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Arﬁflf-’ history: Quantitative-phase imaging (QPI) has recently emerged as a powerful new quantitative microscopy tech-
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including living cells in culture. Indeed, the quantitative-phase signal (QPS), induced by transparent liv-
ing cells, can be detected with a nanometric axial sensitivity, and contains a wealth of information about
both cell morphology and content. However, QPS is also sensitive to various sources of experimental
noise. In this chapter, we emphasize how to properly and specifically measure the cell-mediated QPS

Key wort dS:. . . in a wet-lab environment, when measuring with a digital holographic microscope (DHM). First, we pre-
Quantitative-phase digital holographic .. . L .
microscopy senF the substrate-requisite charagterlstlcs for prgperly achleVlng §uch cell—med'lateq QPS measurements
QP-DHM at single-cell level. Then, we describe how quantitative-phase digital holographic microscopy (QP-DHM)
Imaging substrate can be used to numerically process holograms and subsequently reshape wavefronts in association with
Label-free live-cell imaging post-processing algorithms, thereby allowing for highly stable QPS obtainable over extended periods of
Neurons time. Such stable QPS is a prerequisite for exploring the dynamics of specific cellular processes. We also
describe experimental procedures that make it possible to extract important biophysical cellular param-
eters from QPS including absolute cell volume, transmembrane water permeability, and the movements
of water in and out of the cell.

To illustrate how QP-DHM can reveal the dynamics of specific cellular processes, we show how the
monitoring of transmembrane water movements can be used to resolve the neuronal network dynamics
at single-cell level. This is possible because QPS can measure the activity of electroneutral cotransports,
including NKCC1 and KCC2, during a neuronal firing mediated by glutamate, the main excitatory neuro-
transmitter in the brain. Finally, we added a supplemental section, with more technical details, for read-
ers who are interested in troubleshooting live-cell QP-DHM.
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1. Introduction

Quantitative-phase imaging (QPI) is a powerful quantitative
noninvasive contrast-generating approach for visualizing transpar-
ent specimens. Similar to phase contrast (PhC) microscopy, and dif-
ferential interference contrast (DIC) microscopy, which are widely
used in biology, QPI allows for the noninvasive high-resolution
visualization of living cells in culture. However, unlike PhC and
DIC, QPI can quantitatively measure the minute phase shift,
namely, the quantitative-phase signal (QPS) that a transparent
microscopic specimen, differing from the surroundings only by a
slight difference of refractive index (RI), induces on the transmitted
wavefront. Such data, obtained via QPS, encompasses information
on both the morphology and content of the observed specimen.

Examining living cells with such a promising quantitative and
noninvasive contrast-generating approach has already been con-
ducted within the framework of interference microscopy in the
1950s [1]. However, few studies attempted to perform live-cell
imaging because interferometric techniques, at that time, required
demanding and costly opto-mechanical designs to accurately mea-
sure QPS, which is sensitive to experimental noise [2,3]. In the
fields of holography and interferometry, scientific advances, lower-
ing the cost of lasers and data acquisition equipment, as well as the
development of computing facilities and digital signal processors,
have drastically changed perspectives. Several new approaches
for optical QPI have recently emerged; these approaches are sim-
pler to implement than interference microscopy, and represent
label-free live-cell imaging that can be used to explore cell struc-
ture and dynamics at high resolution [4-6].

In live-cell imaging, these different approaches to accurately
measure QPS have been driving the development of algorithms,
and allowed the automated counting [7-12], recognition, and clas-
sification of cells [13-20]. QPS is highly sensitive to the intracellu-
lar RI, reflecting the cellular dry mass (DM) in particular; therefore,
applications based on its analysis can discriminate between phys-
iological and pathophysiological cellular states. This is especially
useful in the fields of assisted reproduction [12,21,22] and cancer
research [23-26]. DM is mainly dependent on cellular proteins,
according to a relation established over 60 years ago by Barer [1].

Several groups have used various QPI techniques to successfully
exploit this phase-DM relationship to study the dynamics of cell
growth and characterize the cell cycle [4,27-31]. Because interfer-
ometric QPS measurements allow the detection of the minute
phase shift [4-6], various QPI techniques can be used to efficiently
monitor cell membrane fluctuations at the nanometric scale, espe-
cially with respect to red blood cells [4,31-37].

Although these novel QPI techniques suitable for efficiently
measuring QPS, to explore cellular structure and dynamics in wet
laboratories, QPS itself remains highly sensitive to experimental
noise. Additionally, because QPS depends on both the intracellular
RI and cellular thickness, its interpretation in terms of biophysical
cell parameters, for characterizing specific cell processes, remains a
major issue.

In this chapter, we describe how to explore the structure and
dynamics of living cells in culture using quantitative-phase digital
holographic microscopy (QP-DHM), a technique to the develop-
ment of which we have significantly contributed. In the Methodol-
ogy section, we pay particular attention to technical details and
substrates required to perform adequate QP-DHM of living cells.
In particular, we describe how the numerical hologram reconstruc-
tion offered by QP-DHM allows for shaping QPS and control its sta-
bility. We also explain the experimental procedures for extracting
specific cellular parameters from QPS, including intracellular RI,
absolute cell volume, and transmembrane water permeability
and movements. As an illustration, we show how specific mecha-
nisms, underlying neuronal dynamics in response to stimulation
with glutamate, can be explored with QP-DHM. Finally, in Section 5,
we provide concrete suggestions for troubleshooting issues arising
from imaging substrate (cells, coating, imaging chamber, etc.), per-
fusion and temperature control, digital holographic microscope
(DHM) hardware, acquisition of QPS to perform live-cell imaging,
and treatment of the acquired data.

1.1. Theoretical basis and framework for the technique

1.1.1. QP-DHM
The experimental setup of QP-DHM is presented in Fig. 1A. The
figure shows a Mach-Zehnder interferometer, and a detailed
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