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Abstract. A successful application of self-interference digital holographic microscopy in combination with a sam-
ple-rotation-based tomography module for three-dimensional (3-D) label-free quantitative live cell imaging with
subcellular resolution is demonstrated. By means of implementation of a hollow optical fiber as the sample
cuvette, the observation of living cells in different 3-D matrices is enabled. The fiber delivers a stable and accu-
rate rotation of a cell or cell cluster, providing quantitative phase data for tomographic reconstruction of the 3-D
refractive index distribution with an isotropic spatial resolution. We demonstrate that it is possible to clearly dis-
tinguish and quantitatively analyze several cells grouped in a “3-D cluster” as well as subcellular organelles like
the nucleoli and local internal refractive index changes. © 2014 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10

.1117/1.JBO.19.4.046009]
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1 Introduction
Recent research has proved that for anticancer drug response
testing it is more advisable to use three-dimensional (3-D) rather
than two-dimensional cell models. So far, it has been demon-
strated that cells cultured in 3-D behave differently and reflect
cancer cells in their real environment in a better way.1 Processes
in 3-D cell models have already been widely addressed with
molecular specificity by fluorescence microscopy.2 However,
in many cases, the sample has to be modified by antibodies,
dyes, genetic transfection, or exposed to a high light intensity.
Thus, novel, minimally invasive 3-D imaging techniques, which
affect the sample as little as possible, are of high interest. Our
research falls in line with these current trends as recently digital
holography has provided the numerical access to the complex
optical field and digital holographic microscopy (DHM) has
found numerous applications in the quantitative investigation
of biological micro-objects.3–7 Specifically, investigation of
cells in transmission with quantitative DHM phase contrast
method gained a lot of interest.8,9 However, data captured
from a single direction of observation yields the integrated
phase information about optical path changes10,11 and despite
its capabilities to reconstruct images of objects at different dis-
tances, DHM cannot provide 3-D distribution of the refractive
index. In order to overcome this limitation, the integrated phase
data, acquired by digital holography from many directions,
should be combined with tomographic reconstruction con-
cepts.12–20 Alternatively, instead of using DHM, this might be
achieved with related methods such as diffraction phase micros-
copy21 or currently developed spatial light interference tomog-
raphy,22,23 which now evolved into white-light diffraction
tomography.24 Nevertheless, several authors have already imple-
mented tomographic procedures based on holography for 3-D
refractive index investigations inside cells. The projections of

an object are captured based on two different approaches:
(1) altering the illumination angle12–16 or (2) rotation of a
bio-sample introduced into a fiber capillary18,19,25 or alterna-
tively subjected to rotation by optical tweezers.26 In the first
approach, the data about an object are provided by projections
captured within a limited angle and therefore, more complicated
and less accurate tomographic algorithms are applied for object
reconstruction.27–29 In the second approach, in most cases, pro-
jections from a full angle are available, which simplifies the
tomographic analysis. However, the application of optical
tweezers significantly complicates the measurement system.26

Also, the energy required for creating optical tweezers may in-
fluence or even damage the investigated cells,30,31 especially at
longer measurement times, which are required to acquire all the
projections. The concept of inserting cells into a rotatable capil-
lary has been proven to be a functional solution in many stud-
ies.18,19,25 Thus, in this paper, we focus on both hardware and
numerical enhancements of this concept. We have also decided
to combine this solution with capturing phase data in a self-
interference digital holographic microscope (SIDHM),9 which
differentiates this implementation from the work of other
groups.18,19,25 The SIDHM configuration guarantees low sensi-
tivity to vibration and environment instabilities and therefore is
well suited to measure the numerous (most often 90 or more)
phase projections of an investigated cell. In Sec. 2, we describe
the main modules of the tomographic phase microscope (TPM)
and the data processing scheme. In Sec. 3, we demonstrate the
functionality of our system through providing the results of mea-
surements—cancer cells with different morphological features
and present tomographic phase imaging of a 3-D cell culture
with subcellular resolution. We also describe an optional cali-
bration procedure for absolute refractive index measurement
by using internalized microspheres.
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2 Measurement Setup for TPM
The utilized TPM, based on digital holography, is composed of
several modules including self-interference DHM, rotary fiber
holder, and data capture and processing unit. In the following
sections, we describe these modules.

2.1 Self-Interference Digital Holographic Microscope

The phase projections are captured by an SIDHM.9 In compari-
son to a common transmission DHM based on Mach–Zehnder
interferometer configuration,32 the SIDHM is highly insensitive
to vibration due to replacing a reference beam with a shearing
module realized by a Michelson interferometer (Fig. 1). In the
setup, two sheared object wavefronts are superimposed.

In the self-interference configuration, used for phase tomog-
raphy, the sample is illuminated in transmission with coherent
light from a frequency doubled Nd:YAG laser (λ ¼ 532 nm) via
a single mode optical fiber and the microscope condenser (CL).
Optical imaging of the sample is performed by a Zeiss achro-
matic microscope objective [Zeiss LDAchroplan 20 × 0.4 Corr.
numerical aperture (NA) 0.4)] with a long working distance
(10 mm) and the nontilted mirror (M1) of the Michelson inter-
ferometer. The second mirror (M2) is tilted in such a way that an
area without a sample is superimposed with the wavefront that is
transmitted through the sample. Thus, a reference wave is gen-
erated that is not disturbed by the sample. The digital holograms
are captured by a charge coupled device (CCD) sensor (Basler
pia-2400-12gm camera, pixel size: 3.45 μm) and then evaluated
numerically aiming for accurate determination of an object phase
ϕo at a plane conjugate with an object. The first step of this pro-
cedure was to calculate the phase in the hologram plane ϕh. This

was performed by spatial phase shifting as described in Refs. 33
and 34. The proper operation of SIDHM for phase retrieval in
combination with approaches in Refs. 33 and 34 has already
been demonstrated and verified in Ref. 35 and in the supplemen-
tary information of Ref. 36 by data from silica and polystyrene
microspheres. The imaging system provided the overall Abbe res-
olution λ∕2NA of 0.67 μm and spatial sampling of the object
equal to 0.18 μm. The further steps of hologram processing
for tomographic phase imaging are described in Sec. 2.3.

2.2 Rotary Fiber Holder

Tomography requires capturing numerous digital holograms of
an object from different directions. To fulfill this requirement,
we had proposed at first to implement a hollow optical fiber as a
cuvette for a cell or a cell group and subsequently place the fiber
in an accurate rotary fiber holder. It should be emphasized that
such solution requires only a minor modification of SIDHM
prior to 3-D cell measurement and it does not involve additional
optical components. The idea behind the mechanical rotation of
a fiber capillary is to provide a tool capable of cell cultivation as
well as measurement of 3-D biological structures. The main fea-
ture of this concept is the fact that cells—once placed in a hol-
low fiber—grow in a similar way as in a Petri dish. This concept
is comparable to using a micropipette in order to rotate the sam-
ple,19 although in our case, there is no mechanical intrusion in
the specimen. Moreover, by virtue of the capillary attraction, it is
not necessary to use plugs to prevent cell culture medium from
flowing out. However, in order to avoid strong diffraction and
refraction phenomena due to the cylindrical shape of the capil-
lary and also to allow high accuracy holographic measurements,
it is necessary to insert the fiber cuvette into an immersion
liquid32 as shown in Fig. 2(a). A standard microscope stage has
been replaced with a custom-designed one, which consists of a
Petri dish support and an Elliot Martock rotary fiber holder. The
holder, which offers an angular resolution of <0.01 deg, assured
high precision of the specimen position for each acquired pro-
jection. A cell, once inserted in the hollow fiber, can be properly
placed in the field of view through 3-D manipulation of the fiber.
The fiber capillary (inner diameter: 212 μm, outer diameter:
300 μm) has been made of Hereaus fused silica with refractive
index of n ¼ 1.46071 at λ ¼ 532 nm. The inner surface of the
fiber was treated with 0.5% polyvinyl alcohol in order to prevent

Fig. 1 Self-interference DHM: SMF, single mode fiber; CL, condenser
lens; SPL, specimen plane; MO, microscope objective; TL, tube lens,
M1 and M2, mirrors, α, M2 tilt angle; and CCD, CCD camera.

Fig. 2 The rotary fiber holder setup: (a) scheme and (b) photo. CL, condenser lens; PD, Petri dish; IL,
immersion liquid; FC, fiber capillary; MO, microscope objective; ðx; y; z;ϕÞ, movement directions of the
fiber capillary; Δϕ, rotation step for N projections; RH, rotary holder; and CS, cover slip.
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cells from attaching to the fiber walls.37 The fiber was placed
inside a modified Petri dish (μ-Dish, ibidi GmbH, Munich,
Germany), filled with immersion liquid (refractive index
n ¼ 1.4636 at λ ¼ 532 nm) matched to the capillary material.

The bottom of the used Petri dish (PD) is a 0.17 mm cover
slip. Since the microscope objective has been designed to work
with such CSs, this ensures proper working conditions for the
imaging system. The use of the immersion liquid reduced the
cylindrical lens effect caused by the shape of the hollow
fiber. The remaining lens effect caused by the difference
between cell culture medium and fiber refractive indices was
removed numerically.38

2.3 Tomographic Reconstruction

The flow chart of the applied procedures for phase tomography
is presented in Fig. 3. In order to obtain a successful 3-D
reconstruction of an object, it is necessary to acquire a set of
phase images corresponding to a series of angular projections
of an object. In this work, 180 projections were captured
with the angle of rotation between sequential measurements
equal to 1 deg. For each projection, captured with SIDHM
within a specified area of interest [see Fig. 3(a)], the integrated
phase ϕh in the hologram plane has been calculated.33,34 Then,
all phases were propagated using a convolution approach to
obtain phase ϕo in the object plane. This approach takes into
consideration the diffraction effects and therefore allows for
the application of the filtered backprojection39 method for tomo-
graphic reconstruction in case of phase objects.40 In order to find
the object plane (the plane of best focus) for each projection, the
numerical autofocusing algorithm was applied.41 The complex
object wave was numerically propagated to the successive
planes and then the real amplitude was reconstructed in order
to evaluate the focus. Cells in a 3-D collagen matrix are treated
as phase-only objects, thus the criterion for the best focused
image was based on the lowest detail in the amplitude distribu-
tion. The holograms were assessed automatically using the
method based on calculating the variance of optical field modu-
lus, as proposed in Ref. 41. Next, the influence of the fiber capil-
lary on the phase distribution has been corrected by means of
subtraction of an estimated aberration profile, which was created
using areas of a hologram not containing any cells.38,42 What is

more, radial cell position run-out correction has been performed
in the specimen plane. The position of a cell under study has
been tracked using a phase value threshold and the calculation
of the first moment of the area of a cell in the field of view, as
described in Ref. 43. Then, the phase images were cropped in
order to keep the center of the investigated cell or cell cluster in
the middle and thus minimize reconstruction artifacts.44 The
resulting phase distributions ϕo corr, having undergone the aber-
ration removal and radial run-out correction [Fig. 3(b)], were
additionally filtered with a small median filter (3 × 3 pixels)
and were then used as an input for phase tomography algorithm.
The 180 phase projections (acquired at an angular step
Δα ¼ 1 deg) were then used to create sinograms [Fig. 3(c)],
and later reconstructed in the second step by means of the
Filtered Backprojection method as reported in Refs. 39, 40,
45, and 46. This approach requires the assumption that the
object under study introduces only slow-varying phase changes
in the object wave. This condition is expected to be fulfilled by
the small differences between the cells and the surrounding col-
lagen matrix refractive indices. Furthermore, the object phase is
propagated to the center of the object. Thus, the diffraction
effects caused by the object are minimized and therefore
assumed to be neglectable.

The full 3-D distribution of phase values was achieved by
sequentially assembling the cross sections of the reconstructed
phase differences ΔΦðx; y; z0 ÷ ZÞ. Then, the results for each
reconstructed layer zi have been scaled to the refractive index dif-
ference valuesΔn (relative values of refractive index) according to

Δnðx; y; ziÞ ¼
ΔΦðx; y; ziÞλ

2πd
; (1)

where ΔΦðx; y; ziÞ is the phase difference calculated for the layer
zi, d represents the thickness of the layer zi, which depends on the
dimension of CCDs pixel calculated in the object plane and λ is the
wavelength of the light source used to obtain the phase images
[Fig. 3(d)].

The determination of the absolute cellular refractive index
value n requires the knowledge of the exact value of the refractive
index of the medium that surrounds the cells, which plays a role of
an immersion liquid nref and thus serves as a reference medium:

Fig. 3 The flowchart of the procedures for the reconstruction and visualization of the three-dimensional
(3-D) refractive index distributions.
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nðx; y; ziÞ ¼
ΔΦðx; y; ziÞλ

2πd
þ nref : (2)

The uncertainties of the refractive index can be quantified
using the exact differential method:

un ¼ ∂Φ
λ

2πd
þ ∂λ

Φ
2πd

þ ∂d
Φλ

2πd2
þ un ref ¼ un r þ un s:

(3)

The first summand of Eq. (3) is the random error un r

(½∂Φðλ∕2πdÞ�) of the measurement. The next three summands
consider the systematic error un s. The systematic error un s

includes the contributions of the errors that originate from
the uncertainties of the devices (spectral width of the laser
source, pixel size of the camera, etc.) used in the experimental
setup (∂λðΦ∕2πdÞ þ ∂dðΦλ∕2πd2Þ ¼ 0.0037), which are con-
stant for every measurement and the uncertainty un ref of the
refractive index nref of the collagen that surrounds the cells.
Unfortunately, the density of the collagen matrix inside the opti-
cal fiber is spatially inhomogeneous and depends on the prepa-
ration procedure. Thus, the refractive index uncertainty of the
collagen matrix can be estimated to be high (un ref ≈ 0.01).
The random error resulting from the phase measurements and
the filtering procedure is estimated as un r ¼ 0.0005. In sum-
mary, the uncertainty of the absolute refractive index values
is high (un ¼ 0.0142) and strongly depends on the uncertainty
of the refractive index of the reference medium. For this reason,
the results in Figs. 4–6 are presented in relative refractive index
values, for which the uncertainty is much lower (un ¼ 0.0042).
However, the scaling process could be enhanced if the refractive
index markers in the form of microspheres with a known refrac-
tive index35 were introduced into the measurement volume. This
approach is reported in Sec. 3.2.

The processing of all the measurement data necessary to
reconstruct the tomographic phase images was performed by cus-
tom-built MATLAB scripts. In order to improve the data visuali-
zation, surface representations were created with a threshold-
based filtering of the refractive index values that correspond to
the refractive index levels of background of the observed cells.

3 Results and Discussion
The experiments have been focused on investigations of cancer
cells and cancer cell clusters with different geometrical and
internal refractive index distribution features. The main goal
of the measurements was proving the capabilities of the devel-
oped tomographic system to accurately reconstruct the 3-D
refractive index distributions inside cells and cell clusters.

3.1 Biological Samples

The chosen biological samples were human malignant lym-
phoma cells (U937) and human fibrosarcoma cells (HT-1080).
Both cell types were cultivated in Dulbecco’s modified Eagle’s
medium (Biochrom AG, Berlin) supplemented with 10% fetal
calf serum (Biochrom AG, Berlin) at 37°C and 10% CO2 atmos-
phere. Some of HT-1080 cells were additionally incubated for
one night with uncoated silica (SiO2) microspheres (Mikropartikel,
GmbH, Berlin, Germany) in order to enable incorporation of the

Fig. 4 The relative refractive index distribution inside a single U937
cell. Refractive index peak to valley value Δn ¼ 0.030� 0.004
(Video 1, MPEG, 2.2 MB) [URL: http://dx.doi.org/10.1117/1.JBO.19
.4.046009.1].

Fig. 5 The relative refractive index distribution inside an HT-1080 cell
group at several cross sections (of the same cell cluster). Refractive
index peak to valley value Δn ¼ 0.030� 0.004 (Video 2, MPEG,
4.6 MB) [URL: http://dx.doi.org/10.1117/1.JBO.19.4.046009.2].

Fig. 6 The relative refractive index distribution in an HT-1080 cell with
an extension, vertical cross sections through the cell. Refractive index
peak to valley value Δn ¼ 0.032� 0.004 (Video 3, MPEG, 2.2 MB)
[URL: http://dx.doi.org/10.1117/1.JBO.19.4.046009.3].
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particles into the cells by phagocytosis.35 These particular cells
were applied to illustrate the procedure of determination of the
absolute refractive index values inside a cell. Then, the cells
were detached and suspensions of 106 cells∕ml were prepared.
To inert the U937 cells, the suspension was mixed with an agar
solution to a final concentration of 0.15% agar. The suspended
HT-1080 cells were mixed with collagen to a final concentration
of 0.16% collagen. The prepared agar and collagen mixtures
were introduced into the hollow fibers by capillary attraction.
Such mixture, especially the cultivation in collagen, helped to
avoid cell tumbling during the rotation in the measurement proc-
ess. Owing to the viscosity of the medium and the small moment
of inertia of cells, there is no visible movement of cells due to the
measurement procedures. However, this matter should be sep-
arately investigated in the future. Lymphoma cells were
observed directly after the preparation. Fibrosarcoma cells
were cultured for additional 24 h to allow polymerization of
the collagen fibers and permit cells to migrate inside the matrix.
HEPES buffer has been added to the collagen cell mixture to
compensate for the missing CO2 atmosphere.35 All tomographic
measurements were performed at a room temperature
(T ¼ 22°C) in order to prevent the fast cell migrations during
our proof of principle experiments.35,36 Although this is not
the perfect incubation temperature for cells, the specimens
were not influenced significantly by this fact, as the measure-
ment was performed within no more than 2 h after the environ-
ment had changed. The cells with a typical appearance were
selected for the measurements. There was no need for an addi-
tional heating chamber in the setup. However, the device is suit-
able to be integrated into an incubation system for extended
time-lapse investigations in the future.

3.2 Experimental Results

The cells described in Sec. 3.1 were used as the specimens mea-
sured in the TPM. For each measurement object, 180 images
were acquired at the rate of 1 Hz. At first, a single U937 cell
with spherical appearance, which was randomly chosen from
the cell distribution in the fiber capillary, was measured. It is

the least complex measurement object of the whole measure-
ment series presented in this paper. The reconstructed relative
refractive index distribution in this cell is shown in Fig. 4.
The nuclear envelope and density changes in the nucleus (see
arrows in Fig. 4) are clearly visible.

Next, the capability to measure the clusters of cells is dem-
onstrated. The refractive index distribution in a cluster of five
HT-1080 cells in collagen with several individual cross sections
through the cells is presented in Fig. 5. Here, nucleoli are visible
inside the cells, which greatly help to distinguish between the
cells and to count them (see arrows in Fig. 5 and Video 2).
Owing to the subcellular resolution, it is possible to observe
cell walls and to assess the interaction between the cells.
This result appears to be of particular importance when cell clus-
ters in 3-D cell matrices are treated with drugs.

Employing our method shows up prospects to compare such a
cell cluster before and after the treatment with drugs or toxins in
order to trace internal changes in cell structure within a cell group.
Furthermore, we applied our tomographic system to measure a
highly nonsymmetrical object, namely to study HT-1080 cells
with the developed extensions. The result is shown in Fig. 6.

The results presented in Figs. 4–6 are given in the values of a
relative refractive index Δn. However, it is also of interest to
rescale the data to absolute refractive index values as these val-
ues are directly related to the intracellular solute concentrations
and the dry mass.47,48 As it has already described in Sec. 2.3, it is
not suitable to use the refractive index of the surrounding
medium as a reference in our study. However, the refractive
index values can be obtained if an object with a well-known
refractive index value, such as silica microspheres that are inter-
nalized by living cells, is present in the measurement volume.
Such a case is presented in Fig. 7, where two silica beads are
clearly resolved inside an HT-1080 cell [see label “1” in
Fig. 7(a)]. As the refractive index of uncoated silica micro-
spheres was measured to be equal to nref ¼ 1.435� 0.003,35

it is possible to calibrate the measurement of the cell to obtain
the absolute refractive index values with total uncertainty (see
Sec. 2.3) equal to 0.0072. Rescaling the former relative refrac-
tive index variations to the absolute refractive index values

Fig. 7 The 3-D refractive index distribution of an HT-1080 cell with incorporated SiO2 microspheres with
refractive index n ¼ 1.435� 0.003 and diameter ø ≈ 3.44 μm; (a) vertical cross section through the abso-
lute refractive index (peak to valley value Δn ¼ 0.080� 0.007) (Video 4, MPEG, 2.2 MB) [URL: http://dx
.doi.org/10.1117/1.JBO.19.4.046009.4] and (b) horizontal cross section through the same cell, absolute
refractive index values. Here, image scale is adjusted to the refractive index of a nucleolus (refractive
index peak to valley value Δn ¼ 0.030� 0.007).
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provides the full quantitative measurement data. The refractive
index value of a nucleolus of the cell is obtained as n ¼ 1.385�
0.0072 and represents the highest refractive index inside the
cell—apart from the silica microspheres (see label “2,” Fig. 7).
The detected refractive index changes inside the cell (Fig. 7)
were found in agreement with the previously published
data.20,35 However, it should be noted that introducing an object
with a step refractive index into a cell is a source of a locally
strong phase gradient, while the main assumption that allowed
for using the FBP algorithm was that only weak spatial varia-
tions of phase should be present. This leads to a conclusion that,
besides causing possible changes of the intracellular structure,
an inappropriate calibration object may cause additional signifi-
cant errors in the reconstructed refractive index distribution.
Nevertheless, in our case, we were able to avoid the impact
of diffraction on the FBP algorithm as a result of the propagation
applied as described in Sec. 2.3. In fact, the image artifacts were
sufficiently small to successfully retrieve the absolute refractive
index distribution of a living cell.

4 Conclusion
In this paper, we have presented a successful development and
application of the SIDHM in combination with a sample-rota-
tion-based tomography module for 3-D label-free quantitative
live cell imaging with subcellular resolution. When compared
to the systems consisting of acousto-optic modulators20 or a spa-
tial light modulator,23 the most expensive component, required
to modify the holographic microscope for tomography, is in our
case the rotary fiber holder. However, when mechanical rotation
of a sample is used as the only means of acquiring tomographic
projections, the overall measurement time limits the possibility
to measure the dynamic processes. The resolution of the system
is restricted by the NA of the imaging system. The possibility to
overcome this limitation is to use tomography with altering the
illumination direction.27–29 In this case, at the expense of aniso-
tropic spatial frequency coverage, the maximum resolution can
be at least doubled.49–51 The additional application of complex
deconvolution methods prospects even a further resolution
enhancement down to the nanometer scale.14 Our results
prove the suitability of the method to study both quasisymmet-
rical and highly nonsymmetrical objects of a complex internal
structure for objects with small internal variations of the refrac-
tive index. We have demonstrated that it is possible to clearly
distinguish several cells in a “3-D cluster” and subcellular
organelles in cells. The detected structures correspond well to
the results from the earlier live cell investigations with a quan-
titative phase contrast,52 a comparative study with a DHM and
the fluorescence microscopy on the nucleus components53 and
the results from the TPM.35,54 Thus, they can be identified as
nucleoli, the nuclear envelope and chromatin density changes.
By means of implementation of a hollow optical fiber as the
cuvette for the sample, observation of living cells in different
3-D matrices is enabled. The fiber mounted in the rotary holder
delivers stable and accurate rotation of a cell or cell cluster, pro-
viding quantitative phase data for tomographic reconstruction of
3-D refractive index distributions with isotropic spatial resolu-
tion. However, due to the cylindrical shape of the sample
cuvette, it must be located in an immersion liquid and the even-
tual residual phase error introduced by the fiber capillary has to
be removed numerically. We also propose a methodology for
absolute refractive index determination by means of calibrating
the values using a reference object with well-known properties.

In order to minimize the uncertainty of absolute refractive index
values, it is advisable to measure the refractive index of an
applied calibration marker with the best possible accuracy.

The concept of rotating the specimen is especially convenient
when a condenser and objective lens with a long working dis-
tance are utilized. Using a conventional biological microscope
setup for tomographic DHM measurements is a step toward
applying standard microscopy equipment such as regular heat-
ing chambers in tomography to incubate specimen in the capil-
lary. Although it is possible to measure the refractive index
values, it would be also beneficial to obtain other 3-D informa-
tion, e.g., the volume and the area of the selected substructures.
The procedures of applying a threshold for refractive index in
the measurement data in order to extract interesting features are
under development. In the future, the methodology and equip-
ment presented in this paper will be further adapted with the aim
to study various cell infection and treatment scenarios.

Acknowledgments
The research leading to the described results is realized within
the program TEAM/2011-7/7 of Foundation for Polish Science,
cofinanced from European Funds of Regional Development.
The authors would like to acknowledge the support of the
statutory funds of Warsaw University of Technology and partial
support by the German Federal Ministry of Education and
Research (BMBF) within the Focus Program “Biophotonics”
(FKZ13N10937).

References
1. C. Fischbach et al., “Engineering tumors with 3D scaffolds,” Nat.

Methods 4(10), 855–860 (2007).
2. C. C. Park et al., “Rapid and automated multidimensional fluorescence

microscopy profiling of 3D human breast cultures,” Integr. Biol. 5(4),
681–691 (2013).

3. M. K. Kim, in Digital Holographic Microscopy: Principles, Techniques
and Applications, Springer, New York (2011).

4. E. Cuche, P. Marquet, and C. Depeursinge, “Simultaneous amplitude
contrast and quantitative phase contrast microscopy by numerical
reconstruction of Fresnel off-axis holograms,” Appl. Opt. 38(34),
6994–7001 (1999).

5. B. Kemper and G. von Bally, “Digital holographic microscopy for live
cell applications and technical inspection,” Appl. Opt. 47(4), A52–A61
(2008).

6. B. Kemper, P. Langehanenberg, and A. Bauwens, “Digital holographic
microscopy techniques for multi-focus quantitative phase imaging of
living cells,” in Biomedical Optical Phase Microscopy and
Nanoscopy, N. Shaked, Z. Zalevsky, and L. L. Satterwhite, Eds.,
pp. 97–129, Academic Press, Waltham, Massachusetts (2012).

7. K. Lee et al., “Quantitative phase imaging techniques for the study of
cell pathophysiology: from principles to applications,” Sensors 13(4),
4170–4191 (2013).

8. C. J. Mann et al., “High resolution quantitative phase contrast micros-
copy by digital holography,” Opt. Express 13, 8693–8698 (2005).

9. B. Kemper et al., “Simplified approach for quantitative digital holo-
graphic phase contrast imaging of living cells,” J. Biomed. Opt.
16(2), 026014 (2011).

10. B. Rappaz et al., “Measurement of the integral refractive index and
dynamic cell morphometry of living cells with digital holographic
microscopy,” Opt. Express 13(23), 9361–9373 (2005).

11. B. Kemper et al., “Integral refractive index determination of living sus-
pension cells by multifocus digital holographic phase contrast micros-
copy,” J. Biomed. Opt. 12(5), 054009 (2007).

12. M. Debailleul et al., “High-resolution three-dimensional tomographic
diffractive microscopy of transparent inorganic and biological samples,”
Opt. Lett. 34(1), 79–81 (2009).

Journal of Biomedical Optics 046009-6 April 2014 • Vol. 19(4)
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