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Non-invasive monitoring of living cell culture by lensless
digital holography imaging
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A non-invasive detection method for the status analysis of cell culture is presented based on digital holog-
raphy technology. Lensless Fourier transform digital holography (LFTDH) configuration is developed for
living cell imaging without prestaining. Complex amplitude information is reconstructed by a single in-
verse fast Fourier transform, and the phase aberration is corrected through the two-step phase subtraction
method. The image segmentation is then applied to the automatic evaluation of confluency. Finally,
the cervical cancer cell TZMbl is employed for experimental validation, and the results demonstrate that
LFTDH imaging with the corresponding image post-processing can provide an automatic and non-invasive
approach for monitoring living cell culture.
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Cell culture technology plays an important role in the
development of modern life science and the biomedical
discipline. Cells will proliferate exponentially under a
suitable environment. However, they will be damaged
in the form of necrosis or apoptosis when the culture
environment deteriorates[1,2]. Therefore, the variation in
the number of cells is commonly employed to describe
the cell proliferative potential and cell viability. Con-
fluency, as an important parameter for culture status,
refers to the density of cells in their growth environment,
which helps to determine the proper time for cell passage.
Cell density is conventionally determined by the manual
counting method with haemocytometer[3], which is rela-
tively tedious and has limited accuracy in view of human
factors. Several automatic cell counters have been devel-
oped recently, but all of them require the prestaining of
cells by chemical reagents such as trypan blue or propium
iodide[4]. Because of these issues, many optical methods
have been studied to achieve the visual observation of
living cells, such as Fourier phase microscopy (FPM)[5],
Hilbert phase microscopy (HPM)[6], diffraction phase mi-
croscopy (DPM)[7], and digital holographic microscopy
(DHM)[8,9]. Among these, DHM attracts the most re-
markable attention for several advantages. The quan-
titative amplitude and phase information of the object
wavefront can be retrieved from a single digital hologram,
which makes real-time detection possible. DHM does not
demand the recording of the hologram in the focus image
plane of the object. Furthermore, DHM does not require
complex scanning configuration since it has a simple
setup. Many researchers have engaged in non-invasive
cell imaging using DHM. Depeursinge et al. detected the
physiological parameters of neurons and testate amoe-
bae, using pre-magnification digital holography[10,11].
Bemper et al. studied the invasion mechanism of living
pancreas carcinoma cells and the interaction mechanism
of the anticancer drug based on the DHM system[12]. Re-
cently, the cell imaging instrument HolomonitorTM was

developed by the company Phase Holographic Imaging
AB in Sweden, and Mölder et al. used this instrument
to achieve cell counting measurement[13]. However, the
robust configuration of DHM and its new applications
still require further research.

Several recording approaches can be done to digital
holography, such as the off-axis Fresnel holography and
the pre-magnification digital holography. However, these
methods do not use the spatial bandwidth of the image
sensor entirely, and reconstruction algorithms are time
consuming due to the need to calculate Fourier transform
several times. The larger the view field of the imaging
system, the more reliable the detection of the confluency
for cell culture will be. Although pre-magnification digi-
tal holography exhibits high resolution, the limited view
field prevents it from being able to measure cell den-
sity. All these problems can be settled effectively by the
lensless Fourier transform digital holography (LFTDH).
The LFTDH method can fully use the spatial bandwidth
of the sensor and the system’s setup and reconstruc-
tion algorithm are relatively simple, making it suitable
for the status evaluation of cell culture. In this letter, the

Fig. 1. Schematic diagram of LFTDH configuration. NF: neu-
tral filter. BE: beam expender; MO: microscope objective.
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LFTDH configuration is designed for cell imaging with-
out prestaining, and the reconstructed complex ampli-
tude can be obtained from the digital hologram by a sin-
gle inverse fast Fourier transform. The image analysis
technology is then combined for the automatic detection
of the status of cell culture. In the experiments, the cer-
vical cancer cell TZMbl, which is a type of adherent cell,
is taken as an example. In addition, the phase-contrast
image and the level of confluency are given.

The schematic of the experimental setup for the status
evaluation of cell culture is illustrated in Fig. 1, which
is based on the Mach-Zehnder interferometer. The input
laser is divided into two parts by a polarization beam
splitter (PBS): one beam goes through the transparent or
semi-transparent test sample as the object beam, while
the other beam is expanded and filtered to produce a
finer reference point source. The object and reference
beams are combined at the beam splitter (BS); the in-
terference pattern is recorded by the charge-coupled de-
vice (CCD) detector; and the image data are sent to a
computer through a collection card. The intensity ratio
between the reference and object beams can be adjusted
by the combination of λ/2 half-wave plate and PBS to
improve the image quality of the digital hologram. In the
experiments, the laser Verdi-5 with wavelength of 532 nm
is used. The CCD has 4016 × 2672 (pixels), with each
pixel measuring 9 × 9 (µm).

In the LFTDH system, the cross section of the test sam-
ple and the reference point source should be located in
the same plane[14]. According to the Fresnel diffraction
integral, the object wave field arriving at the hologram
plane can be represented as

u(x, y) = exp
[
j

k

2z0
(x2 + y2)

] ∫ ∫ ∞

−∞
o(x0, y0)

exp
[
j

k

2z0
(x2

0 + y2
0)

]
exp

[
− j

2π

λz0
(xx0 + yy0)

]
dx0dy0

= exp
[
j

k

2z0
(x2 + y2)

]
F{o(x0, y0) exp

[
j

k

2z0
(x2

0 + y2
0)

]
},

(1)

where k is the wave number, o(x0, y0) is the complex am-
plitude distribution of the object in the object plane, z0

is the recording distance, and F{·} denotes the Fourier
transform operation.

The reference wave field arriving at the hologram plane
is expressed as
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where (xr, yr) is the coordinate of the reference point
source in the object plane. The hologram in the CCD
plane can be expressed by the combination of four terms:

I(x, y) = |u(x, y) + r(x, y)|2

= |u(x, y)|2 + |r(x, y)|2

+ u(x, y)r∗(x, y) + u∗(x, y)r(x, y), (3)

where ∗ denotes the complex conjugate operator.
The hologram can be delivered to a computer through

a collection card, and the reconstructed image can then

be achieved. From Eq. (3), we can see that the re-
constructed image has three parts: the zero-order image
caused by the first two terms, the original image from the
third term, and the virtual image from the fourth term.
The three parts can be separated under a reasonable ex-
perimental condition. In this letter, only the second part
of the reconstructed image is analyzed, and this can be
obtained using Eqs. (1) and (2)
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Since the first-order linear phase factor can only lead
to the shift in the reconstructed image, the reconstruc-
tion of the hologram obtained by the LFTDH system can
be achieved by one inverse fast Fourier transform. The
reconstruction of the complex amplitude distribution is

U3(x′, y′) =
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Therefore, the amplitude reconstruction result is
the accurate information of the object at the center
(−xr,−yr), and the sampling interval of the reconstruc-
tion of image plane is λz0/N∆x, where N and ∆x are
the pixel number and pixel size of the CCD, respectively.
The quadratic phase factor evidently results in the phase
aberration, which is closely related to the recording dis-
tance and the location of the reference light. However,
these parameters are difficult to be measured accurately
in experiments. Therefore, we used the two-step phase
subtraction method to eliminate phase aberration[15]. If
we remove the test sample and record another hologram,
the reconstructed complex amplitude distribution can
then be expressed as
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The phase aberration is clearly the same as that of the
test sample. Therefore, the phase subtraction between
U ′

3(x
′, y′) and U3(x′, y′) can be adopted to eliminate the

phase aberration to a great extent. The phase can be
obtained by
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3(x
′, y′)]

Re [U ′
3(x′, y′)]

− arctan
Im [U3(x′, y′)]
Re [U3(x′, y′)]

,

(7)

where Re[·] and Im[·] denote the real and imaginary parts
of the complex amplitude, respectively.

When the optical depth of the test sample is greater
than the wavelength λ, the phase image will contain 2π
discontinuities for the principle of the arctan function.
The least-squares phase-unwrapping algorithm is applied
to acquire accurate phase information[16].

The living cell culture of cervical cancer cell TZMbl
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was prepared for the experimental research. For
convenience, the living cervical cancer cells were cul-
tured on a glass slide in a petri dish. After the breeding
period, the glass slide with the cervical cancer cells was
dredged up and covered by a cover glass, as shown in
Fig. 2; this was used as the test sample. The hologram
of the living cells, which was cut into 2672 × 2672 (pix-
els), was captured by the LFTDH configuration. The
intensity distribution of the hologram was obtained by
a single inverse fast Fourier transform, and the section
that includes the cell information was intercepted to re-
duce the computational complexity. Figures 3(a)−(c)
show the reconstructed amplitude image of the whole
field, part of the real image, and the wrapped phase
image of the living cells, respectively. Afterwards, the
sample of the living cells was removed; the correspond-
ing reconstructed amplitude image of the whole field,
part of the real image, and the wrapped phase image are
shown in Figs. 3(d)−(f). The two-step phase subtraction
method was then applied to correct the phase aberra-
tion, and the unwrapped phase image of the living cells
can be acquired, as shown in Fig. 4. In the experiments,
the recording distance z0 was about 89 mm, and the sam-

Fig. 2. Schematic diagram for the sample of living cell culture.

Fig. 3. Experimental results using the cervical cancer cell
TZMbl as sample: (a)−(c) with the existence of the object,
the reconstructed amplitude image of the whole field, part of
the real image in the pane of Fig. 3(a), and the wrapped phase
image, respectively; (d)−(f) with the absence of the object,
the reconstructed amplitude image of the whole field, part
of the real image in the pane of Fig. 3(d), and the wrapped
phase image.

Fig. 4. Unwrapped phase image after phase aberration.

Fig. 5. Segmenting result for the unwrapped phase image in
Fig. 4.

pling interval of the reconstruction image plane was 1.97
µm. The distribution of the living cells can be clearly
identified, which provides the basic information for the
analysis of the cell culture. However, because the culture
medium is uneven or part of the residual phase aberra-
tion was not removed thoroughly, the gray distribution
of the background in the unwrapped phase image was
not uniform, which causes the difficulty in calculating
the level of confluency. Fortunately, the image process-
ing technology can be combined to greatly reduce the
influence of the quality of imaging.

Since living cell is quasi-transparent, its morphology
can hardly be distinguished from the reconstructed am-
plitude image. Therefore, the unwrapped phase image
was used to analyze the density of living cells. As shown
in Fig. 4, the gray distribution of the background in
the phase image was not uniform. Furthermore, the
phase image was significantly influenced by the white

Table 1. Time Cost for the Analysis Process of the
Cell Culture

Analysis Data Size Time Cost

Process (pixels) (s)

Image Collection 4016 × 2672 0.23

Acquisition of the
2672 × 2672 2.42Complex Amplitude Image

Acquisition of the Wrapped Phase
390 × 390 0.03Image after Aberration Correction

Acquisition of the
390 × 390 0.35Unwrapped Phase Image

Image Binarization 390 × 390 0.27

Whole Analysis Process × 3.30
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noises, especially shot noises, which may be caused by
the CCD noises or the reflected noises of optical com-
ponents. Based on the analysis of the image feature, the
cell image was segmented as follows: the shot noises were
reduced by the median filter with 5 × 5 (pixels), and the
image was then enhanced by the Sobel operator with 3 ×
3 (pixels). Subsequently, aiming the uneven background,
an adaptive threshold algorithm was adopted to transfer
the gray image to a binary image. Considering that liv-
ing cell is generally bigger than the discrete noises, the
connection area of a cell is therefore larger than that of
noises. Based on this idea, the residual discrete noises
can be mostly removed by detecting the pixel number
of the connection area. The segmenting result for the
unwrapped phase image in Fig. 4 is illustrated in Fig.
5, where living cells are white and the background ap-
pears dark. As can be seen, the cell morphology is well
segmented, and the total number of white pixels can be
easily obtained. The evaluation of the level of confluency
was about 11.96% for the TZMbl sample, indicating that
there is enough space for cell growth and that cell pas-
sage should be done after some time.

The time consumption of the proposed monitoring
method for living cell culture was analyzed to evalu-
ate the system performance quantitatively. The program
was carried out on a desktop computer with Intel Core 2
Quad 2.66 GHz CPU and 3 GB RAM. For the LFTDH
configuration, the numerical reconstruction can be real-
ized by a single inverse fast Fourier transform. Although
the image size is 2672 × 2672 (pixels), the time cost
for the reconstruction of the complex amplitude image
was only 2.42 s. The reconstructed image includes three
parts: the zero-order image, the real image, and the vir-
tual image. Only the real image is the region of interest,
thus the size of data can be cut into 390 × 390 (pix-
els) and the processing speed was accelerated, as listed
in Table 1. Therefore, the time cost of the whole analysis
process for cell culture was about 3.30 s. The two holo-
grams recorded with and without the test sample should
be generally acquired in the aberration correction using
the two-step phase subtraction method. Furthermore, it
is sufficient to record one reference hologram prior the
measurement procedure to compensate the phase aber-
ration, ensuring that the status of the cell culture can be
observed continuously.

In conclusion, a simple cell imaging method based on
digital holography is presented, and the corresponding
image post-processing is combined to perform automatic
evaluation for the status of cell culture. The LFTDH
configuration is developed to collect the hologram of the
living cell without prestaining, and the reconstructed
amplitude image is acquired by a single fast Fourier
transform. The phase aberration is corrected using the
two-step phase subtraction method, and the unwrapped

phase image is then obtained by the least-squares phase-
unwrapping algorithm. In the imaging experiment of cer-
vical cancer cell TZMbl, the quantitative amplitude and
phase information have been retrieved from the digital
hologram, and the level of confluency is calculated auto-
matically through the image segmentation of the phase
information. The presented method can provide an auto-
matic and non-invasive alternative for monitoring living
cell culture.
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