by the samples, the thickness d . of the cells is ob-
tained by application of Eq. (8) and the average refractive
index 7..;=1.38 data from Table 1. Figure 5 depicts results
obtained on a PaTu 8988T cell. Figures 5(a) and 5(b) show
the reconstructed holographic amplitude image and the quan-
titative phase contrast image modulo 277 in gray-level repre-

Table 1 Integral refractive index for PaTu 8988T, PaTu 8988T pLXIN
E-Cadherin, and PaTu 8988S determined by digital holographic phase
contrast microscopy.

Cell type
PaTu 8988T pLXIN

Number PaTu 8988S PaTu 8988T E-Cadherin

1 1.386 1.370 1.422

2 1.388 1.365 1.392

2 1.374 1.381 1.380

4 1.383 1.400 1.373

A 1.38+0.006  1.38+0.016 1.39+0.022
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(d)

Fig. 5 Thickness determination of living PaTu 8988T cells by digital
holographic microscopy: (a) reconstructed holographic amplitude im-
age; (b) corresponding quantitative phase contrast image modulo 2;
(c) unwrapped quantitative phase contrast image (for the plot of the
cross section along the white line, see Fig. 7); (d) rendered pseudo
3-D plot of the cell thickness obtained from (c); and (e) SEM image of
a PaTu 8988T cell.

sentation. Figure 5(c) depicts the unwrapped phase data with
included gray-level legend for the phase and the correspond-
ing calculated cell thickness. Figure 5(d) shows a rendered
pseudo 3-D representation of the cell thickness in correspon-
dence to the lateral cell size in comparison to a SEM image of
a PaTu 8988T cell [Fig. 5(e)]. The SEM electron micrographs
were taken by a LEO 1530 VP (LEO Electron Microscopy
Group Ltd., Cambridge, United Kingdom) in high vacuum
mode (107° mbar). During all measurements, the acceleration
voltage was 5 kV and an Everhart Thornley secondary elec-
tron detector was used. To prevent artefacts caused by charg-
ing of the samples, their surfaces were coated with a thin
metal layer followed by a carbon layer. Figure 6 represents
the results obtained for two PaTu 8988T pLXIN E-Cadherin

(d)

Fig. 6 Thickness determination of living PaTu 8988T pLXIN
E-Cadherin pancreas cells by digital holographic microscopy: (a) re-
constructed holographic amplitude image of two PaTu 8988T cells;
(b) corresponding quantitative phase contrast image modulo 27; (c)
unwrapped quantitative phase contrast image (for the plot of the cross
section along the white dashed lines, see Fig. 7); (d) rendered pseudo
3-D plot of the cell thickness obtained from (c); and (e) SEM image of
a PaTu 8988T pLXIN E-Cadherin cell.
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Fig. 7 Thickness comparison of PaTu 8988T cells and PaTu 8988T
pLXIN E-Cadherin cells along the cross section lines in Figs. 5(c) and
6(c).

cells. For each cell type, the obtained data for the cell thick-
ness were found in good agreement with the appearance of the
SEM images. In Fig. 7, the phase values as well as the cell
thickness are plotted for both cell lines corresponding to the
cross sections marked by white lines in Figs. 5(c) and 6(c).
The different cell types can be differentiated by the phase
difference A as well as by the calculated thickness. For
the PaTu 8988T «cell, a maximum thickness of d,
=(23+1)um, and for PaTu 8988T pLXIN E-Cadherin d,
=(7x1)um, is obtained. The maximum error for d; and d,
was estimated by taking into account the spatial phase noise
of the phase distributions that was determined to an average
value of 0.26 rad in the area of the sample. In comparison, for
areas without cells, the phase noise is determined to 0.08 rad.
Assuming that the investigated cells were grown fully adher-
ently on the carrier glass and taking into account the appear-
ance of the pancreas cells in the SEM images, the results for
the cell thickness in Fig. 7 represent in good estimation the
shape of the cells.

3.3 Dynamic Measurements on a Living Human
Pancreas Carcinoma Cell (PaTu 8988S5)

In a further experimental step, the digital holographic micros-
copy setup is applied for the detection of dynamic morpho-
logical changes of living cells in cell culture medium. There-
fore, a hologram series of a single PaTu 8988S cell with a
time delay between two recordings of Ar=10 s is captured. At
the beginning of the experiment at =0 s, the marine cell
toxin Latrunculin B was added to a final concentration of
10 uM to the cell culture medium to destruct the actin fila-
ments of the cell’s cytoskeleton. Figure 8 shows the rendered
pseudo 3-D plot of the cell thickness calculated from the
phase distribution at =0 s by taking into account the average
refractive index from Table 1 [Fig. 8(a)] in comparison with a
corresponding SEM image of a PaTu 8988S cell [Fig. 8(b)],
which shows a similar appearance. The upper row of Fig. 9
represents the wrapped phase distribution modulo 27 after ¢
=0 s [Fig. 8(a)], =30 s [Fig. 8(b)], t=80 s [Fig. 8(c)], and
t=180 s [Fig. 8(d)]. With increasing time after the addition of
Latrunculin B, the phase distributions indicate the cell col-
lapse affected by the destruction of the cytoskeleton. In the
lower row of Fig. 9, the corresponding unwrapped phase data
along the marked horizontal cross sections of the distribution
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Fig. 8 Dynamic analysis of human pancreatic carcinoma cells: (a)
rendered pseudo 3-D plot of the cell thickness obtained from the
holographic phase contrast image of a PaTu 8988S cell at t=0 s; and
(b) SEM image of a PaTu 8988S cell.

(see white arrows in the upper row of Fig. 9) is plotted as well
as the cell thickness that is calculated for the assumption of
negligible refractive index changes of the cell. During the
collapse, Ag.; as well as the cell thickness are locally de-
creased up to about 50%. Furthermore, the crinkle structure of
the shrunken cell is clearly visualized in the phase contrast
images as well as in the plotted cross sections.

4 Discussion and Conclusions

The results obtained from the refractive index measurements
in Sec. 3.1 show good correspondence with the results of
previously published values for the refractive index of
cells.">**3? In this way, the presented digital holographic mi-
croscopy method represents a facility for the determination of
the integral refractive index of single cells in culture medium
under conventional environmental conditions. The resolution
for the determination of refractive index variations is deter-
mined to An=1.5X 1072, This value for An is typical for the
described measurement setup, and takes into account the
noise effected by the image recording device (8 bit dynamics,
electronic noise, and fixed pattern noise, e.g., due to reflec-
tions of the capping glass and the CCD sensor window), the
spatial variation of the refractive index of the cells, the wave-
length of the applied laser light, internal reflections caused by
optical elements, and photon noise.

The results from the thickness measurements of PaTu
8988T cells and PaTu 8988T pLXIN E-Cadherin cells de-

0
glt=0 16 g[t=30s 16 gl t=80s
g6 g|12§6 E|12§6 E
=4 = 8 34 = 8 34 =
<2 4 92 4 92
0 0o 0 0 o0 0o 0
0 10 20 30 0 10 20 30 0 10 20 30 0 10 20 30
x/um x/pm x [ pm x| pm
(a) (b) (c) (d)

Fig. 9 Analysis of a living PaTu 8988S cell after addition of a marine
toxin (Latrunculin B) to the cell culture medium. Unwrapped phase
values and cell thickness along the cross sections (lower row) through
the reconstructed quantitative phase contrast images modulo 27 (up-
per row) after (a) t=0's, (b) t=60s, (c) t=90 s, and (d) t=190 s after
the addition of Latrunculin B.
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scribed in Sec. 3.2 are in correspondence with the appearance
of the SEM images. Thus, the pseudo 3-D plots in Figs. 5(d)
and 6(d) of the cell thickness represent an acceptable estima-
tion of the shape of the investigated cells. Furthermore, the
different cell types are differentiated by their thickness. Phase
noise for the detection of optical path length changes in areas
without samples is found in the same range as the values in
Ref. 10. The comparison of the obtained values for the phase
distribution noise in the areas with and without sample shows
that under the estimation of a homogeneous distribution of the
refractive index, as in Ref. 10 the main error sources for the
determination of the cell thickness are sample-induced spe-
cific scattering effects and refractive index variations inside
the cellular sample. This generates, in comparison to Ref. 10,
an increased error of 1 wm. Taking into account the error
An=1.5X10"2 for the refractive index determination, the
nonlinear dependence between the cell thickness and n..; in
Eq. (8) leads calculatively to an overestimation of the cell
thickness up a factor of =~1.5 for refractive index values that
are smaller than the obtained average refractive index, and to
a minimum factor of =0.75 (underestimation) for refractive
index values higher than the estimated average value for n.
On the other hand, it has to be considered that the error An
represents the statistical error for the determination of the re-
fractive index, including noise caused by the whole experi-
ment setup (see the first paragraph of this section). Further-
more, the comparison of the measured cell thickness for the
two Patu8988T pLXIN E-Cadherin cells in Fig. 7, as well as
the correspondence to the SEM images, indicate that in prac-
tice a lower variation of the refractive index of the cells can
be assumed. Nevertheless, the measurement accuracy for the
detection of optical path length changes and the determination
of n. is expected to be increased by suppression of fixed
pattern noise in the experimental setup and faster hologram
acquisition, e.g., by a high speed camera in combination with
temporal averaging up to values as 1rep01rted.]4 The results
from the dynamic experiments with Latrunculin B in refer-
ence to Sec. 3.3 show that the presented digital holographic
microscopy arrangement can be utilized for investigations of
dynamic cellular processes and for the quantitative analysis of
cell reactions on drug treatment. The quantitative values for
the cell thickness calculated from these phase measurements
have to be handled with care due to the unavailable informa-
tion about refractive index changes of the cells during the
experiment. However, the obtained information opens up new
ways for marker-free dynamic monitoring of cell thickness
changes that may access new parameters, e.g., for early apo-
ptosis recognition of adherently grown cells or for cell swell-
ing control in microinjection. Furthermore, the average cell
thickness might be an appropriate parameter for automated
cell differentiation or cell sorting.

Although the presented method does not achieve the reso-
lution of atomic force microscopy (AFM), scanning optical
near-field microscopy (SNOM), or SEM, it overcomes some
particular limitations of these techniques, e.g., the scanning
process or the requirement of fixed cells in a vacuum, and
enables a vibration insensitive (hologram capture time in sub-
millisecond range, hologram acquisition rate mainly limited
by the digital recording device) and contactless full field mea-
surement of living cells. In this way, the described digital
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holographic microscopy method is an imaging technology for
rapid analysis of dynamic changes in the morphology of liv-
ing cells.

In conclusion, the obtained results show that digital holo-
graphic microscopy can be applied to thickness measurements
of living cells in culture medium. Furthermore, the proposed
method allows a shape measurement of living adherently
growing cells under conventional laboratory conditions. Thus,
digital holographic microscopy represents a contactless, mini-
mally invasive, and marker-free full field technique for inves-
tigations of dynamic processes like cell migration or effects of
drug effectiveness and drug delivery on living cellular sys-
tems. In combination with other established high resolution
techniques like fluorescence microscopy, new possibilities for
functional imaging and the structural analysis of living cells
are opened up. In this way, the proposed methods represent a
promising versatile instrumentation for microscopy applica-
tions in life sciences research and biophotonics.
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