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� Abstract
They present results for lens-free microscopy for the imaging of dense cell culture.
With this aim, they use a multiwavelength LED illumination with well separated wave-
lengths, together with the implementation of an appropriate holographic reconstruc-
tion algorithm. This allows for a fast and efficient reconstruction of the phase image of
densely packed cells (up to 700 cells/mm2) over a large field of view of 29.4 mm2. Com-
bined with the compactness of the system which fits altogether inside an incubator,
lens-free microscopy becomes a unique tool to monitor cell cultures over several days.
The high contrast phase shift images provide robust cell segmentation and tracking,
and enable high throughput monitoring of individual cell dimensions, dry mass, and
motility. They tested the multiwavelength lens-free video-microscope over a broad range
of cell lines, including mesenchymal, endothelial, and epithelial cells. VC 2017 International

Society for Advancement of Cytometry
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INTRODUCTION

PROGRESS in biology has often been correlated with advances in microscopy. The

majority of modern-day microscopic developments focus on increasing resolution.

We can now visualize cells and tissues with unprecedented detail. Unfortunately, this

is usually achieved at the expense of cost, invasiveness, compactness, simplicity, and/

or field of view (FOV). As such, label-free microcopy techniques offering a large field

of view are complementary to high resolution microscopy. Examples of such techni-

ques are real-space (1) and Fourier (2) ptychography imaging, that have been devel-

oped to perform label free and high-contrast imaging of cell culture with low

numerical aperture objectives (0.2–0.4 NA). A phase retrieval algorithm without sup-

port mask is used to recover the high contrast phase images at a resolution of

approximately 1 mm with a large FOV [2.1 mm 3 1.8 mm, (2)]. Recently such a sys-

tem has been designed to fit inside an incubator, and offers an even larger FOV

(5.7 mm 3 4.3 mm) (3). An alternative to maximize the available field of view

together with a small footprint is lens-free microscopy (4–6). It comprises a compu-

tational reconstruction of the object from its recorded hologram intensity. The hard-

ware setup is light: a coherent point source illuminates the object located at distance

l from the source, and the detector records the hologram intensity at a distance Z,

with l � Z (Fig. 1a). The hologram is then captured by a CMOS sensor located as

close as possible to the sample, thus allowing wide field imaging over the whole sen-

sor area. The sample image is recovered numerically with a phase retrieval algorithm

(7–9), which usually requires a support mask of the object in order to impose shape

and size constraints. Such algorithms are efficient to recover the amplitude and phase

of isolated cells (10–13), but are limited to disperse cell cultures, with densities of

1Universite Grenoble Alpes, Grenoble,
F-38000, France

2CEA LETI MlNATEC Campus, Grenoble,
F-38054, France

3CEA BIG Biologie �a Grande Echelle,
Grenoble, F-38054, France

4INSERM, U1038, Grenoble, F-38054,
France

5CNRS, FR CNRS 3425, Grenoble, F-38000,
France

6TIMC-IMAG, Grenoble, F-38000, France

Received 1 December 2016; Revised 27
January 2017; Accepted 7 February 2017

Additional Supporting Information may be
found in the online version of this article.

*Correspondence to: C. Allier; Universite
Grenoble Alpes, Grenoble, F-38000,
France. E-mail: cedric.allier@cea.fr

The authors declare that they have
no conflicts of interest.

Published online 00 Month 2017 in Wiley
Online Library (wileyonlinelibrary.com)

DOI: 10.1002/cyto.a.23079

VC 2017 International Society for
Advancement of Cytometry

Cytometry Part A � 00A: 00�00, 2017

Original Article



approximately 20 cells/mm2 (10). In order to work on dense

samples for which the definition of a mask is inaccurate,

another class of reconstruction algorithms has been developed

to use the information from multiple acquisitions. Pixel

super-resolution (14) and multiheight acquisitions (15) have

been used to image dense biological samples and reach sub-

pixel resolution on, for example, unstained Pap smear and

stained blood smears. These methods cannot, however, be

applied to the live-monitoring of cell culture owing to the

large number of required acquisitions. More recently, an

approach based on the use of four pigtailed laser in the range

of 640–660 nm has demonstrated the possibility to use four

acquisitions only to image and monitor cell culture up to a

density of approximately 80 cells/mm2 (16).

In the present manuscript, we describe a lens-free

microscopy setup based on the use of three multicolored

LEDs delivering red, green, blue illuminations, together with

the implementation of a reconstruction algorithm inspired

from digital in-line holography (17). With this setup, we dem-

onstrate the possibility to image and monitor cell culture

across a field of view (FOV) of 29.4 mm2, up to densities of

approximately 700 cells/mm2 for cell counting. Combined

with the compactness of the system which fits altogether

inside an incubator, we can monitor cells in cultures over sev-

eral days, and follow the evolution in time of their morpholo-

gy from low densities up to confluence. The high contrast

phase shift images provide robust cell segmentation and track-

ing up to densities of approximately 350 cells/mm2 and enable

Figure 1. (a) Schematic of the lens-free microscopy acquisition setup. (b) Example of the full field of view raw acquisition of a culture of

primary human umbilical vein endothelial cells. (c) Picture of the lens-free video microscope (Cytonote from Iprasense, Montpellier,

France). It uses a CMOS image sensor with a pixel pitch of 1.67 lm and an imaging area of 6.4 mm 3 4.6 mm 5 29.4 mm2. Illumination is

provided by a multicolored RGB LEDs along with a pinhole placed at a distance of approximately 5 cm from the sample. The picture

shows the lens-free video microscope imaging a cell culture in Petri dish (35 mm diameter). (d) and (h) Raw lens-free acquisitions (blue

channel, detail of the full field of view) of a culture of A549 cells at low and high density (�675 cells/mm2), respectively. (e) and (i) Recon-

structed phase images obtained using the simple back propagation algorithm on (d) and (h), respectively. (f) and (j) Reconstructed phase

images obtained using the one-wavelength phase retrieval algorithm applied to (d) and (h), respectively. (g) and (k) Reconstructed phase

images obtained using the multiwavelength phase retrieval algorithm applied to (d) and (h), respectively. All reconstructed phase images

are shown without phase unwrapping. [Color figure can be viewed at wileyonlinelibrary.com]
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high throughput monitoring of individual cell dimensions,

dry mass and motility. We tested this multiwavelength video

lens-free microscopy over a broad range of cell lines, including

mesenchymal, endothelial, and epithelial cells.

MATERIALS AND METHODS

Cell Culture

HUVECs and 3T3 cell lines were, respectively, purchased

from Millipore and ATCC. Experimental cultures were pre-

pared from deep-frozen stock vials, and maintained in a sub-

confluent state in culture Petri Dish (113 cm2) coated with

fibronectin for HUVECs and uncoated for 3T3 under a

humidified (90%) atmosphere of 95% air/5% CO2 at 378C.

Cells were grown in EndoGro basal medium supplemented

with 5 ng/mL of rhVEGF, rhEGF, rhFGFb, respectively, 15 ng/

mL rh IGF-1, 10 mM L-glutamine, 0.75U/mL heparin sulfate,

1 mg/mL hyroscortisone hemisucinate, 50 mg/mL ascorbic acid

and 2% FBS or DMEM supplemented with 10% of newborn

calf serum for HUVECs and 3T3, respectively. Culture medi-

um is changed every second day. About 105 cells (HUVECs or

3T3) were seeded in 35 mn Petri Dish in 1 mL of their respec-

tive complete medium and monitored through lens-free video

microscopy.

For fixation and DAPI staining, cells previously seeded

on D-Poly-lysine coated coverglass slides were washed in

warm (378C) PBS, and soaked in PFA (2% paraformaldehyde

in PBS) for 20 mn at 378C. The fixed samples were then rinsed

three times for 5 minutes with PBS. The cells were further per-

meabilized using a solution of 0.2% Triton in PBS for 3

minutes. Finally, the cells were washed three times for 5

minutes with PBS, and stained for nuclei with DAPI using

VectashieldTM mounting medium according to manufacturer

instructions (Vector Laboratories, USA).

Lens-Free Video Microscopy

Image acquisition was performed with a Cytonote lens-

free video microscope (Iprasense, France). It was inspired by

the lens-free imaging system described by Su et al. (16), which

was modified to perform continuous monitoring inside an

incubator at a controlled temperature and humidity (Fig. 1).

It uses a CMOS image sensor with a pixel pitch of 1.67 lm

and an imaging area of 6.4 3 4.6 mm2. Multiple wavelength

illumination is provided by a multichip LEDs delivering red,

green and blue illumination. The wavelengths are centered,

respectively, on 636, 521, and 452 nm, with a spectral band-

width of, respectively, 25, 45, and 25 nm. The RGB LEDs is

located above a 150 mm pinhole at a distance of approximately

5 cm from the cells. The CMOS sensor is put in contact with

the cell culture recipient. The distance between the cells and

the CMOS sensor varies between 1 and 2 mm depending on

the type of cell culture recipient, for example, Petri dish or

multiwells plate.

Microscopy

Digital holographic microscopy was performed with a

Lync�ee Tec
VR

Transmission microscope (DHM), using a 35

objective (NA 0.12) and a laser of 647 nm. Fluorescence and

bright-field microscopy was performed with a Zeiss Axioplan

microscope using a 320 objective (NA 0.4). Phase contrast

microscopy was performed with an Olympus IXS1 micro-

scope using a 310 objective (NA 0.25) and an Olympus IX73

microscope using a 310 objective (NA 0.3).

RESULTS AND DISCUSSION

Multiwavelength Holographic Reconstruction

of Adherent Cells

The lens-free video microscope is placed inside the incu-

bator and the culture dish containing the cells is set on top of

the CMOS sensor (Fig. 1). The lens-free imaging optical setup

does not acquire an image of the cell but the holographic

interference pattern formed by the interference of the semi-

coherent light scattered by the cells and the light passing

directly from the source to the image sensor. A reconstruction

algorithm is then used to recover the phase image of the cells

from their interference holographic patterns. A simple holo-

graphic reconstruction method consists in back-propagating

the light intensity recorded by the sensor using the Fresnel

function (Fig. 1 and supplementary information). The result

is a complex image of the cell which is however strongly

affected by the so-called “twin image,” an artifact that results

from a lack of phase information in the acquisition process.

This is a well-known problem that can be tackled with a phase

retrieval algorithm (7). A simple phase-retrieval algorithm

consists in propagating iteratively the image back and forth

between the sensor and object planes with a support mask

applied to the complex image in the object plane, in order to

filter out the “twin-image” contribution (Supporting Infor-

mation Fig. S2). In the case of adherent cells, it appears that

the signal to noise ratio of the complex cell image obtained

after a single back-propagation is too low to properly define

such a mask (Figs. 1e–2i). Hence, for one-wavelength holo-

graphic reconstruction, we used the algorithm described in

(18), which also propagates the image back and forth between

the sensor and object planes, but this time with a positivity

constraint applied on the reconstructed phase image while the

reconstructed modulus image is set to 1 (Figs. 1f–1j; Support-

ing Information Fig. S2 and Supporting Information). These

constraints reflect the fact that adherent cells can be consid-

ered as transparent objects. At low density (<20 cells/mm2),

this algorithm is efficient in diminishing the “twin-image”

contribution and hence recovers the overall shape of the cells

(Fig. 1f). At larger densities, however, the one-wavelength

holographic reconstruction algorithm fails to properly recover

the cell shape (Fig. 1j). The “twin-image” contribution is

reduced but the reconstructed phase image is blurred and

noisy, leading to inaccurate segmentation and tracking.

With the multiwavelength reconstruction algorithm (see

Supporting Information Fig. S3), the reconstructed phase

image of the cells is noticeably improved, in particular at large

cell densities (Figs. 1g–1k, 2a and 2b). The multiwavelength

reconstruction algorithm is based on recording holograms at

different illumination wavelengths. The holograms are sepa-

rately back-propagated to the object plane for the respective
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Cytometry Part A � 00A: 00�00, 2017 3



illumination wavelengths. A new phase u
kj
new is calculated

according to the reconstructed phase uki obtained at the three

wavelengths:

ukj
new5

1

3kj

X3

i51

uki :ki (1)

where ki are the three different wavelengths. Similarly a new

modulus m
kj
new is calculated according to the reconstructed

modulus mki obtained at the three wavelengths:

mkj
new5

1

3

X3

i51

mki (2)

This calculation of a new complex cell image m
kj
new :eiu

kj
new allows

us to robustly average out the “twin-image” if the three wave-

lengths are well separated (Supporting Information Fig. S4).

This is because the “twin-image” is more wavelength-

dependent than the reconstructed complex cell image, the

latter sharing common features at the different illumination

wavelengths. This calculation is iterated, by propagating the

image back and forth between the sensor and object, and the

reconstructed phase images in the red, green, and blue chan-

nel are finally obtained by back-propagating the refined com-

plex amplitude to the object plane. As a result, with the

multiwavelength reconstruction algorithm, the “twin-image”

in the reconstructed phase image is drastically altered. Figure

2c shows that the signal-to-noise ratio measured on a single

A549 cell is about 13.4 with the multiwavelength algorithm

compared to 7.7 with the one-wavelength algorithm.

We note that the multiwavelength algorithm allows us to

distinguish dividing cells that are not visible on the image

reconstructed with the one-wavelength algorithm (red circles

in Figs. 2a and 2b). The dramatic change in cell shape at mito-

sis results in a strong phase shift that exceeds 2p. This phase

wrapping is not present on the phase images reconstructed

from the one-wavelength algorithm, as this signal vanishes

Figure 2. Comparison between the one-wavelength and the multiwavelength holographic reconstruction algorithms image at large cell

density (�500 cells/mm2, manual counting). (a) Reconstructed phase image of a culture of A549 cells (blue channel) obtained with the

one-wavelength holographic reconstruction algorithm. (b) Reconstructed phase image of the region shown in (a) obtained with the multi-

wavelength holographic reconstruction algorithm. The reconstructed phase images in (a) and (b) are shown without phase unwrapping.

(c, d) Phase profile measured on a single cell [yellow line 1 in (a) and (b)] for the two different holographic reconstruction algorithms. The

signal to noise ratio measured on the single cell is about 13.4 with the multiwavelength holographic reconstruction algorithm to be com-

pared with 7.7 with the one-wavelength algorithm. Signal-to noise ratio being measured as the amplitude of the phase profile (c) divided

by the noise measured in the background of the reconstructed image [yellow box in (a) and (b)]. In (b), dividing cells are clearly visible

(red circles). They appear as black owing to a strong phase shift which results into phase wrapping. (d) Phase profile measured on a divid-

ing single cell [yellow line 2 in (a) and (b)] for the two different holographic reconstruction algorithms. [Color figure can be viewed at

wileyonlinelibrary.com]
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with the positive constraint applied on the phase during the

iterative reconstruction process. Thus the multiwavelength

algorithm allows for accurate recognition of the cell mitosis

that gives access to the study of the cell cycle (see below for

further analysis of the cell cycle). In the following we will

show the reconstructed phase images corrected with a phase

unwrapping, for example, the negative phase values found

within the segmented cells are increased by 2p.

In order to assess the spatial resolution of multiwave-

length lens-free microscopy with respect to the imaging of

transparent objects, we used a microscope glass slide engraved

with the USAF1951 pattern at a depth of approximately

300 nm (Supporting Information Fig. S5). The smallest recog-

nizable element is the element 5 of Group 7 (spatial frequency

of 203 line pairs/mm, a width of 2.5 lm), which corresponds

to a full-pitch spatial resolution of approximately 5 mm.

Cell Population and Single Cell Analysis

The reconstructed phase image of adherent cell culture

from the multiwavelength holographic reconstruction

presents a high contrast, and is almost free of “twin image”

artifacts (Figs. 1 and 2). We designed a segmentation algo-

rithm adapted to the reconstructed phase images taking

advantage of their high-contrast (see Supporting Information

Fig. S6). The comparison of the automated lens-free segmen-

tation to a phase contrast acquisition of fixed HeLa cells shows

that the lens-free segmentation is missing some cytoplasm

regions but detects well all nuclear regions (Supporting Infor-

mation Fig. S6def). The main part of the phase signal is locat-

ed in the nuclear region, where most of the non-aqueous

material is present. Thus, automated lens-free segmentation is

close to the nuclear region. This was confirmed with a com-

parison between the automated lens-free segmentation and a

fluorescence acquisition of the nuclei stained with DAPI on

HeLa cells (Supporting Information Fig. S6def). In particular

for denser regions, the segmented area is very close to the

nuclear region, while for several isolated cells some of the

cytoplasm is included in the segmentation. Overall, we find

that for HeLa cells, the segmentation works well up to local

densities of approximately 700 cells/mm2 (Fig. 3). At larger

densities, the segmentation tends to blend different cells (Fig.

3). With fibroblast cells with a more complex morphology

than HeLa cells, we found that at a cell density of 350 cells/

mm2 (Supporting Information Fig. S7), the lens-free automat-

ic cell counting presents a true positive rate (specificity) of

98% (true positives 5 252, false negatives 5 5) and a positive

predicted value (precision) of 92% (true positives 5 252, false

positives 5 19).

Figure 3. (a) Reconstructed phase image of a fixed cell culture of HeLa cells for three different cell densities. The local cell densities range

from top to bottom, respectively, 184, 703, and �2,500 cells/mm2. The last two densities are measured in the cells cluster outlined with a

red dashed line. (b) Acquisition of the same region as in (a) acquired with a phase contrast microscope (310 magnification, Nikon Eclipse).

(d) Acquisition of the same region as in (b) acquired with a fluorescence microscope (320 magnification, Zeiss Axioplan). The staining of

the nuclei with DAPI is shown as a blue overlay on top of the bright-field acquisition (gray). (d) The reconstructed phase images shown in

(a) with the DAPI staining overlaid in blue and the automatic cell segmentation as solid black lines. The green arrows point dividing cells

that are correctly segmented. The red asterisk show the mistakes of the automatic lens-free cell segmentation when compared to the

nuclei stained with DAPI acquisition. There is one false positive (on the left) and one false negative (on the right). [Color figure can be

viewed at wileyonlinelibrary.com]
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Figure 4 shows the result of the lens-free automatic cell

counting applied to the time-lapse acquisition of a culture of

A549 cells performed over three days. This proliferation assay

shows the number of detected cells increasing from 3,400 to

19,900 over a FOV of 29.4mm2. The latter cell count corresponds

to a cell density of about 675 cells/mm2 (Fig. 4e). Locally the

measured cell density is as large as 1,650 cells/mm2 and it does

not visibly impede the quality of the reconstruction (Fig. 4c). In

addition to the automatic cell counting algorithm we designed a

specific watershed gray-level segmentation algorithm (see full

description in Supporting Information). It is then possible to

extract several metrics describing the cell morphology, namely its

surface area (S), major axis length (L), minor axis length (l),

cell orientation (h), and aspect ratio (L=l). For example, the

latter could be an indicator of cell polarization. The sum of

the cellular areas would give the confluence. Importantly, the

lens-free signal is mainly coming from the nuclear region,

and the segmented areas fall close to be the nucleus (Fig. 3).

This is less valid for isolated cells as the segmented areas take

some cytoplasm. Nevertheless, at higher densities, we can

Figure 4. Cell proliferation assays performed on a culture of A549 cells. (a) Full field of view time-lapse acquisition of a culture of A549

cells over three days acquired by lens-free microscopy (blue channel). The segmented cell areas are overlaid in green. (b) Cropped images

[yellow box in (a)]. (c) Cell count performed on the lens-free acquisition with a gray level watershed algorithm. Green spots correspond to

proper cell detection. The manual corrections are shown with orange spots and red spots, corresponding to false negatives and false posi-

tives, respectively. The number of false negatives is low while the number of false positives is larger but does not excess 5% of the total

number of cells at the highest cell density. (d) Nuclear confluence, given as the percentage of surface occupied by the nuclear regions of

the cell population, as a function of time. As detailed in the text, the nuclear confluence is quantitative only at high densities. In this

regime, this definition has the advantage to go beyond the classical confluence which saturates at 100% while the cell density can still

increase. (e) Cell density as a function of time. [Color figure can be viewed at wileyonlinelibrary.com]
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define a “nuclear confluence,” which corresponds to the per-

centage of total area occupied by the nuclear regions. It has

the advantage of going beyond the classical confluence which

saturates at 100% while the cell density can still increase.

Cells would reach a plateau of nuclear confluence, corre-

sponding to a homeostatic cell density. Limiting factors for

the cell density might be contact inhibition of proliferation

or cell extrusion, processes which could be studied on large

cell populations with lens-free microscopy. The value of the

homeostatic density is expected to be cell type dependent,

and can be viewed as quantification of the cell type, mesen-

chymal, squamous epithelium, or columnar epithelium. For

A549 cells, a squamous epithelial cell line, this plateau is at

about 40% (Fig. 4d).

The phase recovered from lens-free microscopy is propor-

tional to the optical density of the traversed layer. This optical

density is dominated by the density of non-aqueous molecules,

and the integral of the phase across the segmented cell yields a

measurement of the cell dry mass (CDM) (19–21):

CDM5

ð ð
ku x; yð Þ
2pa x; yð Þ dxdy (3)

where u x; yð Þ is the reconstructed phase shift (21), k the

wavelength, and a the specific refractive index which relates

the refractive index change to dry mass (19). Proteins and

nucleic acids are the main contributions to the total cell dry

mass, and have a similar specific refractive index. Hence it is

reasonable to take an average value for the specific refractive

index, a51:831024 m3=kg (19,21). In the same vein, the cell

maximum thickness h can be calculated from the maximum

of the phase shift in the segmented cell:

h � k
2pDn

max u x; yð Þ½ � (4)

with Dn5n2n0 the difference in refractive index between the

cell and the cell culture media, that we take in the following to

be 0.025. Cell thickness is given here as a qualitative measure

since we take an arbitrary value for the difference in refractive

index. Nevertheless it allows us to probe the evolution in a

large cell population and observe differences between and

within cell lines.

In contrast, the lens-free cell dry mass measurement can

be considered as quantitative. Indeed, we compared lens-free

measurement to DHM measurements, a reference quantitative

imaging microscope (19,22–26), and found a good agreement

in between the CDM found by the two techniques (Supporting

Information Fig. S8). Comparing the cell dry mass measured

with lens-free microscopy and DHM over 306 fixed HeLa cells,

we found a ratio approximately 0.91 between the two measure-

ments and a coefficient of determination R2 of approximately

0.93 (Supporting Information Fig. S8). Lens-free phase imaging

does share a similar limitation with DHM (26); the holographic

reconstruction process cannot properly reconstruct mitotic

when light propagates with multiple reflections/diffractions

within the rounded cell. As a result, the phase is overestimated

at mitosis and so are the cell dry mass and cell thickness meas-

urements. The same limitations impede the reconstruction of

overlapped 3D cell organizations.

Figure 5. Data analysis of a 5 days lens-free timelapse of 3T3 fibroblast cells. (a) Total number of cells counted in the full field of view of

29.4 mm2 as a function of time. (b–f) Scatterplot as a function of time of, respectively, the cell segmented area (b), the cell dry mass (c), the

cell maximum thickness (d), the cell major axis length (e), and the cell aspect ratio (f). Every scatter plot compiles about 3.3 3 106 measure-

ments. They are normalized to the number of cells present in the field of view. The median curve is plotted in red and 61r standard devia-

tion curves are plotted with red dashed lines. In (f) the cell aspect ratio is given as the ratio between the minor and major axis lengths. The

phases I–V separated by black dash-lines correspond to different kinetic phases of the cell cultures, and are described in the main text. (g)

Total dry mass calculated as the integral of the cell dry mass over the full field of view of 29.4 mm2 as a function of time. (h) Plot of the

mean cell dry mass as a function of the total number of cells. The mean cell dry mass is calculated as the total cell dry mass (g) divided by

the total number of cells (a). [Color figure can be viewed at wileyonlinelibrary.com]
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Figure 5 shows the computation of all aforementioned

metrics as a function of time for a cell culture of fibroblasts

performed over 4.5 days. The number of cells in the FOV

increases from 1,000 to 11,000 (Fig. 5a). This results in a large

dataset of 3.3 3 106 detected cells featuring their coordinates

and morphological features, that is, cell area, cell volume, cell

dry mass, cell maximum thickness, major axis length, and

aspect ratio. It is thus possible to study the kinetics of a cell

culture with unprecedented statistics. The initial phases of a

cell dispersion can be clearly distinguished, that is, cell-

substrate adhesion, cell spreading, cell proliferation, and con-

fluency. We can distinguish five phases in the evolution of the

different quantities; (i) phase I corresponds to the spreading

of the cells on the substrate; (ii) phase II is the cell prolifera-

tion before media change; (iii) phase III is the altered cell pro-

liferation after media change; (iv) phase IV is the normal cell

proliferation; and (v) is when the density is high enough to

observe the effect of contact inhibition of proliferation.

As the cells adhere to the substrate (phase I in Figs. 5a–5f),

the median cell area increases from approximately 200–500

mm2 in about 8 hours (Fig. 5b) and the median cell thickness

decreases by a factor of two (Fig. 5d). Conversely, we found

that the measured median cell dry mass remained constant

during the first hours (Fig. 5c). While actively spreading,

fibroblasts adopted an elongated shape with an average length

of 40 mm along their major axis (Fig. 5e) and an aspect ratio

of almost 2 (Fig. 5f). Again we insist that this corresponds

roughly to the length of the nuclear region, which largely

dominates the signal. The aspect ratio can be regarded as a

hallmark of cell polarization, and this polarization may

increase in time due to secretion of extracellular matrix on

glass, a well-known trait of fibroblasts (27,28).

Once the cells have fully adhered, the population grows

exponentially (Fig. 5a), as expected in normal culture condi-

tions. This is accompanied by a decrease of area and of length

(Figs. 5b–5e). The maximal thickness stays more or less con-

stant (Fig. 5d), which is expected below extreme densities as

the maximum height is then governed by the cell nucleus

(29). The aspect ratio increases until a certain density, then

reaches a plateau, and finally decreases at last (phase V in Fig.

5f). The onset to the decrease may be linked with the jamming

transition (30).

More subtle changes can also be observed, for instance

the variations that occurs at and after media replacement. In

Figure 5, media change was performed after 2.1 days, and led

to immediate small variations in cell major axis length, cell

maximum thickness and cell eccentricity (Figs. 5d–5f). This

may be connected to a small osmotic shock at media change.

In the following 8 hours, the median cell dry mass and cell

height are increasing (Figs. 5c and 5d), and the total dry mass

increases at a similar pace (Fig. 5g). We also observe that the

proliferation rate decreases slightly in this regime (Fig. 5a). To

understand this, we hypothesize that the cell are partially

starved before media change, some cells being locked in the

G0 phase (31). At media change, the cell population is partial-

ly synchronized (31) and thus cell proliferation is altered dur-

ing the following hours. Then a boost in cell proliferation

occurs at 2.8 days, 15 hours after media change. This corre-

sponds to the duration of the cell cycle of fibroblast cells. Cell

proliferation lasted about 3.5 days before plateauing at 350

cells/mm2 (Fig. 5a).

At high density, and in particular for mesenchymal cells

such as fibroblasts, contact inhibition of proliferation will

stop cell division. This halt is accompanied by a decrease in

cell dry mass, by a factor of 1.5 (Fig. 5c), as expected for cells

stuck in the quiescent phase, for which global protein synthe-

sis is largely reduced (32). A reduced protein synthesis could

also occur due to a culture media starving of the cells which is

also visible before the culture media change (Fig. 5c). Overall

this would lead to a tendency for the cells to be smaller in

terms of CDM at high densities, which we observe in Figure

5h. We note that the decrease in CDM may be partially linked

to a decreases of the segmented area to the nuclear region, but

since the nucleus signal largely dominates the overall signal,

we expect this effect to be small. At last, we remark that after

Day 4 most of the measurements become noisy (Fig. 5e). This

defines a heuristic criteria for the degradation of the quality of

the reconstructions at high density. The multiwavelength

holographic reconstruction still performs well at this large cell

density but the cell segmentation become unprecise and noise

is thus observed in, for example, the cell dry mass measure-

ments after Day 4 of the experiment (Figs. 5g and 5h). This

set an upper limit for the automatic lens-free cell segmenta-

tion algorithm which is efficient up to a cell density of approx-

imately 350 cell/mm2 for fibroblasts cells, in agreement with

Supporting Information Figure S7.

Cell Tracking

In order to further extend the analysis of the datasets

produced by lens-free video microscopy, we performed cell

tracking [Trackmate ImageJ plugin (33)] on the time lapse

acquisitions, and combined the tracking data with previously

measured cell morphological features (Fig. 6). The cell track-

ing is robust, and enables us to extract 15,000 tracks that last

more than 12 hours and 4,000 tracks that last more than 32

hours for a 5 days experiment (Figs. 6a–6c). The tracking can

be further analyzed using devised quantitative tracking mea-

sures (34,35), such as the mean square displacement, the total,

the net distances traveled, and the associated persistence. It is

therefore possible to observe and quantify different types of

cell motion between different cell lines or even within one cell

line. A549, Huvec, and primary fibroblasts have a super-

diffusive random walk with a power law exponent of about

1.5, typical for motile cells (Supporting Information Fig. S9).

On the contrary, the weakly-adherent THP1 macrophages

have a more varied motility. From the study of the mean-

square displacement, we are able to distinguish different

motility patterns inside a cell cultures, including a large sub-

population of sub-diffusive cells, a smaller set of near-

diffusive cells, and only a few super-diffusive cells (Supporting

Information Fig. S9).

In addition to the cell migration study, we combined the

cell tracks information and the metrics for every single cell

that we mentioned previously. Figures 6d–6h shows as an
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example the analysis of a single primary human umbilical

vein endothelial cell track lasting 44 hours that exhibits four

cell divisions. The first mitosis occurs at T0 1 4 h (yellow cir-

cle box in Fig. 6a, frames 25–26). Three other cell divisions are

at T0 1 18.5 h, T0 1 31.7 h, and T0 1 43.3 h, respectively.

During mitosis, a cell goes through a major structural reorga-

nization leading to cell rounding (36), which coincides with a

sharp peak increase of the phase signal measured at the cell

centroid (Fig. 6e). The signal to noise ratio of this peak is large

(17 6 7) and cell divisions can be detected with a high signifi-

cance, with a 5r threshold applied on the phase signal (red

lines in Fig. 6b). In order to assess the efficiency of this cell

division detection method, we have automatically generated a

series of time-lapse sequences with 6 frames centered on the

detection of the cell division at interval of 10 minutes, and

checked manually whether the daughter cells are visible (Sup-

porting Information Fig. S10). Performing this task over 234

time-lapse sequences we found only 4 phase peaks that were

not corresponding to a cell division. The automatic detection

of cell division thus provides a robust measure of the cell divi-

sion time, and consequently an accurate measurement of the

period in between two divisions, that is, the cell cycle dura-

tion. From the cell tracking analysis of a 4 day culture of

HUVEC cells, we extracted 1,280 cell cycles. We found that

the distribution of the cell cycle duration is near Gaussian

(Supporting Information Fig. S11a) with a mean of 13 h and

a relative standard deviation of 15% (standard deviation

divided by the mean of the distribution). Between two cell

Figure 6. Cell tracking analysis of a four days acquisition of primary human umbilical vein endothelial cells (10 min frame interval), using

the ImageJ plugin Trackmate. (a), (b), and (c) show the measured tracks at T0 1 24 h, T0 1 48 h, and T0 1 72H, respectively (crop of the full

field of view of 29.4 mm2). Only tracks lasting >12 hours are plotted. The color of the tracks corresponds to their total duration. In the full

field of view, there are 2,200, 7,800 and 18,000 tracks at T0 1 24 h, T0 1 48 h, and T0 1 72H, respectively. (d) Time lapse acquisition of a pri-

mary human umbilical vein endothelial cell tracked over 44 h at 10 min interval. Each cropped image shows a reconstructed phase image

of the segmented cell (81 mm 3 81 mm). Phase unwrapping is performed by adding 2p to the negative phase values within segmented

cells. (e) Plot of the cell phase signal at the centroid as a function of the experiment time. The phase signal presents a sharp peak increase

corresponding to a cell division [red circles in (d) and red lines in (e–h)]. (g) Plot of the cell area as a function of the experiment time. Cell

area is calculated after cell segmentation of the cell phase image (a). (g) Time evolution of the cell dry mass calculated from the integral of

the phase over the segmented cell area according to Eq. (3). (h). Plot of the cell motility as a function of time. [Color figure can be viewed

at wileyonlinelibrary.com]
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divisions it is also possible to quantify the distributions of the

initial cell dry mass measured just after division, the cell final

cell dry mass and the average cell growth rate during the cycle.

We found an average ratio of approximately 1.86 between the

final and initial cell dry mass (Supporting Information Fig.

S11b) and an average growth rate of approximately 5.5 pg/h

(Supporting Information Fig. S11c).

CONCLUSION

We have demonstrated that a multiwavelength reconstruc-

tion algorithm using three well separated wavelengths allows

for an efficient and faithful reconstruction of the phase image

of densely packed cells. We could image with high contrast cell

colonies at densities up to approximately 700 cells/mm2 over a

field of view of 29.4 mm2, with local densities as high as 1,650

cells/mm2. The phase image quality is sufficient to provide

robust automatic cell segmentation and tracking up to densities

of 350 cells/mm2. Very large datasets can be gathered to study

the motility and morphology of individual cells in a cell culture.

We show as well that multiwavelength lens-free microscopy is a

quantitative phase imaging technique, which gives access to the

time evolution of the cell dry mass. In particular, it allows accu-

rate determination of the mitosis, and the monitoring of the

intra-cycle cell growth. Overall, multiwavelength video lens-free

microscopy provides a simple yet performant platform to mon-

itor large cell colonies over several days, and perform down-

stream label-free automated cell segmentation and cell tracking.
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