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Abstract: A digital holographic microscope, permitting to monicellular dynamics by measuring the cellular
phase shift with a high temporal stability and a pracedllowing to calculate the refractive index and dbBular
thickness are presented.
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1. Introduction

Non-invasive high-resolution imaging of living celis their natural environment is a prerequisite to visualize
biological processes. Among the numerous modalitie®ofrast-enhancing techniques which have been developed
to visualize non invasively unstained transparent spesmphase contrast (PhC), as well as Normarski's
differential interference contrast (DIC) are available figh-resolution light microscopy and widely used in
biology. Although, these techniques reveal the structirsuch transparent specimen, the phase information
provided is qualitative. Recently, new digital interferencerasicopy techniques, have demonstrated gquantitative
phase measurements with interferometric resolutioes, lateral micrometer range and sub-wavelength axial
resolutions, of transparent biological specimengairticular living cells in culture, without the useafy contrast
agent [1,2,3].

In this proceeding, we present the real time visualizatibreellular dynamics with a digital holographic
microscope (DHM). This DHM technique is based on agimal numerical reconstruction of holograms [4], which
enables the reconstruction of both the amplitude andithetitative phase contrast images with an interferometric
resolution from a single recorded hologram. The numernieabnstruction allows for the correction of lens
aberrations; it also enables to compensate for temporaldlims induced by environmental and experimental
perturbations.

An experimental protocol called “decoupling procedure” is@néed here with the aim of measuring separately
the integral refractive index and the cellular thickness fitterquantitative phase images of living cells.

2. Method
The experimental set-up is a modified Mach-Zender configur@Fig. 1A). Light transmitted by the specimen
is collected by a microscope objective (MO) that formsdbject waveO, which interferes with a reference
waveR to produce the hologram intensltyrecorded by the digital camera (Fig. 1A)). Hologramesracorded
in an off-axis geometry. Acquisition, digitization andamastruction of holograms were performed on a 3.2 GHz
Pentium IV computer using a video frame grabber (IMAQ)Rwithin the LabVIEW environment (National
Instruments). A detailed description of the algorithradu$or hologram reconstruction have been previously
described in [4]

Primary cultures of mouse cortical neurons were prepacedrding to Brewer and observed in a closed
perfusion chamber (Fig.1 A inset) used to apply diffesatutions.[5]
3. Results and discussion
The value of each pixel i of the reconstructed quantitatizsg@image (Fig.1B) can be expressed as:
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Fig. 1:.. Basic configuration for digital holographic miscopy (DHM). A VCSEL laser diode produces the cehtlight

(A = 664 nm) which is divided by a beam splitter (B®)e specimen (S) is illuminated by one beam thihoai condenser
(C). A microscope objective (MO) collects the tnamitted light and forms the object wav®)(which interferes with a
reference beamRj to produce the hologram recorded by the digit@IDCcamera (Basler A101f). B. 3D perspective
representation of the quantitative phase contraagé of 3 neurons in culture observed with a 63x (W@=0.8). Each
pixel represents a quantitative measurement otdfialar optical path length (OPL). The scale (ght) relates the OPL
(in degree) to the morphology (in pm) using the snead mean value of the neuronal cell body refractndex

n, =1.3774. Inset, schematic representation of cultured aelsinted in a closed perfusion chamber. M meansomir
others abbreviations are defined in text.

where isA the wavelength z is the axial coordindids the cellular thickness corresponding to the pixali(2) is
the function representing the value of the intracellulefractive index along the cellular thickness

h
N =1/h g) n.; (2 dz is the mean value of the intracellular refractive ind8;{ along the cellular thickneds,

called the integral refractive index, is the constant refractive index of the perfusiontsmiuandD is the height of
the perfusion chamber. The produgD is a reference value that can be measured anywhere othisidell.
Monitoring this reference value is important because @bks the compensation of mechanical or thermal
instabilities of the set-up during the experiment. Fohgrxeli, the component of the signal which is specific to the

cell, (ﬁc,i - r\n) h, depends on the cell thicknes$s (the integral refractive index ;) and the refractive index of

extra-cellular mediumng,), whose valuebBave been measured with an Abbe refractometer 864 nm.

Present performances of our set-up exhibit, with 16 elmsge average, a temporal phase stability of 0.2
degree, corresponding 201800, over several hours, for each pixel of a blank elmsage i.e. an experimental
configuration corresponding to a perfusion chamber wittiwel presence of any cell in it. As far as cells inuelt
with an mean refractive index of around 1.375 [6, 75 ®tudy] are considered, this stability corresponda to
vertical sensitivity ok 11 nanometers. For the present experiments achieve@W®R=0.8 and at a wavelength of
A = 664 nm, we obtain a transverse resolutior= .6 um in good agreement with the Rayleigh’s criterion for
coherent illumination. The measured irradiance at the nalptane was ~ 20AW/cn?, which is several orders of
magnitude lower than the power used in classical confasat kcanning microscope.

The phase signal depends on both the thickness amefthetive index of the specimen. To decouple these two
contributions, a procedure that we named "decouplingepiure” is applied. It consists in perfusing, conseelyti
to the standard perfusion solution, a second solutitin tive same osmolarity (to avoid cell volume variatibn)
with a different refractive indexd’,, =n,+0n and to record the two corresponding holograms. Spaliyf, the
refractive index of the second solution is increased dpfacing mannitol (a hydrophilic sugar present in the
standard perfusion solution) with equal molaritytted hydrophilic molecule Nycodenz. Typically addition of 4%
w/v of Nycodenz increases the refractive index of the iswiuty on = 0.006.

For each pixel i, we obtain two phase recordings @.; ). The first one is obtained during the perfusionhef

standard solution containing mannitol and the secmedwhen the decoupling solution has completely replteed
standard solution in the perfusion chamber.
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By solving this equation system, we obtain, for eactelpixthe integral refractive indeXi;; and the cellular
thicknesdh,..

However, over the 30 seconds solution exchange tintleegberfusion chamber, the living cells present micro-
movements, which cause artifacts in the calculation8.pfand h . Consequently, spatial averaging was used to
substantially reduce this micro-movement artifact. Specifictly mean integral refractive index of a neuronal cell
n., is calculated by taking the average of the integrahcéfre index over a cellular body. Such a mean integral

refractive indexN, presents a temporal stability of 0.0003 within 30-adcttervals. Subsequently, as a first

approximation,i, rather thann,; was used to calculated the cellular thickness of eachipixel

The decoupling procedure described here offers aneeffisiolution to address the question of refractidexn
measurements on living cells. Only a few reports happeared in this field. The decoupling procedure has been
applied during a hypotonic shock achieved by replacingstiwedard perfusion solution (229 mOsm/kgDiby a
hypotonic solution (144 mOsm/kg.8). The decoupling procedure shows the cell body hmrmetry of two
neurons in culture. Specifically, each image pixel i repreghetsellular thickness; lihus allowing to visualize the
neuronal shape. These morphometry images indicate cleadypketed hypotonic neuronal swelling.
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Fig. 2 Morphometry of 2 cell bodies before (panel A) énhdhinutes after the onset (panel B) of a hypotshiock. Here

the z-axis (cellular thickness) is expressed inromieters. These values where obtained using thétged the decoupling

procedure. C. Color-coded distribution of thickneasgations resulting from the subtraction of tisgahdard" image to the
"hypotonic" image.

We also mention that the hypotonic shock induces a méegrah refractive index decrease of around 0.002-
0.003. This decrease is consistent with a hypotonic virflex, resulting in a dilution of the intracellularqiein
concentration, the cellular component which largely determimesnean integral refractive index value [6]. This
decrease also allows to explain the paradoxical phasal slgcline (data not shown) observed during the toypo
shock.

4. Conclusion
Digital holography microscopy (DHM) is a technique tldlbws to obtain, from a single recorded hologram,
guantitative phase images of living cell dynamics witerferometric resolution. These dynamic quantitatiase
images, containing information about both the cell monpétoy and the integral refractive index, can be
unambiguously interpreted thanks to the decoupling praequtesented here.
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